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Preface

This volume contains the proceedings of the 3rd Suzaku international Conference “Energetic Cos-
mos: from Suzaku to ASTRO-H”, held for 2009 June 29 through July 2, at the charming city of Otaru
(Grand Park Otaru Hotel), located in Hokkaido which is the northernmost of the Japans four major
islands. The Conference had 285 participants from all over the world, 66 invited and contributed
talks, and a total of 174 poster presentations. As the 3rd of the series, it followed the first one (“The
Extreme Universe in the Suzaku Era”) held at Kyoto/Japan in December 2006, and the second one
(“The Suzaku X-ray Universe”) held at San Diego/California in December 2007.

Since its launch on 2005 July 10, the cosmic X-ray satellite Suzaku has been operating continuously
under a close Japan-US collaboration. Thanks to the unprecedented broad-band coverage provided
by the XRT+XIS and the HXD, aided by their low backgrounds and good energy responses, a large
number of scientific results are accumulating. On the occasion of the International Year of Astronomy
2009, the Conference meant to harvest these Suzaku results, and combine them with those from
Chandra, XMM-Newton, INTEGRAL, Swift, and in particular, the fascinating Fermi Gamma-Ray
Space Telescope.

These attempts are expected to construct a strong bridge to our next mission ASTRO-H (previously
known as NeXT), which is making steady progress toward its launch around 2013 as the Suzaku’s
successor. Our scope also includes NuStar and Simbol-X, and further extends to the truly global
X-ray mission, IXO. At the same time, we are glad to note that the MAXI (Monitor of All-sky X-
ray Image) experiment was launched successfully on 2009 July 16 onto the ISS Japan Experimental
Module, and started its operation. Extensive collaborations between Suzaku and MAXI are expected.

To fulfill these goals, the scientific sessions comprised the following 7 broad categories;
A : Particle acceleration in cosmic shocks and jets
B : X-ray diagnostics of cosmic hot plasmas
C : High energy aspects of the Milky Way
D : Magnetic activity in stellar objects
E : Primary and reprocessed emission from accreting objects
F : X-ray views of the evolution of the universe
G : The early Fermi results and the status of future missions

The Conference has been supported financially by The University of Tokyo (School of Science and
Research Center for the Early Universe), The Institute of Physical and Chemical Research (via Special
Research Project for Basic Sincence on “Investigation of Spontaneously Evolving Systems”, and ASI
Support on International Symposia), and The Japan Society for the Promotion of Science (via Core-to-
Core program on “International Research Network on Dark Energy”, and Grant-in-Aid for Scientific
research on “Study of Interactions between Galaxies and Intra-Cluster Plasmas” #18104004”). Our
thanks are also due to JAXA, NASA, EAS, and the IAY2009 Workig Group for the permission to use
their logo marks. Finally, we deeply thank the LOC, led by Dr. Kazuhiro NAKAZAWA, for their
excellent and dedicated work.

2009 December

Kazuo MAKISHIMA, the SOC Chair

Department of Physics and
Research Center for the Early Universe, University of Tokyo,

and
Cosmic Radiation Laboratory,

Institute of Physical and Chemical Research (RIKEN)
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X-ray Study of Gamma-ray Binaries with Suzaku

Takaaki Tanaka1

1 Kavli Institute for Particle Astrophysics and Cosmology, Stanford University
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Abstract

We report on Suzaku observations of two gamma-ray emitting binary systems, LS 5039 and
PSR B1259−63. Thanks to its wide band coverage, Suzaku has revealed notable temporal/spectral fea-
tures of the X-ray emission that were not seen by other observatories. From LS 5039 we found that the
X-ray emission up to 70 keV is strongly modulating with its orbital period of 3.9 days. For the case of
PSR B1259−63, Suzaku spectrum shows a break at ∼ 5 keV, which allows us to probe the fundamental
properties of the pulsar wind.

Key words: acceleration of particles — X-rays: binaries

1. Introduction

Gamma-ray binaries are a new subcategory of X-ray
binaries that have been revealed to emit TeV gamma
rays or very-high-energy (VHE) gamma rays. Currently,
three X-ray binary systems are firmly confirmed as VHE
gamma-ray emitters, LS 5039 (Aharonian et al. 2005a),
PSR B1259−63 (Aharonian et al. 2005b), and LS I +61◦

303 (Albert et al. 2006). An unidentified VHE gamma-
ray source, HESS J0632+052, was recently claimed as a
candidate for a gamma-ray binary (Hinton et al. 2009).
In addition, the MAGIC collaboration reported their de-
tection of Cygnus X-1 during a flare with the post-trial
significance of 4.1 σ (Albert et al. 2007).

Here we report on results of Suzaku observations of two
gamma-ray binaries, PSR B1259−63 and LS 5039. To
reveal the nature of gamma-ray binary systems, X-rays
are expected to be a key wavelength since, most prob-
ably, X-rays and VHE gamma-rays are emitted by the
same population of electrons via different channels, syn-
chrotron radiation and inverse Compton (IC) scattering,
respectively.

PSR B1259−63 is a young radio pulsar (spin period 48
ms) orbiting a B2e star SS 2883 in a highly eccentric 3.4
yr orbit, having spindown power of Ėp � 8×1035 erg s−1

(Johnston et al. 1992, 1994; Manchester et al. 1995).
PSR B1259−63 was the first example of a radio pul-
sar forming a binary with a non-degenerate companion
(Johnston et al. 1992). Enhanced high-energy emis-
sion around periastron which is thought to arise from
the interactions between the pulsar wind and the stel-
lar wind/disk, has been observed in X-ray (Kaspi et al.
1995; Hirayama et al. 1996, 1999; Chernyakova et al.
2006) and soft gamma rays (Grove et al. 1995; Shaw
et al. 2004). VHE gamma rays have been detected by

the H.E.S.S. telescopes during the periastron passage in
2004 (Aharonian et al. 2005b). The H.E.S.S. lightcurve
shows significant variability with strong emission in pre-
and post-periastron and with a flux minimum around
periastron.

LS 5039 is a high mass X-ray binary (Motch et al.
1997) with extended radio emission (Paredes et al. 2000,
2002). This system is formed by a main-sequence O-
type star and a compact object of disputed nature that
has been claimed to be both a black hole (e.g., Casares
et al. 2005) and a neutron star/pulsar (e.g., Martoc-
chia et al. 2005; Dubus 2006). The compact object is
moving around the companion star in a moderetely el-
liptic orbit (e = 0.35) with an orbital period of 3.9060
days. LS 5039 has been observed several times in the X-
ray energy band (e.g., Bosch-Ramon et al. 2007). Flux
variations on timescale of days and sometimes on much
shorter timescales have been reported. The spectrum
was always well represented by a power law with a pho-
ton index of 1.4–1.6. In the VHE domain, the H.E.S.S.
collaboration reported their detection and a periodic flux
modulation with the orbital period. The VHE flux was
found to be at maximum around the inferior conjunction
and at minimum around the superior conjunction.

2. PSR B1259−63

2.1. Data Analysis

We observed the PSR B1259−63 system eight times with
the Suzaku satellite each with ∼ 20 ks exposure in 2007
July, August, and September (Uchiyama et al. 2009).
The total exposure time amounts to � 170 ks after stan-
dard data screening. We note that this is the first and
possibly last chance for Suzaku to observe the first disk
transit since target visibility does not permit us to ob-
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serve it next time.
The most important finding with Suzaku would be the

presence of a remarkable spectral break by ∆Γ � 0.4
around εbr ∼ 5 keV at τ ∼ −15 days (the sum of the
spectra obtained with third and fourth observations),
where τ is the days from periastron. Fig. 1 (top) shows
the unfolded X-ray spectrum with the best-fit broken
power-law model, which gives an statistically acceptable
fit. The best-fit photon indices are Γ1 = 1.25+0.02

−0.04 and
Γ2 = 1.66+0.05

−0.04, with a break energy of εbr = 4.5+0.5
−0.2

keV. The upper limit on the GSO flux is also plotted
in Fig. 1 (top), which strengthens the presence of the
spectral steepening.

2.2. Discussion

In order to explain the observed spectrum, we per-
formed model calculations within the framework of the
shocked relativistic pulsar wind model, in which high-
energy radiation comes from shock-accelerated electrons
and positrons produced at wind termination shock (e.g.,
Tavani & Arons 1997). Indeed, the synchrotron and
IC radiation by the shock-accelerated e± pairs from the
PSR B1259−63 system as results of the interaction be-
tween the relativistic pulsar wind and the Be star out-
flows have been studied extensively by several authors,
and our considerations are based on their works. In the
calculations, we assume that distance of the shock from
the pulsar, rs, is assumed to be much smaller than the
star-pulsar separation d: rs � d (e.g., Khangulyan et al.
2007).

Unshocked cold e± pairs in the relativistic wind are
assumed to be accelerated at the termination shock and
be injected into the downstream postshock flow. The
energy distribution of the injected nonthermal e± pair
is described by Q(γ) = Q0γ

−p exp(−γ/γm) for γ ≥ γ1,
where γ1 is the Lorentz factor of the relativistic wind
A low-energy cutoff with a step function is assumed:
Q(γ) = 0 for γ < γ1.

The results of the calculation and the Suzaku spectrum
are shown in the bottom panel of Fig. 1. The observed
break energy is related to the Lorentz factor of the pulsar
wind:

εbr =

√
3
2

eh̄

mec2
Bγ2

1 (1)

� 4
(

B

1.8 G

)(
γ1

4 × 105

)2

keV. (2)

It is interesting to note that the X-ray spectrum below
εbr is predicted to have a universal shape with Γ = 1 as
long as the cooling is dominated by adiabatic loss and
the energy distribution Q(γ) below the low-energy cutoff
is harder than γ−1. In fact, the result of the Suzaku
observations, namely Γ � 1.2 immediately below εbr,
agrees well with what theoretically expected.

The large magnetic field of ∼ G required to repro-
duce the data particle acceleration mechanism(s) at work
in the termination shock region. Synchrotron cooling
time of 10 TeV electrons is about 100 s. To overcome
the fast cooling, the acceleration timescale of tacc ∼
100 s ∼ 50rL/c is necessary at E = 10 TeV, where rL

denotes the Larmor radius of pairs (see Khangulyan et
al. 2007). According to the magnetosonic acceleration
model (Hoshino et al. 1992) where the magnetosonic
waves collectively emitted by the shock-reflected protons
(or heavy ions) are resonantly absorbed by pairs, the
inverse of the gyrofrequency of protons with a Lorentz
factor of γ1 determines the acceleration timescale; inter-
estingly, tacc ∼ mpcγ1/(eB) ∼ 50 s is compatible with
the requirement posed by our modeling.

Fig. 1. Top: Broadband X-ray spectra of PSR B1259−63 obtained
with Suzaku at τ ≈ −15 days. Bottom: Broadband spectra of
PSR B1259−63 with the model curves for τ = −15 days (blue),
τ = 30 days (red), and τ = 618 days (apastron; green). The
X-ray data for apastron is based on ASCA results (Hirayama et
al. 1999).

3. LS 5039

3.1. Data Analysis

The temporal and spectral characteristics of the X-
ray emission from LS 5039 along the orbit should
give us important clues for understanding the acceler-
ation/radiation processes in this source. Therefore, we
performed a long, ∼ 200 ks observation with the Suzaku
X-ray observatory, which gives us an unprecendent cov-
erage of more than one orbital period, continuously from
2007 September 9 to 15 (Takahashi et al. 2009).

The XIS lightcurve is shown in the top panel of Fig. 2.
The continuous coverage in X-rays, longer than the or-
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bital period of the LS 5039 system, reveals a smooth
variation of a factor 2 in the 1–10 keV count rate. The
lightcurve is drawn over two orbital periods. The or-
bital phase is calculated with the period of 3.90603 days,
and φ = 0 with reference epoch T0 (HJD − 2400000.5 =
51942.59) (Casares et al. 2005). The lightcurve from
phase φ = 1.0 to 1.5, which was obtained in the last part
of the observation, smoothly overlaps with the one ob-
tained at the beginning of the observation (φ = 0.0–0.5).

In the middle panel of Fig. 2, we present the lightcurve
obtained with the HXD-PIN for the energy range 15–
40 keV. Although the statistical errors are larger, the
modulation behavior is similar to that of the XIS. The
amplitude of the modulation is roughly the same be-
tween the XIS and HXD-PIN, indicating small changes
of spectral shapes depending on orbital phase. The spec-
tral parameters obtained for each orbital phase are re-
ported in the following section. The lightcurves obtained
with Suzaku show that the X-ray flux minimum appears
around phase 0.0–0.3 and it reaches maximum around
phase 0.5–0.8. This is similar to the structure discov-
ered in the phase diagram of integral fluxes at energies
> 1 TeV obtained on a run-by-run basis from H.E.S.S.
data (2004 to 2005) (Aharonian et al. 2006).

The Suzaku spectrum of LS 5039 shows featureless
continuum. The phase-averaged spectrum from 0.7–
70 keV is well fitted with an absorbed power law with a
photon index of Γ = 1.51 ± 0.02. We also investigated
spectral characteristics at each orbital phase by divid-
ing the data into phase segments of ∆φ = 0.1. Each
spectrum is well fitted with absorbed power laws with
photon indices ranging from Γ = 1.45 to Γ = 1.61. The
spectral shape varied such that the spectrum is steep
around superior conjunction (Γ � 1.6) and becomes hard
(Γ � 1.45) around apastron.

3.2. Discussion

The X-ray emission observed with Suzaku is character-
ized by (1) a hard power law with Γ � 1.5 extending from
soft X-rays to ∼ 70 keV, (2) clear orbital modulation in
flux and photon index, (3) a moderate X-ray luminos-
ity of LX ∼ 1033 erg s−1, and (4) lack of detectable
emission lines. Those spectral characteristics in favor a
synchrotron origin of the X-rays, which is also supported
by the general similarities between the properties of the
observed X-rays and TeV gamma-rays.

In currently favored interpretations, TeV gamma rays
are produced by IC scattering of the photon field of
the massive companion star. Assuming that the TeV
gamma-ray production region is located at a distance
from the companion star of d ∼ 2 × 1012 cm (i.e.
the binary system size), and taking into account that
gamma rays are produced in deep Klein-Nishina (KN)
regime, for the well known luminosity of the optical star
L � 7×1038 erg s−1, one can estimate quite robustly the

Fig. 2. Orbital lightcurves of LS 5039 . Top: XIS (1–10 keV). Middle:
HXD (15–40 keV). Bottom: H.E.S.S. (> 1 TeV) (Aharonian et
al. 2006)

strength of the emitter magnetic field to be around a few
Gauss. For such a magnetic field strength, the energy in-
tervals of electrons responsible for the X-rays and TeV
gamma rays largely overlap.

Fig. 3 shows the synchrotron and IC cooling times of
electrons, as a function of the electron energy calculated
for the stellar photon density at d = 2 × 1012 cm and
for a magnetic field B = 3 G. To understand better the
energy intervals of electrons responsible for X-rays and
gamma rays, we show the energy zones of electrons rele-
vant to the Suzaku, Fermi -LAT, and H.E.S.S. radiation
domains. It is seen that synchrotron losses dominate over
IC ones at Ee ≥ 1 TeV. Note also that the TeV gamma-
ray production takes place in the deep KN regime while
the GeV gamma rays are produced via IC scattering in
the Thomson regime.

Formally, when X-rays and TeV gamma-rays are pro-
duced by the same population of very high energy elec-
trons, one should expect a general correlation between
the lightcurves obtained by Suzaku and H.E.S.S. In this
case, however, such an interoperation is not valid, since
the main mechanisms responsible for the TeV gamma-
ray modulation are considered to be anisotropic IC scat-
tering and photon-photon pair production, (Khangulyan
et al. 2008; Dubus et al. 2008), both of which cannot
contribute the X-ray modulation. This modulation re-
quires periodic changes of the strength of the ambient
magnetic field or number of relativistic electrons. Note,
however, that the change of magnetic field would not
have a strong impact as long as the radiation proceeds
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in the saturation regime and synchrotron losses dominate
in the relevant energy interval.

A more natural reason for the modulation of the syn-
chrotron fluxes would come from dominant adiabatic
losses. In the regime dominated by adiabatic energy
losses, the synchrotron X-ray flux is proportional to
tad. The X-ray modulation is then described by the
modulation of the adiabatic loss rate. In Fig. 4, we
show tad(φ), i.e. the orbital modulation of the adia-
batic cooling time as inferred from the X-ray data. As
seen from the plot, the required adiabatic cooling times
are ∼ 1 s. Fig. 4 also shows lightcurves of X-ray and
gamma-ray emission calculated by our model. Note that
those curves explain well the X-ray and VHE gamma-
ray data as well as recently published Fermi -LAT data
(Abdo et al. 2009). The adiabatic loss rate can be writ-
ten as: bad(φ, γ) = γ/tad with tad ∼ R/c � 3R11 s,
where R11 ≡ R/(1011 cm) is the characteristic size of
the source. Thus the required variation of the adiabatic
cooling is reduced to the modulation of the size of the
radiation region (R11 ∼ 0.3–1). The size in its turn
depends on the external pressure exerted by, e.g., the
stellar wind from the massive star. The expected weaker
external pressure around apastron implicitly assumed in
our model would be broadly consistent with the radial
dependence of the wind pressure.

The fast adiabatic losses impose a strong constraint
on the acceleration rate of electrons. Indeed, the accel-
eration timescale can be expressed as: tacc = ηRL/c ∼
0.1η(Ee/1TeV)(B/1 G)−1 s, where η ≥ 1 parametrizes
the acceleration efficiency. In the extreme accelerators
with the maximum possible rate allowed by classical elec-
trodynamics η = 1. The H.E.S.S. spectrum provides evi-
dence of electron acceleration well above 10 TeV. There-
fore, tacc < tad ∼ 1 s is required at Ee = 10 TeV, which
translates into η < 3 for B = 3 G. Thus we arrive at the
conclusion that an extremely efficient acceleration with
η < 3 should operate in a compact region of R ∼ 1011 cm.

dN dE
Te

V
 s 

cm
   

 1
, 1

0−1
2

2
γ

s c
m

2
er

g
F Fe

rm
i

, 1
0−1

1

s c
m

2
er

g
F 1−

10
ke

V
, 1

0−1
2

Adiabatic Cooling Time

se
co

nd
s

TeV gamma−rays

Γ

VHE photon index

X−ray

GeV gamma−rays

Orbital phase

Fig. 4. Lightcurves predicted by our model. The X-ray and VHE
gamam-ray data are from Suzaku and H.E.S.S. (Aharonian et al.
2006), respectively.

References

Abod, A. A., et al. 2009, ApJ, 706, L56
Aharonian, F. A., et al. 2005a, Science, 309, 746
Aharonian, F. A., et al. 2005b, A&A, 442, 1
Aharonian, F. A., et al. 2006, A&A, 460, 743
Albert, J., et al. 2006, Science, 312, 1771
Albert, J., et al. 2007, ApJ, 665, L1
Bosch-Ramon, V., et al. 2007, A&A, 473, 545
Casares, J., et al. 2005, MNRAS, 364, 899
Dubus, G. 2006, A&A, 456, 801
Dubus, G., et al. 2008, A&A, 477, 691
Grove, J. E., et al. 1995, ApJ, 447, L113
Hinton, J. A., et al. 2009, ApJ, 690, L101
Hirayama, M., et al. 1996, PASJ, 48, 833
Hirayama, M., et al. 1999, ApJ, 521, 718
Hoshino, M., et al. 1992, ApJ, 390, 454
Johnston, S., et al. 1992, ApJ, 387, L37
Johnston, S., et al. 1994, MNRAS, 268, 430
Kaspi, V. M., et al. 1995, ApJ, 453, 424
Khangulyan, D., et al. 2007, MNRAS, 380, 320
Khangulyan, D, et al. 2008, MNRAS, 383, 467
Manchester, R. N., et al. 1995, ApJ, 445, L137
Martocchia, A., et al. 2005, A&A, 430, 245
Motch, C., et al. 1997, A&A, 323, 853
Paredes, J. M., et al. 2000, Science, 288, 2340
Paredes, J. M., et al. 2002, A&A, 393, L99
Shaw, S. E., et al. 2004, A&A, 426, L33
Tavani, M., & Arons, J. 1997, ApJ, 477, 439
Takahashi, T., et al. 2009, ApJ, 697, 592
Uchiyama, Y., et al. 2009, ApJ, 698, 911

This document is provided by JAXA.



JAXA  Special  Publication     JAXA-SP-09-008E6

Status of the VHE astronomy with Cherenkov telescopes

Emma de Oña Wilhelmi1
1 Max-Planck-Institut für Kernphysik, P.O. Box 103980, D 69029 Heidelberg, Germany

E-mail:emma@mpi-hd.mpg.de

Abstract

The field of Very High Energy (VHE, E>100 GeV) gamma-ray astronomy has undergone a major
revolution over the last four years, thanks to the results obtained by the new imaging Air Cherenkov
Telescopes (IACTs). The latest generation of Cherenkov telescopes, such as H.E.S.S., VERITAS, and
MAGIC, has increased the observation energy range from 100 GeV to multi-TeV, which allowed the field
to enjoy a period of rapid growth, today boasting a source catalogue containing about 50 emitters of VHE
gamma-rays from a variety of classes, including supernova remnants, blazars, pulsars, and microquasars.
Other kinds of objects, such as pulsars, galaxy clusters or GRBs, are expected to produce also VHE
gamma-rays. Furthermore, a large number of new unidentified sources without obvious counterparts at
lower wavelength have been discovered. We will review the latest results published and discuss the most
interesting cases.

Key words: gamma-ray sources

1. Introduction

The window of ground-based gamma astronomy was
opened in 1989 by the observation of a strong signal
from the first TeV gamma source, the Crab Nebula,
by the Whipple collaboration. Since then, increasing
progress has been made in this new field of astronomy
and discoveries of new sources have been made by newer
ground-based VHE γ-ray instruments. Those instru-
ments can be classify in two groups: Instruments with
high sensitivity, the so-called imaging Cherenkov tele-
scopes (IACTs) such as VERITAS [19], MAGIC [16],
H.E.S.S. [17] and CANGAROO [18], which operates in
the energy range from 0.05 to 50 TeV, have large collec-
tion areas (>104m2), good angular resolution (typically
∼0.05o) and high capacity of background rejection using
the imaging technique, but are limited by a small aper-
ture (0.003 sr) and the request of observations under dark
night conditions (10% duty cycle). IACTs allow to study
in detailed the energy spectra and sources morphology,
and are able to perform surveys of limited regions of
the sky. The second group (Milagro [1], Tibet [15] and
ARGO) is characterized on the contrary by large aper-
ture (> 2 sr) and high duty cycle (>90%) instruments,
operating in a slightly higher energy range (1 - 100 TeV)
but with limited angular resolution (0.3-0.7o) and lower
sensitivity than the one of the telescopes. These later
instruments are optimum to carry on unbiased sky sur-
vey and study very extended sources not accessible by
the imaging telescopes.

Over the last years, the number of known VHE
gamma-ray sources increased rapidly: the last count

Fig. 1. The VHE γ-ray sky map

gives more than 70 sources, among them 7 or more su-
pernova remnants, about 20 pulsar wind nebulae and 20
unidentified sources, four binary systems, diffuse emis-
sion from clouds and 23 extragalactic sources. Fig. 1
shows the updated VHE γ-ray sky map [22].

2. Galactic sources

The H.E.S.S. telescope has conducted recently an exten-
sion of the scan of the inner Galactic Plane Survey (GPS)
[2], which has supposed a major breakthrough in the
Galactic field. The survey, covering the yet unexplored
range in longitude between [-85o,60o] and [-2.5o,2.5o] in
latitude, has revealed more than two dozens of new VHE
sources, consisting of shell-type SNRs, pulsar wind nebu-
lae, X-ray binary systems, a putative young star cluster,
yet unidentified objects, the so-called dark sources, in
which not obvious counterparts at other energy wave-
lengths are found (see e.g. [3], [4]), and the diffuse emis-
sion in the central 100 pc of the Milky Way, being able
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Fig. 2. Significance (pre-trial) map of the H.E.S.S. Galactic Plane
Survey in four panels.

to locate the Galactic Center γ-ray source with a pre-
cision of 6”, consistent with the black hole Srg A* but
excluding the nearby remnant Sgr A East. MAGIC and
VERITAS had contribute to the galactic field with the
discovery of the γ-ray binary LSI +61 303 [12], the stel-
lar mass black hole binary Cygnus X-1 [13], the super-
nova remnant IC443[10] and they have confirmed several
sources such as the first unidentified source, HEGRA
TeV J2032+4130 [5]. Figure 3 shows the pre-trial sig-
nificance map of the entire H.E.S.S. GPS. The official
H.E.S.S. Source Catalog can be found online1 and in-
cludes all of the VHE γ-ray sources which were detected
by H.E.S.S. and subsequently published in refereed jour-
nals.

2.1. Supernova remnants

Shell-type supernova remnants (SNRs) are considered as
prime acceleration sites for the galactic cosmic-rays, at
most up 1015 eV. Up to 7 firm detections are seen in
TeV γ-rays: IC 443 [14], RX J0852-4622 [21], RCW 86
[20], RX J1713.7-3946 [2], W28 [6], Cas A and SN 1006
[21]. Three of them have been resolved (RX J0852-4622,
RCW 86 and RX J1713.7-3946) with unpreceding angu-
lar resolution, proving thus the acceleration of particle
responsible of the VHE emission in the shell (see Fig.
3). Two mechanisms have been proposed to explain
the VHE emission, through synchrotron radiation and
Inverse Compton scattering produced by a population
of electrons, or through collisions of accelerated protons
with gas. The close correlation between γ-ray emission
and X-ray emission, like in the case of RX J1713.7-3946,
may favor a leptonic scenario, although it requires 10 µG
magnetic field, while the filaments seen in X-ray images
of SNR are often interpreted as evidence for rapid cool-
ing of electrons as they move away from the shock fronts,
which requires much higher fields in the 100 µG range.
On the contrary, older SNRs such as W28, show a good
agreement with dense molecular cloud, being so a strong

*1 See
http://www.mpi-hd.mpg.de/hfm/HESS/pages/home/sources

argument for the presence of protons accelerated by the
remnant.

SN 1006 was detected by H.E.S.S. after 103 h of data
accumulated over the years 2003 to 2008 (Fig. 2), with a
flux level well below any previous upper limit. Using the
pre-defined search region from the published paper re-
porting the first observation, which resulted in an upper-
limit [21], the signal from the north-east rim was detected
with a significance of over 5 sigma. A second gamma-ray
excess appears in the south-west corner of the remnant.
The morphology of the VHE gamma ray source is again
quite similar to the X-ray source. The morphology of
SN 1006 and X-rays and gamma rays can be explained
as due to the interstellar magnetic field threading the
remnant from north-east to south-west, inhibiting effi-
cient particle acceleration in regions where the field is
parallel to the supernova shock front.

2.2. Pulsar wind nebulae

Pulsar wind nebulae (PWN) represents the major Galac-
tic source population revealed by the H.E.S.S. scan, be-
ing the Crab Nebula the first VHE γ-ray source. These
VHE sources are associated with very young (<1015

years) and energetic pulsars (Ė >1035 erg/s. Two classes
of PWN seems to be emerging:

• Point-like sources, centered in the pulsar candidate,
such as kes 75 and Crab.

• Evolved pulsar wind nebulae, typically very ex-
tended sources (few tens of pc), associated with very
young, energetic pulsars, and the TeV emission is
mostly displaced with respect to the pulsar posi-
tion. HESS J1825-137 can be considered as the pro-
totype of such objects. Other recent examples are
HESS J1809-193 and HESS J1356-645. The VHE
emission and morphology can be explained by cool-
ing of particles suffering radiative energy losses as
they flowing away from the pulsar, resulting in the
shrinking of the source towards the pulsar with in-
creasing energy.

2.3. Unidentified Sources

A large number of TeV γ-ray sources remain uniden-
tified, that is, do not have a plausible counterpart
at lower energies, where both, leptonic and hadronic
models, predict in general synchrotron emission
from charge particles, although highly suppressed
in the latter case. They show rather hard spectral
index and are mostly extended (see i.e. Fig. 4). In
some cases, this could be due to lack of deep ob-
servations at other wavelength, but on some other
cases, the VHE emission could be identify with pure
protons accelerators, or explained with a leptonic
population with a cutoff in the TeV range, in which
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case, in the KN regime high energy γ-rays can still
be produced, but the synchrotron radiation peaks
below the X-ray range and escapes detection. Some
of them, such as HESS J1857+02 in which the ener-
getic pulsar PSR J1856-0245 has been recently dis-
covered , start to be identified by multiwavelength
observations. HESS J1908+063 has been identified
with MGRO J1908+06, and a new pulsar has also
been found coincident with the VHE source.
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3. Extragalactic Sources

The number of active galactic nuclei (AGNs) detected
at VHE has increased in the past few years, yielding
to a catalogue of ∼ 25 sources, most of them belong to
the blazars class. Blazars are AGNs with the jet closely
aligned with the line of sight, amplifying so by relativis-
tic effects the observed intensity of emission. The spec-
tral energy distribution shows usually two bumps, one
in the UV-X range due to synchrotron emission, and a
second peak in the X-γ range due to inverse Compton
effects in leptonic models. All the sources detected by
H.E.S.S. up to now are Blazars except for M87. Three
new sources have been detected recently by H.E.S.S.,
RGB J0152+017 [7], 1ES 0229+200 [8], 1ES 0347-121

[9].

3.1. The multi-wavelength campaigns

One of the most relevant results concerning multi-
wavelength campaigns is the one obtained in observa-
tions of PKS 2155-304, carried on during October and
November 2003, which involved H.E.S.S., Rossi X-ray
Timing Explorer (RXTE), the Robotic Optical Tran-
sient Search Experiment (ROTSE) and the Nancay Ra-
dio Telescope (NRT). The spectral energy distribution
(SED) of the source with the data obtained during the
campaign is shown in Fig. 5. The experimental data set
give constraints to the emission models. Considering lep-
tonic and hadronic emission models, the discrimination is
still missing but will be achieved with more sensitive and
with lower energy threshold telescopes such as H.E.S.S
II.

3.2. Variability

On the brightest sources, the study of VHE AGNs vari-
ability is now possible on short time-scales thanks to the
high sensitivity reached by H.E.S.S. One of the strongest
flaring episode registered are the ones observed in PKS
2155-304 in 2006. This variability of the VHE flux has
been observed on several AGNs, on month scale and even
day scale for the brightest sources. For M87, time vari-
ability on day scale has been observed, constraining so
the size of the emission region to be of the order of the
Schwartchild radius. For PKS 2155-304, time variability
of the order of the minutes was measured. Such vari-
ability also puts constrains on the size of the emission
region, i.e., hadronic models hardly explain this fast vari-
ability. This highly sampled data set allows other type of
variability studies: description of random process, con-
straints on quantum gravity [10], etc.

3.3. Constraining the extragalactic background light

The study of AGNs at VHE has also allowed to con-
strain the extragalactic background light (EBL) in the
Universe. The EBL is the accumulated light from all
galaxies and first stars. A VHE photon colliding with an
infrared EBL photon will produce an electron positron
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Fig. 5. On the left, spectral energy distribution of the AGN PKS 2155-304. On the right, constrains to the extragalactic background light
derived from the observations of H 2356-309 and 1ES 1101-232.

pair. Therefore, the farther the VHE photon is coming
from the higher is the probability for this photon to be
absorbed by the EBL. The VHE spectrum of a fairly
distant AGN can constraint on the density of the EBL,
with simple assumptions on the emission spectrum. By
observing the unexpectedly hard spectra of H 2356-309
(z=0.165) and 1ES 1101-232 (z=0.186) H.E.S.S. has in-
ferred a very constraining value for the upper limit of
EBL density, close to the lower limit given by the galaxy
counting [11].

4. Summary

The H.E.S.S. GPS has played a major role in the fast
development of the VHE field, unveiling a large num-
ber of sources, diverse classes of γ-ray emitting galactic
objects and acceleration sites: young shell-type SNRs,
SNRs interacting with molecular clouds, middle-aged off-
set PWN and very young composite PWN. Given the
large number of still unidentified sources, other potential
classes of sources could emerge. On the other hand, the
increasing number of blazars in the extragalactic domain
allows now to perform only population studies. The high
sensitivity reached also allows to study in detail fast vari-
able flares, comparing with simultaneous observations at
other wavelengths. New types of Galaxies such the radio
galaxies Cen A and M82 have been recently reported.
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Abstract

It has been one of the biggest problems what is the origin of Galactic cosmic-rays. Previous X-ray
surveys found several supernova remnants (SNRs) which have synchrotron X-rays, although the number
is too small to account for the total energy of cosmic-rays. HESS, on the other hand, discovered tens of
new unidentified (TeV unID) sources on the Galactic plane, which could be the main contributors of the
Galactic cosmic-rays. However, we need follow-up observations to understand the nature of these TeV
unID sources. Suzaku has already done deep follow-up observations of most TeV unIDs and pin-pointed
their nature. Only one TeV inID source is categorized as an SNR, whereas several sources are identified
as pulsar wind nebulae (PWNe). In this paper, we will discuss on what is the main contributors of TeV
unID sources and Galactic cosmic-rays. We also discuss on GeV observations of TeV unIDs and future
aspects.

Key words: acceleration of particles — shock waves — ISM: X-rays

1. Introduction

Cosmic rays are very high energy particles in the uni-
verse, and their origin is one of the biggest problem since
the discovery (HESS 1912). Very high-energy gamma-
rays with energies around TeV are powerful tools to in-
vestigate the cosmic accelerators. They arise from either
leptonic (cosmic microwave background (CMB) or other
soft seed photons up-scattered by accelerated electrons
and their bremsstrahlung emission) or hadronic (the de-
cay of neutral pions, arising from the collision of high
energy protons and interstellar matter) processes. The
strong evidence for electron acceleration up to more than
∼ 10 TeV has been obtained with X-ray observations of,
for example, young supernova remnants (SNRs) that are
believed to be the most probable cosmic-ray accelerators
in our Galaxy (e.g., Koyama et al. 1995, Bamba et al.
2003). On the other hand, we have not yet derived firm
evidence for proton acceleration; although TeV gamma-
rays have been detected by several of young SNRs (e.g.,
Aharonian et al. 2004). Pulsar wind nebulae (PWNe)
are also strong candidates of cosmic ray acceleration, al-
though we have no evidence of proton acceleration.

Recently, HESS TeV gamma-ray telescope has made
Galactic plane survey (Aharonian et al. 2005, 2006) and
discovered a few tens of new sources. They are on the
Galactic plane and some are diffuse, thus they should
be galactic accelerators. However, they have no counter-
part in other wavelength, and are called as gTeV unIDsh.
Now we have ∼50 TeV unIDs. They should be inter-
esting sources, since they could be proton accelerators

with bright TeV and faint X-rays, which remind us the
emission from protons via pi-0 decay. However, nobody
knows whether they are really faint in X-rays or just have
no enough X-ray follow-ups. In order to untangle their
origin, X-ray follow-ups are quite important since X-ray
observations can detect synchrotron emission from accel-
erated electrons. Suzaku has large field of view, effective
area, and low and stable background, thus is ideal to
make follow-ups of TeV unIDs.

2. Suzaku follow-ups of TeV unIDs

Suzaku has already observed about half of TeV unIDs,
and it is time to make systematic study of TeV
unIDs with Suzaku follow-ups. Table 1 shows the
Suzaku follow-up observations of TeV unIDs. The
TeV unID source list is made from TeV source catalog
(http://tevcat.uchicago.edu/). 26 sources are identified
as PWNe including already known sources, whereas only
1 young SNR is found among the TeV unIDs. This result
indicates that main contributors of TeV unIDs are not
SNRs but PWNe. It is difficult to say PWNe are main
contributors of cosmic rays since we have no clue of pro-
ton acceleration in PWNe. We have to make further
observation to get information whether PWNe accelate
protons or we have hidden SNRs.

Another interesting source category is TeV emission
which associate with molecular clouds (MCs). Let us see
HESS J1745−303, one of the TeV unIDs in the Galac-
tic center region. Our Suzaku deep observations made
very tight flux upper-limit in the X-ray band, and found
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Fig. 1. Color images are 0.5–2.0 keV (left) and neutral iron line (right) images (Bamba et al. 2009). Countours are TeV emission by HESS
(Aharonian et al. 2006).

that the TeV source emit neutral iron line (Bamba et al.
2009). Figure 1 shows the Suzaku 0.5–2.0 keV band and
neutral iron line images of HESS J1745−303 region. It
remind us the X-ray reflection nebulae like Sgr B2: they
are giant molecular cloud which emits neutral iron line
due to the reflection of past bright supermassive black
hole in the Galactic center (Murakami et al. 2000). Our
observations reveal us that HESS J1745−303 coincides
with a molecular cloud.

This source also coincides with an old SNR
G359.1−0.5 The SNR has OH masars and collides with
the MC (Bamba et al. 2000). The TeV emission could
be, thus, due to protons accelerated on the shocks of
G359.1−0.5, with emission mechanism of pi-on decay in
the molecular cloud (Bamba et al. 2009).

Sources with molecular clouds are rather difficult to
make follow-ups only in X-rays. Other gdarkh TeV
unIDs, thus, could be sources with molecular clouds and
possible proton accelerators. We need to conduct multi-
wavelength observations to point out their nature.

3. GeV aspects of TeV unIDs

Recently, Abdo et al.(2009) reported that Fermi detected
GeV emission from 9 TeV unIDs. This number should
be surprising since the total number of Fermi source in
Abdo et al. (2009) is only 205, and 4Table 2 shows the
TeV unIDs with Fermi detection. Surprisingly, two of
these sources are quite dark in X-ray band with Suzaku
observations (HESS J1616−508 and HESS J1804−216).

Figure 2 shows the wide band
spectra of HESS J1616−508 and HESS J1804−216. We
have no information on photon indices in the GeV band
(Abdo et al. 2009), thus we assumed the same photon
indices in the TeV band. The both spectra show very
interesting features: gamma-ray emission is brighter and

brighter when the observed energy goes down from TeV
to GeV band, and after the observation energy gap on
MeV band, they suddenly fall down in the X-ray band.
The flux gap is more than 2 orders of magnitude. These
results remind us again that Suzaku made really impor-
tant upper-limits for these sources.

It is rather complicate to point out what is the ori-
gin of these gaps. The most interesting answer is that
the large bump at GeV band is the pi-on decay bump
of protons. This is actually the long awaited answer
in these 100 years since the discovery of cosmic rays.
HESS J1745−303 is the ideal example for such sources.
However, we should not hurry up to answer it, because
the spectra in TeV band (Γ=2.3–2.7) is similar to those
of cosmic-rays (Γ=2.7). It is hard to realize if these
emissions have same origin, since the particle spectrum
should soften during the propagation.

Another scenario is more bothered, that X-ray emit-
ters have already disappeared or moved: X-rays are from
more energetic electrons than GeV/TeV photons, and
have shorter time scale. One possibility is that they
could be PWNe with high kick velocity. In some PWN
systems, we can see offset of emission peaks between X-
ray and TeV gamma-ray. However, it is very difficult to
say that all of the dark sources are just offset PWNe.

Anyhow, their origin is still unclear although they are
extremely interesting sources. Further follow-ups are
critical to solve this problem. Making smaller the gob-
servation gaph between ∼10 keV and 1 GeV is especially
important to resolve the emission mechanism: it should
have difference in this missing energy band in the case of
pi-on decay and nonthermal bremsstrahlung. ASTRO-H
Hard X-ray imager (HXI) and Soft Gamma-ray Detec-
tor (SGD) will have high sensitivity between ∼10 keV to
600 keV (Takahashi et al. 2008), and be able to fill at
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Fig. 2. Wide band spectra of HESS J1616−508 (left) and HESS J1804−216 (right). Data points are from Suzaku, Fermi, and HESS. Fermi
flux is estimated with the assumption that the photon index is same in GeV and TeV bands for each source.

least a part of observational gaps. We might be able to
point out the nature of these very exciting sources with
ASTRO-H.

4. Summary

Now we are in the golden age to answer the origin of
cosmic rays, although we have only pieces of the big puz-
zle. Suzaku follow-up observations of exciting cosmic ray
accelerator candidate, TeV unIDs, show us that many
TeV unIDs are hard to consider proton accelerators, just
PWNe, and found several very interesting sources, which
coincide with molecular cloud. Suzaku might be discov-
ered gsmoking gunh of cosmic ray acceleration for the
first time. Fermi detection of these sources also strength-
ens our scenario. ASTRO-H, our next generation X-ray
mission, is awaited to solve this big puzzle.
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Table 1. Summary of Suzaku follow-ups for TeV unIDs

Source Category
HESS J1303−631 dark (Chandra result)
HESS J1427−608 —
HESS J1614−518 PWN Matsumoto et al. (2008)
HESS J1616−508 dark Matsumoto et al. (2007)
HESS J1626−490 —
HESS J1632−478 —
HESS J1634−472 —
HESS J1702−420 dark Fujinaga et al. (2009)
HESS J1708−410 —
HESS J1731−347 SNR
HESS J1741−302 unknown Matsumoto et al. (2009)
HESS J1745−303 MC Bamba et al. (2009)
HESS J1747−281 —
HESS J1804−216 dark Bamba et al. (2007)
HESS J1813−178 PWN
HESS J1825−137 PWN Uchiyama et al. (2009)
HESS J1834−087 PWN (XMM result)
HESS J1837−069 PWN Anada et al. (2009)
HESS J1841−055 —
HESS J1843−033 —
HESS J1857−026 —
HESS J1858+020 —
TeV J2032+4130 PWN Murakami et al. (2009)
HESS J1640−465 PWN
HESS J1718−385 PWN
HESS J1809−193 PWN
HESS J1833−105 PWN
HESS J1846−029 PWN (Kes 75)
HESS J1912+101 PWN
HESS J1923+141 PWN

Note: g—g represents we have no deep follow-up
observations in the X-ray band.

Table 2. TeV unIDs with Fermi detection

HESS J1023−575 —
HESS J1418−609 —
HESS J1616−508 dark
HESS J1741−302 unknown
HESS J1804−216 dark
HESS J1813−178 PWN
HESS J1834−087 PWN
HESS J1923+141 —
TeV J2032+4230 PWN
Note: g—g represents that we have no deep X-ray
follow-ups.
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Abstract

We discuss that a nearby astrophysical source, such as pulsar, supernova remnant or gamma-ray burst
(GRB), about 105−6 years ago may be responsible for the excesses of cosmic-ray positrons and electrons
recently observed by the PAMELA, ATIC/PPB-BETS, Fermi and HESS experiments. We can reproduce
the smooth Fermi/HESS spectra as well as the spiky ATIC/PPB-BETS spectra. The spectra can possess
a sharp cutoff that is similar to the dark matter predictions since higher energy cosmic-rays cool faster
where the cutoff energy marks the source age. A burst-like astrophysical source is expected to have a
small but finite spread in the cutoff as well as anisotropy in the cosmic-ray and diffuse gamma-ray flux,
providing a method for the Fermi and future CALET experiments to discriminate between dark matter and
astrophysical origins and also to constrain the source duration. Whether the source is leptonic or hadronic
may be probed by the antiprotons. Such GRB-like sources may leave remnants observed as mysterious
TeV unidentified sources.

Key words: cosmic rays — diffusion — gamma rays: bursts — gamma rays: theory — pulsars:
general — radiation mechanism: non-thermal

1. Introduction

Recent observations by the PAMELA (Adriani et al.
2008) and ATIC/PPB-BETS (Chang et al. 2008,
Torii 2008) experiments have revealed the electron and
positron excesses in the cosmic-ray spectrum. These re-
sults strongly indicate the presence of nearby sources of
electron-positron pairs (less than 1kpc away). Possible
candidates include astrophysical objects such as pulsars
(e.g., Kawanaka et al. 2009), supernova (SN) remnants
(e.g., Fujita et al. 2009) or microquasars, or dark matter
annihilations/decays. Instead we might be observing the
propagation effects or the proton contamination.

The ATIC/PPB-BETS excess has a possible cutoff at
εe ∼ 600GeV, which might fix the dark matter mass.
From the astrophysical viewpoint, the cutoff implies a
single or at least a few sources since many sources usually
broaden the cutoff. The source age should be less than
106−7 years because electrons lose energy through syn-

chrotron and inverse Compton processes, suggesting the
Galactic rate of ∼ (10kpc/1kpc)2/106−7yr ∼ 1/104−5yr,
i.e., ∼ 102-103 times rarer than SNe. This ratio ∼ 102-
103 is comparable with that of energy density between
cosmic-ray nuclei and positrons. Therefore the electron-
positron source may also produce a huge energy ∼ 1050

erg like a SN that releases ∼ 1050 erg for providing
cosmic-ray nuclei.

We propose a new possibility that a nearby (d ∼ 1kpc)
gamma-ray burst (GRB) or GRB-like pulsar/SN rem-
nant/microquasar about tage ∼ 105−6 years ago may be
responsible for the PAMELA and ATIC/PPB-BETS ex-
cesses, and predict a sharp spectral cutoff that is similar
to the dark matter predictions, in addition to a possible
line (Ioka 2008). We also show that a finite duration of
the pair injection produces a broad cutoff and a high en-
ergy tail above the cutoff, which can constrain the source
duration (<∼ 105yr with the current data; Kawanaka et
al. 2009).
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Very recently, the Fermi Large Area Telescope mea-
sures the electron spectrum up to ∼ 1 TeV that is
very smooth ∼ ε−3

e without any spectral peak as re-
ported by ATIC/PPB-BETS (Abdo et al. 2009). The
HESS collaboration also provides the electron spectrum
(Aharonian et al. 2009), which is consistent with the
Fermi result and appears to show a steepening above
∼ 1 TeV. The differences between ATIC/PPB-BETS
and Fermi/HESS are still controversial. Therefore we
discuss each case separately and show that a GRB/pulsar
model with sightly different parameters may reproduce
the Fermi/HESS smooth spectra as well (Ioka 2008).

In this paper we try not to specify a source class in or-
der to make discussions as model-independently as pos-
sible. We consider a GRB-like astrophysical source, de-
noted by GRB/Pulsar for short, that produces electron-
positron pairs from a compact region in a short timescale
compared with its age. If the source has these proper-
ties, we can apply the results to pulsars (Kawanaka et al.
2009), SN remnants (Fujita et al. 2009), microquasars,
GRBs (Ioka 2008) etc.

2. ATIC/PAMELA excess from an astrophysical source

Let us first consider the most simple model that a
GRB/pulsar produces electron-positron pairs with en-
ergy Ee+ ≅ Ee− at a distance d from the Earth a time
tage ago, assuming that the pairs have a power-law spec-
trum. The observed spectrum after propagation is ob-
tained by solving the diffusion equation,

∂

∂t
f = K(εe)∇2f +

∂

∂εe
[B(εe)f ] + Q, (1)

where f(t, x⃗, εe) is the distribution function of particles
at time t and position x⃗ with energy εe. The flux at
x⃗ is given by Φ(t, x⃗, εe) = (c/4π)f(t, x⃗, εe) [m−2 s−1

sr−1 GeV−1]. We adopt the diffusion constant K(εe) =
K0(1 + εe/3GeV)δ with K0 = 5.8 × 1028 cm2 s−1 and
δ = 1/3 that is consistent with the boron/carbon ratio
according to the latest GALPROP code, and the energy
loss rate B(εe) = bε2

e with b = 10−16 GeV−1 s−1 via
synchrotron and inverse Compton.

In the limit of a single burst from a point source with
a power-law spectrum Q(t, x⃗, εe) = Q0ε

−α
e δ(x⃗)δ(t) up to

εe < εmax, the diffusion Eq. (1) has an analytical solution
as

f =
Q0ε

−α
e

π3/2d3
diff

(1 − btεe)α−2e−(d/ddiff )2 , (2)

where εe < (bt + 1/εmax)−1 < εcut = (bt)−1 (otherwise
f = 0) and

ddiff ≅ 2

√
K(εe)t

1 − (1 − εe/εcut)1−δ

(1 − δ)εe/εcut
. (3)

The physical picture is that cosmic-rays below εe <∼ εcut

diffuse out almost uniformly within a radius ddiff ∼
2
√

K(εe)t.
In Figs. 1 and 2, we show the positron fraction and the

electron plus positron flux resulting from a GRB/pulsar
and background. We can see that the PAMELA and
ATIC/PPB-BETS excesses can be reproduced well if a
GRB/pulsar produces electron-positron pairs with en-
ergy ∼ 1050 erg and a power-law spectral index α ∼ 1.8
at d ∼ 1 kpc from the Earth a time tage ∼ 6 × 105 yr
ago. This energy can be yielded by a GRB, SN rem-
nant, a 10msec pulsar with a rotational energy ∼ 1050

erg or a microquasar (a black hole with a disk and jet)
that has the Eddington luminosity ∼ 1038 erg s−1 for
∼ 105 yr. The chance probability of having such a GRB
is tage/105−6yr/(10kpc/1kpc)2 ∼ 0.6-6%, not too bad.
Or a pulsar/SN remnant/microquasar per 6-60 SNe may
be responsible.

Interestingly, the electron and positron spectra in
Figs. 1 and 2 have a sharp cutoff that is very similar
to the dark matter predictions in addition to a line at
energy,

εcut =
1
bt

≅ 300
(

106yr
tage

)
GeV. (4)

This is because the energy loss time via synchrotron and
inverse Compton is shorter for higher energy cosmic-rays
by εe. Then after time tage all electrons above εcut cool
down to the cutoff energy εcut with no electrons above
εcut. Independently of the maximum energy all electrons
above εcut lose their energies during propagation. A line
or cusp is produced if the source spectrum has α < 2,
although the number of electrons and positrons remain
finite and constant. Note that the electron and positron
lines produced by the dark matter are smeared out be-
cause the observed electrons and positrons are created at
different time having different line energy due to cooling.
Note also that only the direct annihilation or two-body
decay into electrons and positrons can produce a sharp
cutoff in dark matter models.

3. Fermi/PAMELA excess from an astrophysical source

In Figs. 1 and 2, we also show a GRB/pulsar model
(a) that can reproduce the Fermi/HESS smooth data
as well as the PAMELA data without producing the
ATIC/PPB-BETS peak. Interestingly the model param-
eters are relatively similar to that for the ATIC/PPB-
BETS data, i.e., the age is just slightly shorter (6×105 yr
→ 2×105 yr) and the spectral index is softer (1.8 → 2.5),
where α = 2 is the boundary between the smooth and
spiky spectra in Eq. (2). We still have a cutoff at
εe = εcut in Eq. (4), while we have no line for α > 2
with Eqs. (2) and (4). The cutoff may be relevant to the
steepening observed by HESS around ∼ 1 TeV, though
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Fig. 1. The positron fraction Φe+/(Φe− +Φe− ) resulting from a GRB/pulsar [(a), (b), (c)] and secondary positrons produced by the collisions
of cosmic-ray nuclei with interstellar medium (ISM) [Background], compared with the PAMELA data (Ioka 2008). The fit is well and the
spectrum has a cutoff at εe ∼ εcut in Eq. (4). We adopt (tage, Ee+ , α) = (2×105 yr, 0.9×1050 erg, 2.5), (5.6×105 yr, 0.8×1050 erg, 1.8)
and (3 × 106 yr, 3 × 1050 erg, 1.8) for (a), (b) and (c), respectively, where a GRB/pulsar at d = 1kpc from the Earth a time tage ago
produces electron-positron pairs with energy Ee+ = Ee− and spectral index α up to εmax = 10TeV. Note that the solar modulation is
important below ∼ 10 GeV.

Fig. 2. The electron plus positron flux from a GRB/pulsar [(a), (b), (c) defined in Fig. 1] and the primary plus secondary background,
compared with the data (Ioka 2008). A GRB/pulsar (a) fits the Fermi/HESS data, while a GRB/pulsar (b) fits the ATIC/PPB-BETS data
well. A GRB/pulsar (c) is an older one. The spectrum has a cutoff at εe = εcut in Eq. (4). The primary background is conventionally
attributed to SN remnants. Note that the solar modulation is important below ∼ 10 GeV.

we need more data to claim the presence of the cutoff.
(If the steepening continues to higher energy, the back-
ground would also have a cutoff.)

Considering an older source, for which the chance
probability gets higher, we may fit the PAMELA data,
leaving the electron data to other sources [see the case
(c) in Figs. 1 and 2]. However, if the electron spectrum
is as smooth as the Fermi data, it may be difficult to
hide the peak under the other contributions (Note that
α < 2 is needed to fit the PAMELA data by a single
old source). Thus, a single GRB-like source only for the
PAMELA data is unlikely.

4. Single or multiple? Leptonic or hadronic?

It is an important question whether the source is single or
multiple. In order to answer this question, an anisotropy
measurement could be useful. In Fig. 3, we show the
expected anisotropy of electron and positron fluxes

δe =
Icut − Imin

Icut + Imin
=

3K|∇f |
cf

, (5)

for the GRB/pulsar model (a) in Figs. 1 and 2. The
anisotropy is larger than that of the observed cosmic-
ray nuclei δN ∼ 0.06%, so that the anisotropy is in
principle detectable, not to be disturbed by the local
magnetic structure. The Fermi and upcoming AMS-
02 experiments may be able to detect the anisotropy,
while the actual measurement should be challenging and
also model-dependent e.g., the GRB/pulsar model (b)

in Figs. 1 and 2 predicts the anisotropy below the sen-
sitivities (not shown in Fig. 3). Once an anisotropy is
detected, it would support a single source model, not a
multiple source model.

Whether the anti-matter origin is hadronic or leptonic
is also an important problem (e.g., the pulsar model is
leptonic and the SN remnant model with pp interactions
is hadronic.) Fujita et al. (2009) first pointed out that
the hadronic models predict an anti-proton excess above
∼ 100 GeV, which will be probed by PAMELA and fu-
ture AMS-02. The secondary nuclei such as the boron-
to-carbon and titanium-to-iron ratio would be also an
interesting probe (Mertsch & Sarkar 2009).

5. Discussions and Summary

We have proposed that a nearby gamma-ray burst
(GRB) or GRB-like (old, single and short-lived) pul-
sar/SN remnant/microquasar about 105−6 years ago
may be responsible for the excesses of cosmic-ray
positrons and electrons recently observed by the
PAMELA, ATIC/PPB-BETS and Fermi/HESS exper-
iments. Such a scenario looks rather extreme but still
consistent with the current observations. In particu-
lar, a GRB/pulsar model can reproduce the smooth
Fermi/HESS spectra as well as the spiky ATIC/PPB-
BETS spectra by slightly changing parameters (see
Fig. 2). Although such a burst-like scenario has been dis-
cussed before, it is the first to argue the similarities (e.g.,
sharp cutoff) and differences (e.g., cutoff width) between
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Fig. 3. Anisotropy of the electron plus positron flux (thick solid line) and the positron flux (thick dashed line) for the GRB/pulsar model (a)
in Figs. 1 and 2, compared with sensitivities of the Fermi satellite for the electron plus positron flux (thin solid line), the future AMS-02
experiment for the positron flux (thin dashed line) and the observed anisotropy of cosmic-ray nuclei δN ∼ 0.06% (dotted line) (Ioka 2008).

Fig. 4. Antiproton fraction for the SNR models (solid lines). The dotted line shows the background fraction (Fujita et al. 2009).

Fig. 5. Spectrum of a GRB/hypernova remnant with age tage = 105 yr, which may be observed as TeV unidentified sources. The observed
bright sources in the TeV sky could be dominated by GRB/hypernova remnants, even though they are fewer than SN remnants (Ioka &
Mészáros 2009).

the astrophysical and dark matter scenarios. In particu-
lar we propose a new method to discriminate models by
using the cutoff width (see below).

The spectral cutoff and line in Figs. 1 and 2 should
have a finite dispersion under realistic circumstances, in
contrast with the dark matter origin. We may be able
to discriminate models by observing the cutoff shape (or
width) since the future CALET experiment has a reso-
lution better than a few % (> 100GeV). Since Eq. (4)
yields ∆εcut/εcut = −∆b/b − ∆t/t, the dispersion arises
from (a) the fluctuation of the energy loss rate ∆b due
to the difference of starlight and magnetic fields by loca-
tion and (b) the duration of the source ∆t. To estimate
∆b, we assume that the energy loss rate fluctuates by
δb over the scale db. Cosmic-rays travel a distance ctage
and pass through Nb ∼ ctage/db patches, averaging the
fluctuations as ∆b ∼ δb/

√
Nb. Then we have

(
∆εcut

εcut

)

∆b

∼ 6%
(

δb

b

)(
db

1kpc

)(
tage

106yr

)−1/2

, (6)

which may be detectable if the starlight and mag-
netic fields differ by δb/b ∼ 1 over the disk thick-
ness db ∼ 1kpc. As for the duration effect, GRBs are
too short, but a pulsar with magnetic field B and ini-
tial rotation period P0 has a spin-down duration ∆t ∼
3c3I/B2R6

∗Ω
2
0 ∼ 6×103yr(B/1012G)−2(P0/10ms)2 while

a microquasar has an active time ∆t ∼ 1050erg/L ∼
105yr (L/1038erg s−1)−1, yielding

(
∆εcut

εcut

)

∆t

∼ 10%
(

∆t

105yr

)(
tage

106yr

)−1

. (7)

Therefore we can constrain the source duration by the
cutoff width (<∼ 105yr with the current data; Kawanaka
et al. 2009).

Our GRB-like astrophysical scenario predicts a mi-
nor role of the inverse Compton emission far below the
the pion decay component and is compatible with the
diffuse gamma-ray background observations. The con-
straints are less severe in the GRB case of small chance
probability. The fluctuation of the diffuse gamma-
ray background due to the nonuniform distribution of
GRBs/pulsars could be an interesting future probe.

Similar GRB-like sources in our Galaxy may leave
remnants observed as mysterious TeV gamma-ray
sources, the so-called TeV unidentified sources, which
have no clear counterpart at other wavelengths as shown
in Fig. 5 (Ioka & Mészáros 2009) and/or the 511 keV
electron-positron annihilation line from the Galactic
bulge.

This work is supported in part by the Grant-in-Aid from
the Ministry of Education, Culture, Sports, Science and
Technology (MEXT) of Japan, No.18740147, 19047004,
21684014.
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Abstract

We report on a detailed comparison between short GRBs and spikes of long GRBs in timing and
spectral properties using bright GRBs observed by Suzaku-WAM. We first performed spectral time lag
analysis of 217 spikes in 102 bright GRBs. We found a clear proportional correlation between hard/soft
lags and widths of spikes for long GRBs, which is smoothly connected with those of short GRBs. We
next performed spike-resolved spectral analysis of 63 spikes for 12 long GRBs with known redshifts, using
Suzaku-WAM, Swift-BAT, and HETE-2 data. We found a clear correlation between the intrinsic peak
energy (Ep) and the isotropic radiated luminosity (Liso) for individual spikes, Ep ∝ Liso

1/2, over four
orders of magnitude of luminosity. Remarkably, Ep and Liso in 6 short GRBs with known redshifts were
also within statistical errors of the relation for long GRBs. From these two results, we conclude that, in
our sample, there is no clear differences between short GRBs and spikes of long GRBs in the time lag and
the Ep–Liso relation.

Key words: Gamma Ray Burst, WAM, Swift, HETE-2

1. Introduction

A Gamma Ray Burst (GRB) is a big explosion in the uni-
verse, but the radiation mechanisms are still unknown.
It is classified into two subclasses by a duration, short
(less than 2 sec) GRB and long (more than 2 sec) GRB.
These subclasses have also differences in other observa-
tional properties such as spectral hardness and spectral
time lag. Hence they are proposed to have different ori-
gin and progenitor (NS-NS or BH-NS merger and col-
lapsar). However, their boundaries are uncertain, and
we note that the above properties are obtained from the
time-averaged analysis over entire GRB emissions. In
fact, many long GRBs have multi-spiked structure with
a similar short time scale to that of short GRBs.

To investigate the difference and similarity among
short GRBs and individual spikes in long GRBs, we an-
alyzed a large data set from Suzaku/WAM, Swift/BAT
and HETE2 data. In this paper, we focus and report
on two analysis, the time-lag analysis and time-resolved
spectral analysis, for individual spikes, and compare
them with short GRB properties.

2. Timing Analysis

2.1. Spectral Time Lag

The spectral time lag is defined as a peak-time delay
between light curves in different energy bands. It is gen-
erally known that long GRBs have soft lags in their light
curves, while short GRBs show very small lags with less
than 0.01 sec(Norris et al. 2006). We calculated the
Cross Correlation Function (CCF) and defined a spec-
tral lag τ as a time difference between zero and a peak
of CCF (τ). Ukwatta et al. (2009) obtained spectral lags
by fitting CCFs with the Gaussian profile, but a shape
of the CCF in a GRB prompt emission is typically asym-
metric around the peak. Hence, in the Gaussian fitting,
we need to use only the limited time region around the
peak to ignore its asymmetry. To evaluate the peak, we
used the following empirical model like log normal dis-
tribution to fit the CCF (τ).

N(τ) = P1 × exp

[
− (log(τ + P3) − log(P4 + P3))

2

P 2
2

]
(1)

where P4 is the peak of this function. This model has
one additional free parameter to the Gaussian model.
We fit the CCFs with the model (1) plus constant value.
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2.2. Width of Spikes

In order to divide one GRB into several spikes, we as-
sume that a single spike contains only one peak and
search for the peaks based on the simple algorithm de-
scribed in Li & Fenimore (1996). In this method, we de-
fine a peak when the time bin satisfies both the following
two criteria, a) the count Cp at the time tp is the largest
in a time range of t1 < tp < t2, b) Cp − C1, 2 > N

√
Cp

for any counts C1 at t1 and C2 at t2 where N is a signif-
icance level. Here we set N at 4.

We used Auto Correlation Function (ACF) for time
scale estimation of each spike in GRBs. The ACF is a
mathematical tool for finding repeating patterns. The
width of the ACF indicates a typical time scale of GRB
spike. We calculated the ACF and used the Lorentz pro-
file model to fit the ACF (τ). We define a time scale of
GRB spike as the FWHM of the Lorentz-profile of wACF.

2.3. Burst Sample and Analysis

For the time lag analysis, we used the WAM BST Time
History data which has fine time resolution of 15.625
msec and 4 energy channels (50–100 keV (TH0), 100–
250 keV (TH1), 250–500 keV (TH2), >500 keV (TH3))
in the time coverage from −8 sec to 56 sec since the trig-
ger. We used all the WAM data from August 17, 2005
to December 31, 2008 for triggered GRBs which were
simultaneously detected and confirmed with other satel-
lites. Except for GRBs with bad statistics, 102 GRBs
were available for the timing analysis. In this study, we
defined short GRBs based on the criteria that T90 was
less than 2 sec in the 50-5000 keV range. As a result, 20
samples were short GRBs and 82 were long GRBs.

Figure 1 shows T90 – τ02 relation where τ02 is the lag
measured between TH0 (50–100 keV) and TH2 (250–
500 keV) in the T90 time region. The distribution be-
tween τ02 and T90 would have no clear correlation. To
evaluate a significance of this correlation, we calculate
a Spearman rank-order correlation coefficient ρs of the
non-parametric method. The correlation coefficient of
the T90 – τ02 correlation is 0.195 and its chance probabil-
ity Ps is 0.768. We conclude that there is no correlation
between them. In past studies (Norris et al. 2006), short
GRBs have lags of less than 0.01 sec. In our results (left
panel of Figure 1) we confirmed that short GRBs have
short lags, but some of long GRBs with multi-spiked
structure showed also short lags of < 0.01 sec.

Next, we plot a correlation between spike width wACF

and spectral lag τ02 calculated for each spike (see right
panel of Figure 1). The spectral time lag τ02 and each
spike width wACF has a positive and continuous corre-
lation, which just lies on that for spikes of short GRBs.
The correlation coefficient of the τ02–wACF correlation ρs

is 0.783 and its chance probability Ps is less than 10−16.
So this correlation is real at greater than 3 σ confidence

level. Assuming the correlation, the fitting result with a
power law function is τ02 = (0.12±0.02)×wACF

1.05±0.02.

3. Time Resolved Spectral Analysis

3.1. Burst Sample and Analysis

6 short GRBs (051221, 060801, 061006, 061210,
070714B, and 071227), were simultaneously observed by
WAM up to December 31, 2008, We defined the short
GRB that the intrinsic duration T90/(1 + z) is less than
2 sec. In case of GRB 070714B, the T90 is estimated at
2.562 sec but the T90/(1+z) of 1.33 sec is less than 2 sec.
Hence, we classify GRB 070714B to the short GRB. Ta-
ble 1 shows observational parameters of the short GRBs.
We performed joint fit spectral analysis of the 6 short
GRBs with Suzaku-WAM and Swift-BAT

To compare spectral properties among short GRB and
spikes of long GRBs, we used 13 bright long GRBs with
known redshifts. These are 060814, 061007, 070508,
071003, 080319C which were observed simultaneously
by WAM and BAT, 070125 observed by WAM alone,
and 020813, 030328, 030329, 041006, 050408, 051022 ob-
served by HETE-2. Table 2 shows observational param-
eters for 13 long GRBs.

For spike-resolved spectral analysis, we used BST
Pulse Height data of WAM, which has 0.5 sec time reso-
lution and 55 energy channels. We derived each time
interval of spikes of the GRBs using the peak search
algorithm. We extracted the source spectrum from
two WAM detectors which detected strong signals from
GRBs, and also produced the background spectrum by
interpolating the best fit 4th-order polynominal function
to the source region when we fit the dead-time-corrected
light curves ∼300 s before and ∼300 s after the burst.
We calculated the WAM response matrix using the WAM
response generator wamrspgen (Ohno et al. 2006) ver-
sion 1.9. The BAT spectra and response matrices were
generated for specific time intervals using the standard
Swift/BAT FTOOLs. We used a response to average the
pre-slew, slew and post-slew responses weighted in each
interval of the responses since the burst location in the
BAT field of view (FOV) changes during the slew. In
HETE-2, we used the photon-tagged data of WXM and
FREGATE, and accumulated spectra in the standard
way. Background spectra were extracted from the time
regions before and after GRB source emission intervals.
The WXM energy response matrix was calculated for
each event using the empirical formula based on the cal-
ibration data taken on the ground and in-flight calibra-
tions. The FREGATE response matrix was calculated
from extensive Monte Carlo simulations of the detector
using GEANT4.

In the previous work of this study, Yoshida et al.
(2006) performed spike resolved spectral analysis of the
HETE-2 observed GRBs and presented Ep - Liso posi-
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Fig. 1. Left panel: The correlation between duration T90 (s) and spectral lag τ02 (s) calculated in entire emission region, where circle
points are single spiked GRBs and square points are multi spiked GRBs. Right panel: The correlation between spike width wACF (s) and
spectral lag τ02 (s) calculated in each spike. Filled circle points are the spikes of Single spike bursts, filled square points are the spikes
of Multi-spike bursts and filled star points are the spikes of short GRBs, which have a Spearman rank-order correlation coefficient ρs =
0.783 and significance probability Ps < 10−16. The fitting result with single power-law model is τ02 = (0.12 ± 0.02) × wACF

1.05±0.02.

tive correlation of the the spikes. In this study, we plot
all the 63 points of Ep - Liso of 12 multi spike GRBs.
The left panel of Figure 2 shows that Ep - Liso corre-
lation of the all spikes have a positive correlation which
spans four-order Luminosity. To test the significance of
the correlation, we calculate the Spearman rank-order
correlation coefficients. We obtain the correlation co-
efficients 0.87 for Ep - Liso correlation of the all spikes,
and the chance probability that there is no correlation of
< 10−16. Assuming the correlation between Ep - Liso, we
fit the correlation with Ep = (543±10)×Liso,52

0.51±0.01.
The dispersion of distance from the best fit of the points
is 1 σ ∼ 0.26, assuming the Gaussian distribution.

For comparison with spikes of long GRB, we performed
spectral analysis of 6 redshift-known short GRBs. We
plot the points of 6 short GRBs on the Ep - Liso correla-
tion for all the spikes (right panel of Figure 2). It shows
that Ep - Liso points of 6 short GRBs are consistent with
this correlation within 3 σ.

Table 1. Sample of redshift-known short GRB by WAM and BAT.

GRB T90/(1 + z)1 z Instruments
051221 0.121 0.5465 BAT, WAM1+2
060801 0.191 1.131 BAT, WAM0+3
061006 0.261 0.4377 BAT, WAM3
061210 0.033 0.4095 BAT, WAM2+3
070714B 1.334 0.92 BAT, WAM0+3
071227 1.129 0.383 BAT, WAM3

*1 We defined the short GRB with the criteria that the intrinsic
duration T90/(1 + z) is less than 2 sec.

Table 2. Sample of spike resolved spectral analysis by WAM, BAT
and HETE-2.

GRB T90/(1 + z)1 z Instruments
060814 40 0.84 BAT, WAM0+2
061007 24 1.261 BAT, WAM2+3
070125 16 1.547 WAM1+2
070508 7 0.84 BAT, WAM1+2
071003 10 1.60345 BAT, WAM1+2
080319C 4 1.95 BAT, WAM2+3
020813 54 1.25 HETE-2
030328 40 1.52 HETE-2
030329 33 0.168 HETE-2
041006 22 0.716 HETE-2
050408 15 1.2357 HETE-2
051022 99 0.8 HETE-2

4. Discussion and Conclusion

We found no correlation between the lag and the du-
ration for GRB entire emissions, while there is a clear
correlation between the lag and the width for spikes of
long GRBs. This means that the lag depends on not
overall structure but individual spike that is responsi-
ble for each internal shock among baryon shells. It is
consistent with the the theoretical model that the time
delay between different energy bands is due to the time
difference between the emission to a line of sight and
the emission with respect to high-latitude in conical jet
structure (Ioka & Nakamura 2000). For short GRBs, we
could not find any clear difference with long GRBs in a
correlation between the lag and the width.
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Fig. 2. Left panel: Ep,i–Liso plane of the 63 spikes of 12 multi spike GRBs. The continuous line is the best fit to the sample with a power-law
as Ep = (543±10)×Liso,52

0.51±0.01. dash-dotted lines are 1 σ errors and dotted lines are 3 σ errors. Right panel: Ep,i–Liso correlation
of the long GRB spikes and 6 short GRBs. Open square points are short and closed square points is long GRB Spikes. The continuous
line is the best fit to the sample of the long GRB spikes with a power-law model.

In the spike-resolved spectral analysis, we found the
Ep – Liso correlation as Ep ∝ Liso

0.51±0.01. Accord-
ing to the synchrotron shock model (Zhang & Mészáros
2002), the peak energy Ep is considered to be the typi-
cal synchrotron energy γmmec

2 and the relationship be-
tween the Ep and the luminosity Liso can be derived as
Ep ∝ r−1Liso

0.5, where r is a radius of the emission re-
gion. Our derived correlation is fully consistent with one
expected from the synchrotron shock model. The slope
is always constant for each spike, suggesting that the r
is constant. It implies that each spike corresponds to the
synchrotron emissions from accelerated electrons in each
internal shock, which takes place at roughly the same
distance r. Moreover, at least 6 short GRBs with known
redshifts are satisfied with the correlation.

In our time lag analysis and spectral analysis using the
Suzaku WAM data, we could not see any clear difference
between short GRBs and spikes of long GRBs. This
means that some short GRBs might have similar char-
acteristics and also similar progenitors to long GRBs in
the classical classification based on the duration.
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Abstract

In next five years, dramatic progress is anticipated for the AGN studies, as we have two important
missions to observe celestial sources in the high energy regime: Fermi and Suzaku. Simultaneous monitoring
observations by the two instruments (Fermi-LAT and Suzaku XIS/HXD) will be particularly valuable for
variable radio-loud AGN, allowing the cross-correlations of time series as well as detailed modeling of
the spectral evolution between the X-ray and gamma-ray energy bands. In this paper, we particularly
focus on the results from recent Suzaku X-ray observations of five flat-spectrum radio quasars (FSRQs),
simultaneously observed with Fermi. Our aim is to reveal the nature of high-energy emission of luminous
blazars in their quiescent/low-activity states covering the frequency range from 1014 Hz up to 1025 Hz.

Key words: AGN: blazars, Fermi, Suzaku, Swift, multiwavelength monitoring

1. Introduction

Observationally, blazar class includes flat-spectrum ra-
dio quasars (FSRQs) and BL Lac objects. FSRQs have
strong and broad optical emission lines, while the lines
are weak or absent in BL Lacs. During the first three
months of the Fermi Large Area Telescope’s (LAT)
all-sky-survey, 132 bright sources at Galactic latitudes
(|b| > 10◦) were detected at a confidence level greater
than 10 σ (Abdo et al. 2009a). As expected from the
EGRET observations, a large fraction (106) of these
sources have been identified with known AGNs (Abdo
et al. 2009b). This includes two radio galaxies (Centau-
rusA and NGC 1275; Abdo et al. 2009c) and 104 blazars
consisting of 58 FSRQs, 42 BL Lac objects, and 4 blazars
with unknown classification.

In order to understand the blazar phenomenon and the
differences between BL Lacs and FSRQs, as well as the
origin of spectral transitions in a particular object, one
has to obtain truly simultaneous coverage across the en-
tire spectrum, during both flaring and quiescent states.
However, past γ-ray observations in quiescent states have
been limited to only a few extremely luminous objects,
such as PKS0528-134 or 3C279. Only now, with the
successful launch of the Fermi satellite and the excellent
performance of the Suzaku instruments, do we have an
opportunity to study high-energy spectra of blazars with
substantially improved sensitivity, and therefore the dif-
ferent states of the sources’ activity.

In this paper, we report the high-sensitivity, broad-

band Suzaku observations of five FSRQs, namely
PKS 0208-512, Q0827+243, PKS1127-145, PKS1510-
089, and 3C454.3. Additionally, all of these sources
were monitored simultaneously or quasi-simultaneously
by the Fermi LAT and Swift Ultraviolet/Optical Tele-
scope (UVOT; Roming et al. 2005). These broadband
and high-sensitivity observations allow us to reveal the
characteristic of the high-energy inverse Compton (IC)
continuum in the quiescent states of luminous blazars. A
full detailed description is given in Abdo et al. (2009d;
corresponding author R.K.Sato), but here, due to lack of
space, only several highlights from Suzaku observations
are discussed.

2. Observation and Data Reduction

2.1. Suzaku

Five FSRQs were observed by Suzaku for 40 ks each as
one of the long-category projects between 2008 October
and 2009 January. All of the sources were focused on
the nominal center position of the XIS detector. For the
XIS, we analyzed the screened data, reduced via Suzaku
software version 2.0. The HXD/PIN data (version 2.0)
were processed with basically the same screening criteria
as those for the XIS. We used the response files, version
ae hxd pinhxdnom5 20080716.rsp, provided by the
HXD team.
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Fig. 1. left: Suaku XIS spectrum of PKS 0208-512. right: Correlation of the 2-10 keV flux vs. photon index.

2.2. Swift UVOT

Four analyzed FSRQs (PKS0208-512, Q 0827+243,
PKS1510-089, and 3C454.3) were observed with Swift
between 2008 October and 2009 January, as part of Swift
“target of opportunity” observations. We analyzed the
data taken within or near the time of the Suzaku ob-
servations. The UVOT observing mode commonly takes
an exposure in each of the six optical and ultraviolet
filters (v, b, u, uvw1, uvm2, and uvw2) per Swift point-
ing. Level 2 sky-corrected image data were used. The
background was extracted from a nearby source-free cir-
cular region with 15′′ radius. All image data were cor-
rected for coincidence loss. The observed magnitudes
were converted into flux densities by the standard pro-
cedures (Poole et al. 2008).

2.3. Fermi-LAT

We analyzed the LAT’s observations of the five blazar
regions using data collected during the first 4-5 months
centered around Suzaku observations. Little variability
indicated by the LAT lightcurves for the studied objects
during this time implies that the constructed broad-band
spectra, even though not exactly simultaneous, are rep-
resentative for the low-activity states of all five blazars.
We use the “Diffuse” class events (Atwood et al. 2009),
which are those reconstructed events having the highest
probability of being photons. Science Tools version v9r14
and IRFs (Instrumental Response Functions) P6 V3 (a
model of the spatial distribution of photon events cali-
brated pre-launch) were used.

3. Results

3.1. Suzaku

3.1.1. PKS 0208-512

The power-law model with the Galactic value NH =
3.08 × 1020 cm−2 for the XISs spectra of PKS0208-512
gives Γ = 1.68±0.02 and the 2−10keV flux F2−10keV =
(1.37 ± 0.03) × 10−12 erg cm−2 s−1, but the residuals of

the fits show moderate excess feature at low energies, be-
low 1 keV (Figure 1 (left)). In the previous observation
with BeppoSAX during a high flux state (Tavecchio et
al. 2002; F2−10keV ∼ 4.7×10−12 erg cm−2 s−1), the X-ray
spectrum is well described by a power-law with photon
index Γ ∼ 1.7, but the spectrum was heavily absorbed
below 1 keV, indicating NH = 1.67 × 1021 cm−2. The
variable soft X-ray emission of PKS0208-512 may indi-
cate that the convex spectrum observed by BeppoSAX
reflects an intrinsic IC continuum shape, while the soft
excess observed by Suzaku reflects the presence of an ad-
ditional spectral component which becomes prominent
when the source gets fainter (see Kataoka et al. 2008).
Interestingly, soft excess can be well represented by ther-
mal emission of kT = 0.092 ± 0.003keV.

In order to investigate the X-ray spectral evolution, we
divided the total exposure into one-orbit intervals. We
fitted the overall XIS spectra between 0.3 and 10 keV
with an absorbed simple power-law function. Figure 1
(right) shows a relation between the 2−10 keV fluxes ver-
sus the photon indices for the case of PKS 0208-512. Sig-
nificant spectral variation was also seen in Q0827+243
(Γ = 1.2 − 1.6), PKS1127-145 (Γ = 1.4 − 1.6), and
PKS 1510-089 (Γ = 1.3 − 1.5). This clearly reveals a
spectral evolution with the X-ray spectra hardening as
the sources become brighter.

3.1.2. 3C 454.3

In the case of 3C454.3 we obtained the best fit to
the XISs and HXD/PIN spectra assuming an absorbed
power-law model with a photon index of Γ = 1.61± 0.01
and a column density of NH = (9.07±0.35)×1020 cm−2,
which is larger than the Galactic value at the 99.9%
confidence level. The unabsorbed 2 − 10 keV flux is
F2−10keV = (1.66 ± 0.01) × 10−11 erg cm−2 s−1. In ad-
dition, we reanalyzed the previous Suzaku data col-
lected in December 2007 during the high state. The
time averaged XISs and HXD/PIN spectra was well
described by a single absorbed power-law model with
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Fig. 2. left: Overall SED of 3C 454.3 (Suzaku, Swift and Fermi). right: NH vs. 2-10 keV flux for different observations of 3C 454.3.

Γ = 1.64 ± 0.01, implying the flux F2−10keV = (3.09 ±

0.02) × 10−11 erg cm−2 s−1, which is larger by a factor
of two than the one found in our 2008 observations.
The absorption column also shows a higher value of
NH = (1.07 ± 0.03)× 1021 cm−2.

3.2. Fermi

To study the average spectra of five objects during the
four or five months of observations, we use the standard
maximum-likelihood spectral estimator provided with
the LAT science tools gtlike. Photons were extracted
from a region with a 10◦ radius centered on the coordi-
nates of the position of each object. We subtracted the
Galactic diffuse emission by using specific maps based
on the GALPROP model with the normalization free to
vary in the fit.

We model the continuum emission from each source
with a single power-law. The extragalactic background
is assumed to have a power-law spectrum, with its spec-
tral index and the normalization free to vary in the fit.
From an unbinned gtlike fit the best fit photon indices
are Γ = 2.33 ± 0.05 for PKS0208-512, Γ = 2.62 ± 0.35
for Q 0827+243, Γ = 2.77 ± 0.14 for PKS1127-145,
Γ = 2.48 ± 0.03 for PKS1510-089, and Γ = 2.51 ± 0.02
for 3C454.3. Here only statistical errors are taken into
account, and the spectra were extrapolated down to
100MeV. In the case of bright sources (PKS 1510-089
and 3C454.3), we also analyzed the data collected dur-
ing the Suzaku observing period to construct the simul-
taneous broad-band spectra spectra.

4. Discussion and Conclusion

4.1. Broad-Band Spectral Fits

We constructed the broad-band spectral energy distribu-
tion (SED) ranging from the radio to γ-ray bands for five
observed FSRQs. An example SED of 3C 454.3 is given
in Figure.2 (left). Here we just summarize our conclu-
sion from the model fitting. First, the LAT fluxes are
dominated by the IC/BLR (broad line region) compo-
nent, while in the X-ray band both IC/BLR and IC/DT
(dusty torus) processes may be comparable. In addition,
the SSC emission seems negligible, being in particular
too weak to account for the soft X-ray excess discussed
in the previous sections. This excess, on the other hand,
may be well represented by the high-energy tail of the
synchrotron continuum, or an additional blackbody-type
spectral component.

Second, some of the obtained jet parameters for
five analyzed luminous blazars in their quiescent/low-
activity states are significantly different from the analo-
gous parameters claimed for the flaring states (even in
the same object). For example, in the case of the high-
activity state of PKS1510-089, Kataoka et al. (2008)
estimated the total kinetic power of the jet as Lj ∼

2.7 × 1046 erg s−1, which is larger than the one evalu-
ated in this paper by a factor of about 30. In addition,
our model values of the jet bulk Lorentz factors are also
systematically lower than the ones given in the litera-
ture (Γj � 10 versus 20). Interestingly, the other jet
parameters are comparable to the ones found for flaring
FSRQs.

Hence, we feel secure to conclude that the low- and
high-activity states of luminous blazar sources are due
to the low and high total kinetic power of the jet, respec-
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tively, possibly related to lower and higher bulk Lorentz
factors within the blazar emission zone. And indeed,
keeping in mind highly dynamical and complex jet for-
mation processes in the closest vicinities of supermassive
black holes, shaped by notoriously unstable accretion of
the jet fuel, such a significant variation in the total ki-
netic output of the outflow should not be surprising. Fur-
ther support for this scenario comes from the fact that
the jet efficiency factors estimated here are significantly
lower than the ones found for powerful blazars in their
flaring states (see Sambruna et al. 2006, Ghisellini et al.
2009).

4.2. Spectral Evolution

As shown in § 3.1.1, the X-ray spectra of the analyzed
FSRQs flattens with increasing flux. The electrons emit-
ting X-ray photons in these sources are very low-energy,
so cooling effects cannot play any role in the observed
spectral evolution. Adiabatic losses, if present, should
not result in changing the slope of the power-law X-ray
continua as well. Thus, one may suspect that the re-
vealed spectral changes are shaped by the acceleration
process within the blazar emission zone. The above in-
terpretation, on the other hand, would imply a signif-
icant variability in the γ-ray frequency range. Indeed,
the broken power-law form of the electron energy dis-
tribution revealed by our spectral modeling discussed in
the previous section implies the γ-ray flux Fγ ≡ [νFν ]γ
around the IC spectral peak νγ ∼ 1022 Hz to be roughly

Fγ � FX

(

νγ

νX

)2−Γ

� 104 (2−Γ)FX , (1)

where FX is the monochromatic X-ray flux measured
around νX ∼ 1018 Hz, and Γ is the observed X-ray pho-
ton index. For example, our analysis for PKS0208-512
indicates a photon index of Γ1 ∼ 1.8 for an X-ray flux
FX, 1 ∼ 1.2 × 10−12 erg cm−2 s−1 in the lower state, and
Γ2 ∼ 1.5 for FX, 2 ∼ 1.6 × 10−12 erg cm−2 s−1 in the
higher state.

Thus, if the observed X-ray variability is due to flatten-
ing of the electron energy distribution during the accel-
eration process, one should observe the γ-ray variability
of the order of

Fγ, 2

Fγ, 1

� 104 (Γ1−Γ2)
FX, 2

FX, 1

∼ 20 . (2)

However, during the simultaneous Fermi observation, no
significant γ-ray variability was observed for the ana-
lyzed sources, at least within one day timescale. There-
fore, the remaining explanation for the observed X-ray
spectral evolution is that the IC power-law slope re-
mains roughly constant during the flux variations, but
the amount of contamination from the additional soft
X-ray component increases at low flux levels, affecting
the spectral fitting parameters at higher photon energies

(> 2 keV). Note that in such a case the expected gamma-
ray variability should be of the same order as the X-ray
variability, namely Fγ, 2/Fγ, 1 � FX, 2/FX, 1 ∼ 1.3.

We finally note in this context that, as shown in § 3.1.1,
the previous BeppoSAX data for PKS0208-512 collected
during the high state indicated a convex X-ray spectrum,
and an excess absorption below 1 keV with a column
density of NH ∼ 1.67 × 1021 cm−2 exceeding the Galac-
tic value by more than a factor of 5. However, the X-
ray photon index was similar to the one implied by our
Suzaku observations. Therefore, the convex spectrum
observed by BeppoSAX may reflect an intrinsic shape of
the IC emission involving the low-energy cut-off in the
electron energy distribution around γ ∼ 1, as expected
in the EC/BLR model (Tavecchio et al. 2007), which
is only diluted during the low-activity states due to the
presence of an additional soft X-ray spectral component.

Interestingly, same trend has been observed in
3C 454.3 (Figure 2 (right)). Villata et al. (2006) re-
ported NH = (1.34 ± 0.05) × 1021 cm−2 in the Chandra
data collected in May 2005, during the outburst phase
(F2−8keV ∼ 8.4× 10−11 erg cm−2 s−1, which is ∼ 5 times
higher than in our observation). An even higher hydro-
gen column density was found by Giommi et al. (2006),
when fitting the April-May 2005 data taken by the Swift
XRT (NH ∼ 2 − 3 × 1021 cm−2). Since the synchrotron
peak of each source is located around optical photon en-
ergies, the high-energy synchrotron tail may possibly ac-
count for the observed soft X-ray excess emission, es-
pecially if being modified by the Klein-Nishina effects
(see the discussion in Sikora et al. 2009 and Kataoka et
al. 2008). On the other hand, the bulk-Compton spec-
tral component produced by Comptonization of the UV
accretion disk by cold electrons in the innermost parts
of relativistic jets (e.g., Begelman & Sikora 1987) is a
natural explanation for the revealed soft X-ray excess
component.
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Abstract

We report on results from joint spectral studies using 96 gamma-ray bursts (GRBs) which were simul-
taneously detected with the Suzaku/WAM and Swift/BAT. This sample contains 5 short GRBs and 36
GRBs with a wide range of known redshifts (z=0.089 to 6.3). For most of these bursts, Suzaku/WAM
or Swift/BAT cannot determine the peak energy of the νFν spectrum (Epeak) solely, but a combination
of Suzaku/WAM and Swift/BAT could determine the Epeak for 80% of all the sample, owing to their
broad band coverage of 15–5000 keV. The derived Epeak concentrated on around 250 keV, although the
distribution is slightly broader than the CGRO/BATSE distribution. We also verified the peak energy
- isotropic radiation energy (Epeak-Eiso) relation for long GRBs including the high redshift GRB 050904
(z=6.3). One exception is the sub-luminous nearby GRB 060505. All the 5 short GRBs are outliers for
this relation, suggesting that the radiation mechanisms are difference in short and long duration GRBs.

Key words: gamma rays: bursts

1. Introduction

The Swift gamma-ray burst explorer (Gehrels et al.
2004) has been detecting 120 GRBs per year since its
launch in 2004. It has led to many discoveries such as
X-ray flares and plateau phase in X-ray afterglows. How-
ever, a study of GRB prompt emission was limited due
to the narrow energy range (15–150 keV) of the Burst
Alert Telescope (BAT; Barthelmy et al. 2005). The
Suzaku wide-band all-sky monitor (WAM; Yamaoka et
al. 2009) is the anti-coincidence shield of the Hard X-ray
Detector (HXD; Takahashi et al. 2007). It has been op-
erating since Aug. 2005, and is sensitive to gamma-rays
in 50–5000 keV, beyond the BAT energy range. So a
combination of Swift/BAT and Suzaku/WAM could re-
sult in precise determination of the peak energy (Epeak)
of prompt emission due to its broad energy coverage (15–
5000 keV). Thus we have started a project of joint spec-
tral studies (Krimm et al. 2009) with cross-calibration

among the three instruments (Konus-Wind, BAT, and
WAM) (Sakamoto et al. 2009) since Aug. 2006 based
on the Japanese-US collaboration. Here we describe the
sample used, analysis, and the first results in this project.

2. Analysis and Results

We have 98 simultaneous bursts up to April 2009, con-
sisting of 48 WAM triggered, 48 WAM untriggered, and
2 Swift untriggered events. Table 1 shows a summary
of events. This sample contains 36 GRBs with known
redshifts with a wide range from 0.089 (GRB 060505)
to 6.3 (GRB 050904; Sugita et al. 2009) and 5 short
GRBs. Spectral analysis was done using the standard
HEADAS package. The Swift/BAT and Suzaku/WAM
data are jointly fitted with a single power-law, a power
law with an exponential cutoff, and the GRB Band func-
tion (Band et al. 1993). The consistency of the normal-
ization between the two instruments has been checked
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within 15–20 %. The spectral parameters are a low en-
ergy photon index α, a high energy photon index β, and
a peak energy in the νFν spectrum Epeak. 7 events were
rejected because of their bad incident directions to the
WAM. For 67 of remaining 91 events (73.6 %), the Epeak

was succesfully determined. In general, triggered events
are more intense than untriggered events, so the ratio of
the Epeak determined events to total events for triggered
events is rather high (89.6 %).

Table 1. Summary of the fitting status of BAT-WAM bursts. The
number in parentheses indicate GRBs with known redshifts.

Ep Ep non- Not Total
determin. determin. used

WAM trig. 43(21) 3(1) 2(0) 48(22)
WAM untrig. 22(8) 21(5) 5(1) 48(14)
BAT untrig. 2(0) 0(0) 0(0) 2(0)
Total 67(29) 24(6) 7(1) 98(36)

Figure 1 shows the BAT-WAM Epeak distribution for
67 GRBs. It is compared with CGRO/BATSE (Kaneko
et al. 2006), HETE2 (Pelangeon et al. 2008), and
Swift (Sakamoto et al. 2008) results. The Epeak dis-
tribution is very different among missions maybe due
to a difference of the sensitivity of each experiment.
The median value of the BAT-WAM Epeak is 291+283

−119

keV, which is consistent with BATSE results (265+256

−111

keV), although the BAT-WAM distribution has slightly
wider tail than BATSE. Other parameters (α:–1.23±0.28
and β:–2.23+0.12

−2.00) are also coincide within errors, so we
can conclude that the parameter distribution of prompt
emissions has almost similar distributions for BAT-WAM
and BATSE.

We have also verified the validity of the relationship
between the Epeak and the isotropic radiated energy
Eiso (so-called “Amati relation”) for 29 GRBs. Figure
2 shows the comparison of our sample to the recent
Amati relationship (Amati 2006). The current BAT-
WAM sample shows a clear correlation between Epeak

and Eiso for long bursts. The best-fit equation is found
as Epeak = (182±22)E0.50±0.04

iso
. The slope is very simi-

lar to the previously published relation (0.47±0.02), but
we can see that there is a bias toward higher Epeak and
lower Eiso. 5 short bursts with known redshifts (GRB
051221A, 060801, 061006, 070714B, and 071227) lie on
the high Epeak and low Eiso branch apart from the dis-
tribution as a long GRB. Another outlier is the nearby
sub-luminous GRB 060505 with z=0.089, categorized in
long GRBs. Such rare events are keys to understanding
radiation mechanisms and geometry of the GRB jets.

BAT-WAM simultaneous events will continue to in-
crease by about 26 events (13 for both triggered and un-
triggered events) per year. We have a plan to announce

results as GCN circulars, and make the data publicly
available. This project will also expand to verification of
the time-resolved Epeak and Liso relation and construc-
tion of the BAT-WAM spectral catalog in the future.

Fig. 1. BAT/WAM Epeak distribution (black) in comparison with
CGRO/BATSE (red; Kaneko et al. 2006), HETE2 (blue; Pelan-
geon et al. 2008), and Swift/BAT (green; Sakamoto et al. 2008)

Fig. 2. Comparison to the Amati relationship (Amati 2006). Filled
points are from this work (blue: short bursts and red: long bursts).
The green hashed lines represent the selection effects due to the
sensitivities.
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Abstract

We observed the TeV blazar 1ES 1218+304 with the X-ray astronomy satellite Suzaku in May 2006.
At the beginning of the two-day continuous observation, we detected a large flare in which the 5−10 keV
flux changed by a factor of ∼2 on a timescale of 5×104 s. During the flare, the increase in the hard X-ray
flux clearly lagged behind that observed in the soft X-rays, with the maximum lag of 2.3×104 s observed
between the 0.3−1 keV and 5−10 keV bands. Furthermore we discovered that the temporal profile of
the flare clearly changes with energy, being more symmetric at higher energies. From the spectral fitting
of multi-wavelength data assuming a one-zone, homogeneous synchrotron self-Compton model, we obtain
B ∼ 0.047 G, emission region size R = 3.0 × 1016 cm for an appropriate beaming with a Doppler factor
of δ = 20. This value of B is in good agreement with an independent estimate through the model fit to
the observed time lag ascribing the energy-dependent variability to differential acceleration timescale of
relativistic electrons provided that the gyro-factor ξ is 105.
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1. Observation results

1ES 1218+304 is categorized as a high-frequency BL Lac
object (HBL), as a redshift z = 0.182. It was discov-
ered as a TeV emitter by MAGIC at energies > 100
GeV (Albert et al. 2007) and subsequently confirmed
by VERITAS (Fortin, 2007). The source was observed
with Suzaku during 2006 May 20-21 UT, yielding a net
exposure time of 79.9 ks.

Figure 1 (left) shows the averaged light curves of the
four XISs in the six X-ray energy bands. Interestingly,
the observed flare shows the following characteristics: (1)
The flare shape is asymmetric in time (tr/td ≤ 1) espe-
cially in the lower energy band (but note tr/td ≅ 1 for
5−10 keV light curve). (2) The flare amplitude becomes
larger as the photon energy increases. (3) The risetime
of the flare is almost constant below 2 keV, while it be-
comes gradually longer at higher energy bands. In this
context, we try to evaluate lags of temporal variations
in various energy bands. We found that the hard X-ray
(5 − 10 keV) peak lagged behind that in the soft X-ray
(0.3 − 1 keV) by ∼ 2.3 × 104 s.

The time averaged XISs and HXD/PIN background
subtracted spectra were fitted using XSPEC ver.11.3.2,

including data within the energy band 0.6−50 keV. The
best fit model is a broken power-law with Galactic ab-
sorption. The photon index below the break energy
Ebrk is Γ1 = 2.04 ± 0.01 while the index above Ebrk

is Γ2 = 2.17 ± 0.01, where Ebrk is 1.42 ± 0.05 keV. The
flux over 2-10 keV is ∼ 2.0 × 10−11 erg cm−2 s−1.

Figure 1 (right) shows the spectral energy distribu-
tion (SED) of 1ES 1218+304 with currently available
datasets. In order to specify the SED of 1ES 1218+304,
we applied a one-zone homogeneous SSC model devel-
oped in Kataoka et al. (1999). Noting that the charac-
teristic variability time scale of the flare is tvar ≅ 5×104

s, which is most probably determined by the light travel
time across the source emitting region, we obtain R =
ctvarδ= 3.0×1016 cm for a moderate beaming factor of δ
= 20 (e.g., Kataoka et al. 1999; 2000 for self-consistent
determination of physical parameters in TeV blazars).
The resulting parameters are listed in Figure 1 caption.
We note that the energy densities of electrons and fields
are ue = 8.3 × 10−3 erg/cm3 and uB = 8.8 × 10−5

erg/cm3, respectively. Thus the jet in 1ES 1218+304
is particle dominated, and the ratio ue/uB ∼ 100 is well
within the range of typical TeV blazars.
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Fig. 1. Left: Light curves of 1ES 1218+304. The energy bands are 0.3-1, 1-1.5, 1.5-2, 2-3, 3-5 and 5-10 keV (from the upper panel),
respectively. The bottom panel shows the HR of count rates, defined as (5-10 keV)/(0.3-1 keV). The dashed line shows the characteristic
variability time scale of a flare tvar ≅ 5×104 s. Right: Overall SED of 1ES 1218+304. The dashed line shows a one-zone SSC model
assuming the parameters: B = 0.047G, δ = 29, s = 1.7, γmin = 1, γbrk = 8 × 103 and γmax = 8 × 105, where s is the electron spectral
index.

2. Discussion

In our observation we detected a large flare during which
the hard X-ray variation lagged behind that in the soft X-
rays, ∼ 2.3×104 s. This is completely opposite to a well-
known ”soft-lag”, as has been obtained from the past ob-
servations. In the theoretical context, however, hard lag
is actually expected especially in the X-ray variability of
TeV blazars, but has never been observed so clearly be-
fore. It has been suggested that a hard-lag is observable
only at energies closer to the maximum electron energy
(Kirk, Rieger & Mastichiadis 1998), where the accelera-
tion time is almost comparable to the cooling time scale
of radiating electrons: tacc(γmax) ≅ tcool(γmax).

Noting that the typical synchrotron emission fre-
quency, averaged over pitch angles, of an electron with
energy γmc2 is given by ν ∼ 3.7×106Bγ2 Hz, we obtain;

tacc(E) = 9.65 × 10−2(1 + z)3/2ξB−3/2δ−3/2E1/2s,
tcool(E) = 3.04 × 10+3(1 + z)1/2B−3/2δ−1/2E−1/2s,

where E is the observed photon energy in unit of KeV, z
is the redshift, B is the magnetic field strength, and δ is
the beaming factor. Note that for lower energy photons,
tacc(E) is always shorter than tcool(E) because higher en-
ergy electrons need longer time to be accelerated (tacc(γ)
∝ γ) but cool rapidly (tcool(γ) ∝ γ−1). This energy de-
pendence of acceleration/cooling time-scales may quali-
tatively explain the observed characteristics of the X-ray
light curves of 1ES 1218+304.

It is thus interesting to consider a simple toy model
in which the rise time of the flare is primarily controlled
by the acceleration time of the electrons corresponding
to observed photon energies, while the fall time of the
flare is due to the synchrotron cooling time scale. In this

model, the amount of hard-lag is simply due to the differ-
ence of tacc, and independent of the energy dependence
of tcool:

τhard = tacc(Ehi) − tacc(Elow)
∼ 9.65 × 10−2(1 + z)3/2ξB−3/2δ−3/2

× (E1/2
hi − E

1/2
low ) s,

where Elow and Ehi are the lower and higher X-ray pho-
ton energies to which the time-lag is observed. Assuming
a beaming factor δ = 20 from multiband spectral fitting
(see Figure 1), the best fit parameter of the magnetic
field B can be written as ≅ 0.05ξ5 G, where ξ5 is the
gyro-factor in units of 105. As discussed in detail in
Sato et al. (2008), the above toy model qualitatively
well represents the observed spectral/temporal features
of 1ES 1218+304, in particular: (1) the synchrotron com-
ponent peaks around the Suzaku XIS energy band in the
multiband spectrum (Figure 1, right) and (2) the ob-
served light curve is symmetric in shape when measured
at the high energy band, while being “asymmetric” (i.e.,
fall time longer than the rise time) at the lower energy
band.
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Abstract

Suzaku observations of the blazar OJ 287 were performed in a quiescent and a flaring state in 2007.
The X-ray spectra of the source were well described with single power-law models in both exposures. In
the flaring state, the spectrum was harder with significant hard X-ray signals were detected up to ∼ 27
keV, and the X-ray flux density was a factor of two higher, compared with that of the quiescent state. In
cooperation with the Suzaku, simultaneous radio, optical, and very-high-energy γ-ray observations were
performed with the Nobeyama Millimeter Array, the KANATA telescope, and the MAGIC telescope,
respectively. The obtained spectral energy distribution of OJ 287 indicated that the X-ray spectrum was
dominated by inverse Compton radiation in both observations, while the synchrotron component exhibited
a spectral cutoff around the optical frequency. According to a simple synchrotron self-Compton model,
it is estimated that the change of the spectral energy distribution was due to an increase in the energy
density of electrons with small changes of both the magnetic field strength and the maximum Lorentz
factor of electrons.

Key words: BL Lacertae objects: individual (OJ 287) — radiation mechanisms: non-thermal

1. Introduction

OJ 287 (z = 0.306) is one of the archetypal blazars. One
of the outstanding characteristics of the object is its re-
current optical outbursts with a period of 11.65 years. It
is known that the optical outburst consists of two peaks
corresponding to flares with an interval of about one year
(Sillanpää et al. 1996). The periodicity implies that
OJ 287 is a promising candidate of a binary black hole
system. Valtonen et al. (2008a) proposed an idea that
the secondary black hole penetrates the accretion disk
of the primary one, twice a period, producing the two
observed flare peaks. To study the peculiar behavior, al-
though multi-wavelength observations performed many
times (e.g., Isobe et al. 2001), there is no information
regarding the X-ray spectrum of OJ 287 in the second
flare.

Based on the long term optical lightcurve, OJ 287 was
expected to became active during 2005 and 2008. The

detection of the first optical outburst (Valtonen et al.
2008b) in 2005 confirmed this prediction. Since the sec-
ond flare of the source was expected to be in the fall of
2007, we organized two X-ray and simultaneous multi-
wavelength observations, in the quiescent state (MWL I)
between the two outbursts and in the second flaring state
(MWL II), in order to reveal the characteristics of the
second flare, in comparison with the quiescent state.

2. X-ray results

The Suzaku X-ray observation in MWL I was conducted
during 2007 April 10 – 13, when the source was op-
tically quiescent with an R-band magnitude of about
15. We triggered the MWL II Suzaku observation in
2007 November 7, on condition that the object remained
brighter than 14-th magnitude for more than one week.

Figure 1 shows the background-subtracted XIS spec-
tra. In this case, significant X-ray signals were de-
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Fig. 1. The XIS spectra of OJ 287 in MWL I (left panel) and MWL II
(right panel). Histograms in both panels indicate the best-fit PL
models.

tected in the range of 0.5 – 10 keV and 0.4 – 8 keV,
with the front-illuminated (FI) CCDs and the backside-
illuminated (BI) CCD, respectively. The spectra appear
to be featureless.

We fitted the spectra with a single power-law (PL)
model modified by a photoelectric absorption with the
reported column density (NH = 2.56 × 1020 cm−2;
Kalberla et al. 2005). The PL model became accept-
able, yielding the best-fit photon index of Γ = 1.65±0.02
and Γ = 1.50 ± 0.01 for MWL I and MWL II, respec-
tively. Thus, we found that OJ 287 showed a harder X-
ray spectrum in MWL II. The flux density of the source
in MWL II (404+6

−5
nJy) was higher than that in MWL I

(215 ± 5 nJy) by a factor of 2.
After close examination on the non-X-ray background

(Seta et al. 2009), hard X-ray signals in the range of 12
– 27 keV were detected by the HXD-PIN with a signifi-
cance of 5 σ, in MWL II. However, we found no signifi-
cant hard X-ray events in MWL I.

3. Discussion

Figure 2 summaries the overall multi-wavelength spec-
tral energy distribution (SED) of OJ 287, in MWLs I
and II. In the figure, we recognize two spectral compo-
nents, which are typical of blazars. The low frequency SR
component, extending from radio to optical frequencies,
has a spectral turnover at around 5 × 1014 Hz. At the
same time, the observed SR component is well above the
extrapolation from the upper limit of the soft PL com-
ponent in MWL II . Therefore, we naturally attribute
the observed hard X-ray spectrum to the IC component
rising toward the higher frequency range. The SED indi-
cates that both the SR and IC intensities increased from
MWL I to MWL II without any significant shift of the
SR peak frequency.

As a working hypothesis, here we assume simply that
the variation of the SED was caused by a change in elec-
tron energy density (or number density) and/or the max-
imum Lorentz factor of the electrons, with stable mag-
netic field, volume of emission region, minimum Lorentz
factor, and break of electron energy distribution (e.g.,
Takahashi et al. 2000). In order to evaluate this hypoth-

Fig. 2. The SED of OJ 287. The radio and optical data are shown
with diamonds (MWL I) and circles (MWL II), and the X-ray data
are shown with bow ties. The measured upper limits on the VHE
γ-ray flux were shown with downward arrows. The solid (MWL I)
and the dot lines (MWL II) indicate the simple one-zone SSC
model.

esis, we applied a one-zone synchrotron self-Compton
(SSC) model to the SED by using the numerical code de-
veloped by Kataoka (2000). The electron number density
spectrum was assumed to be a broken PL and the index
of the electron spectrum (p) below the break Lorentz
factor was determined by the X-ray photon index as
p = 2Γ − 1 = 2.3 and 2.0, in MWL I and MWL II,
respectively. We have following seven free parameters to
describe the observed SED: the Doppler factor (δ), the
electron energy density (ue), the magnetic field (B), the
blob radius (R), and the minimum, break, and maximum
Lorentz factor of the electrons (γmin, γbreak, and γmax,
respectively).

Figure 2 shows the resultant SSC model curves. The
SED in MWL I was reproduced with δ = 15, B = 0.71 G,
R = 7.0 × 1016 cm, γmin = 70, γbreak = 700,
γmax = 3300, and ue = 1.5 × 10−3 erg cm−3. The
obtained values of δ and R are within a typical range
for LBLs (Ghisellini et al. 1998). On the other hand,
the SED in MWL II requires ue = 2.1 × 10−3 erg cm−3

and γmax = 4500 with the other parameters unchanged.
Thus, the assumption was quantitatively justified that
the increase of ue produced the second flare of OJ 287.
This behavior is different from that of first flare (Idesawa
et al. 1997). More detailed discussions of the campaigns
are described by Seta et al. (2009).
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Abstract

Suzaku Hard X-ray observation of the archetypical X-ray emitting radio lobe object Fornax A (NGC
1316) is reported. The results firstly revealed a non-thermal X-ray spectrum up to 20 keV from the lobe,
and showed that a single component of non-relativistic electron with an energy distribution over a two
order of magnitudes generates both the X-ray and radio emissions. On the basis of observations made
with Suzaku, the present paper shows that a 0.7 – 20 keV spectrum is well described by a single power-law
model with an energy index of 0.68 and a flux density of 0.12 ± 0.01 nJy at 1 keV from the West lobe.
Utilizing published radio data, the multiwavelength spectrum shows an undoubtable single electron energy,
distribution over a Lorentz factor γ = 300 − 90000, generating both the X-ray and radio emissions.

Key words: Active Galactic Nucleus: Radio Galaxy — Radio Lobe — Hard X-ray Observation

1. Introduction

The radio lobe object Fornax A is the first object from
which cosmic microwave background (CMB) boosted
inverse-Compton (IC) lobe X-rays are detected (Feigel-
son et al. 1995; Kaneda et al. 1995: K95 hereafter).
Following the discovery, a number of radio lobes have
been observed to reveal electron and magnetic energy
densities in the lobes (e.g. Isobe et al. 2006: I06 here-
after), including Fornax A itself (Tashiro et al. 2001:T01
hereafter; Kim & Fabianno 2003; I06). Although all of
these analysis assumed a single energy distribution of the
relativistic electrons in the lobes, it is estimated that the
observed synchrotron radio emissions are produced by
electrons whose Lorentz factor of γ = 4000−60000 while
the observed inverse-Compton X-rays below 10 keV are
produced by electrons of γ = 1000 − 3000. This energy
gap between the two observation bands leaves rooms of
discrepancy between synchrotron electrons and inverse-
Compton electrons. One is a possible spatial distribution
discrepancy and the other is a possibility of a break or
cut off between the two energy range of electrons. Only
a hard X-ray observation above 10 keV fills the gap. Uti-
lizing the hard X-ray detector (HXD) on board Suzaku,
we observed the archetypical radio lobe object Fornax A
and succeeded to observe 0.7 to 20 keV spectrum. De-
tailed description is presented in Tashiro et al. (2009).

2. Observation and Results

Suzaku observations of the Fornax A West lobe were
performed between 2005 December 23 20:51 UT and De-
cember 26 14:40. Since the field of view of the HXD
is so wide that it covers the host galaxy in the same
field of view, we also performed offset observation point-
ing at the host galaxy in order to evaluate the X-ray
contamination from the host galaxy and the non-X-ray
background (NXB). The HXD and XIS were operated in
nominal mode throughout the observations.

The entire XIS field of view of 18′ × 18′ is covered
with the extended emission. As previously reported by
T01, the lobe X-ray emission extends up to 12′ in radius,
which fills the entire radio lobe region. In the following
analysis, we set the circle data acquisition region with a
radius of 7.′25 according to previous works (K95; T01).

Background subtraction is the key in the HXD data
reduction procedure. Here we employed model back-
grounds of NXB (Fukazawa et al. 2007) and CXB (Bolt
et al. 1987) for the HXD data, after confirming that it
is consistent with those spectra obtained from the offset
observation or from the earth occulted time regions.

Thus we obtained the background-subtracted spectra
from the XISs and HXD through 0.7 – 20 keV. After
evaluating thermal emissions from surrounding gas, we
introduced the spectral slope determined by radio ob-
servation, and evaluated the XIS-HXD/PIN spectrum.
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Suzaku West Lobe

Fig. 1. Spectral energy distribution from the West lobe (open squares) and total (filled diamonds). Derived models for the synchrotron
emission (dashed line) and the CMB-boosted IC emissions (solid line) are shown with lines (see Tashiro et al. 2009 and references therein).

We obtained the best fit X-ray flux density at 1 keV of
0.12±0.01 nJy, with an energy index of 0.68 (fixed), and
confirmed that the newly obtained fitting parameters are
consistent with those presented in previous reports (K95;
T01) Note that we showed only the nominal tuned-NXB
subtracted HXD/PIN spectrum above as the most con-
servative case. However we also confirmed that there
was no significant difference in the obtained best fit pa-
rameters whether we employed the nominal or rescaled
NXB.

3. Discussion and Conclusion

Employing the derived power law component for the dif-
fuse hard X-rays, we plotted the spectral energy distri-
bution (SED) together with the radio spectra in figure 1.

An X-ray spectrum following a single power law dis-
tribution, which does not smoothly connect to the syn-
chrotron component, requires another origin. The IC
process is the most promising origin for the observed
hard X-rays reported so far. In accordance with Harris
and Grindlay (1979), we derived the estimated energy
density of the electrons and the magnetic field energy
density to be ue = (5.1 ± 1.0) × 10−13erg cm−3 and
um = (0.67 ± 0.08)η−1 × 10−13erg cm−3, respectively,
where η is the filling factor of magnetic field against the
electron spatial distribution. Here, we assumed an elec-
tron Lorentz factor of γ = 300 − 90000, as we describe
below, and included the systematic errors arising from
the ambiguity of the reported radio flux and slope ac-
cording to § 4 in I06. Adopting the above values, we cal-
culated the CMB boosted IC spectrum and plotted the
results in the obtained SED in figure 1. We assumed an
electron differential energy spectrum with a single power
law distribution of

Nγ = 2.0 × 10−6γ−2.36 electrons cm−3,

with the lower boundary electron energy distribution of
γ = 300 to describe the lower energy end of the de-

tected X-rays. Similarly, we set the upper boundary of
γ = 90000 in accordance with the higher end of the
radio observation of the total lobe observations. The
calculation program was written to use the SSC equa-
tions presented in Kataoka (2000), to which we added
the CMB/IC spectrum, and it can be seen that it pro-
vides a good description of the obtained multiwavelength
data.

The electron Lorentz factor of γ = 300 − 4000 is re-
quired by the CMB/IC X-ray spectrum in the range
of 0.7 – 20 keV, where we employed the nominal (or
rescaled) NXB model for the HXD/PIN. At the same
time, adopting the derived magnetic field, the observed
synchrotron radiation spectrum requires a Lorentz factor
of γ > 4200. Thus, we conclude that a single electron
energy distribution can naturally explain the two inde-
pendent measurements in radio and X-ray bands. We
also note that the derived electron and magnetic field
energy densities are not only consistent with those de-
termined in previous reports (T01) but are also in very
good agreement with those determined for the East lobe
(I06).
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Abstract

Using deep Chandra ACIS observation data for Cygnus A, we report the detection of non-thermal
X-rays from its radio lobes surrounded by a rich intra-cluster medium (ICM). The non-thermal X-ray is
considered to be produced via an inverse Compton (IC) process. The spectral energy distribution strongly
suggest that the seed photon source of the IC X-rays includes both cosmic microwave background radiation
and synchrotron radiation from the lobes. The derived parameters indicate significant energy density of
electrons dominance in the Cygnus A lobes under the rich ICM environment.

Key words: galaxies: individual(Cygnus A) — magnetic fields — radiation mechanisms: non-thermal
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1. Introduction

Radio lobes in which jets release the kinetic energy
originating from active galactic nuclei store enormous
amounts of energy as relativistic electrons and mag-
netic fields. The relativistic electrons in lobes emit syn-
chrotron radiation (SR) in radio and boost seed photons
into X-rays and γ-rays via inverse Compton (IC) process.
A comparison of the SR and IC fluxes would allow for
determining the energy densities ue and um of relativis-
tic electrons and magnetic fields, respectively. So far, the
measured IC X-ray flux from the lobes often requires that
ue is considerably greater than um (e.g., Tashiro et al.
1998; Isobe et al. 2002). These energies can provide im-
portant clues regarding the energy of astrophysical jets
and the evolution of radio galaxies.

Cygnus A (Cyg A) is a well-known FR II radio galaxy
with an elliptical host. It is a typical object embedded
nearly at the center of the galaxy cluster. The radio
images show symmetrical double-lobe morphology. The
X-ray observations show diffuse X-ray emission, which is
considered to be of ICM origin (e.g., Smith et al. 2002),
and a cavity corresponding to the radio lobe is also con-
firmed (e.g., Willson et al. 2006).

In this paper we show a summary of Chandra observa-
tion of the radio lobe region, though detailed description
will be published in a separate paper (Yaji et al. 2009).

2. X-ray observation

Cyg A observation data are obtained from the Chandra
archive. Cyg A has been observed with an Advanced
CCD Imaging Spectrometer (ACIS) detector on eleven
occasions. The total exposure of ACIS-I1, ACIS-S3
and ACIS-I3 is 172.2 ks, 47.8 ks and 30.1 ks, respec-
tively. These observations were performed with the de-
fault frame time of 3.2 s using the VFAINT format. The
purpose of this study is to extract a possible faint and dif-
fuse X-ray emission. Therefore, we added data obtained
only by the ACIS-I1 to avoid systematic error by the
discrepancy between the energy responses of the CCDs.

3. Results of X-ray analysis

3.1. X-ray image

In figure 1 (left), an X-ray source extending towards the
vicinity of the nucleus is explained by Smith et al. (2002)
as X-ray emission from the ICM of kT ∼ 4–9 keV. In
figure 1 (right), it seems that the X-ray contours formed
at 10 and 20 counts per pixel (thin line) avoids the lobe,
as if the ICM forms a “Cavity”. On the other hand, re-
ferring to a dotted circle of 0.75′ in the radius that is
centered at the nucleus, the contours formed at 4 counts
per pixel (thick line) shows an extended structure in the
direction of the 5 GHz lobe on the east and west side (ar-
rows in the right panel of fig 1). These emission regions
seed to be associated with the lobes.
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Fig. 1. Left : The raw 0.7–7 keV ACIS image of Cyg A comprising co-added data sets from seven ACIS-I1 observations. The white contours
represent the radio strength of the 5 GHz band observed by the Very Large Array (VLA), the contours levels are 0.0025, 0.01, 0.03, 0.05,
0.09, 0.2 and 0.5 Jy beam−1 for a beam size of 0.36”×0.30”. Right : ACIS contours image of Cyg A at 0.7–7 keV, superposed on the 5
GHz VLA gray-scale image. Five contours represent an X-ray brightness of 2, 4, 10, 20 and 50 counts per pixel.

3.2. X-ray spectrum of lobe region

In order to evaluate the diffuse X-ray emission associ-
ated with the lobes, we accumulated the X-ray spectra
from the lobe regions. The lobe spectrum is reproduced
not only with a single-temperature Mekal model, such
as that of the surrounding ICM component, but also
with an additional power-law (PL) model. The X-ray
flux densities of PL components for the eastern and the
western lobe are derived as 63+31

−27 nJy and 36+31
−22 nJy at

1 keV, respectively, and the photon indices are 1.64+0.08
−0.12

and 1.70+0.32
−0.10, respectively.

4. Discussion

In Figure 2, we show the X-ray and radio spectral en-
ergy distribution of the eastern and the western lobe of
Cyg A. We clearly see that radio spectra do not connect
smoothly to the X-ray spectrum, and therefore we con-
clude that diffuse X-rays are produced via the IC process
caused by SR electrons in the lobe. Estimating the seed
photons, we consider that energy density of cosmic mi-
crowave background (uCMB) and that of SR (uSR) dom-
inate in the lobe in the following discussion. In order
to estimate ue and um of the lobe, the X-ray and ra-
dio data were evaluated with models. We used the SR
and synchrotron self-Compton (SSC) model with soft-
ware developed by Kataoka (2000) and a CMB boosted
IC (CMB/IC) component calculated in accordance with
Harris & Grindlay (1979). The X-ray data is reproduced
by the CMB/IC and the SSC emission. The feature of
the emissions from lobes of Cyg A is an effect of the SSC
component at the X-ray band. The derived parameters
are ue = 6.0×10−9 erg cm−3, um = 1.3×10−11 erg cm−3

Fig. 2. SED of the eastern lobes of Cygnus A. Squares & ties: X-ray
spectrum obtained with Chandra. Diamonds: integration flux ob-
tained from radio data. Solid line: synchrotron and IC component.
Dash line: CMB/IC component. Dotted line: SSC component.

in eastern lobe and ue = 3.4 × 10−9 erg cm−3, um =
1.6 × 10−11 erg cm−3 in western lobe. The ratio ue/um

appears to show significant electron dominance in the
lobes of Cyg A.
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Abstract

Results of a simulation of the wakefield acceleration, which is a plasma process thought to operate in
the upstream region of a relativistic collisionless shock, are presented. A power-law energy spectrum with
index −2 is reproduced as previous works claim.

Key words: radiation mechanisms: non-thermal

1. Introduction

Shock waves are ubiquitous structure seen in high-energy
astrophysical phenomena and play important roles in
generation of non-thermal particles. Especially, shock
waves forming in collisionless plasmas, in which the mean
free path of particles is larger than the scale length of the
plasmas, are called collisionless shocks. Such shocks are
thought to form in SNRs, GRBs, flare in AGNs, micro-
quasars, and so on.

Various acceleration processes are proposed in order to
reproduce power-law energy spectrum of particles that
is implied by radio or X-ray observations of high-energy
phenomena. Wakefield acceleration (Tajima & Dawson
1979; see Esarey et al. 1996 for review) is one of the
processes. The mechanism of the process is as follows: 1)
an intense light pulse propagates in a stationary plasma
composed of ions and electrons, 2) radiation pressure of
the pulse modifies the spatial distribution of electrons, 3)
the displacement of the spatial distribution of electrons
excites a longitudinal electric field, 4) the thus excited
electric field accelerates electrons.

Astrophysical applications of the wakefield process
have been proposed recently. Chen et al. (2002) claimed
that the wakefield excited by some magnetowaves
could procudes ultra high-energy cosmic rays(UHECRs).
Lyubarsky (2006) argued that the wakefield acceleration
can occur in the upstream of a relativistic collisionless
shocks. Hoshino (2008) showed that the wakefield accel-
eration actually occur in the upstream of a relativistic
collisionless shock by using a particle simulation.

2. Method

2.1. Vlasov-Maxwell system

Behaviors of a relativistic collisionless plasma are gov-
erned by the relativistic Vlasov-Maxwell system. In this
study, we use the system with one dimensional in the
physical space and two dimensional in the momentum

space. The complete set of the Vlasov-Maxwell system
that describes time evolutions of a plasma with the dis-
tribution fs(x, p, q, t) for species s in the phase space
(x, p, q) at time t, the longitudinal electric field E‖(x, t),
the transverse electric field E⊥(x, t), and the transverse
magnetic field B⊥(x, t) is as follows,

∂fs

∂t
+

p

msΓs

∂fs

∂x
+ Qs

(
E‖ +

q

mscΓs
B⊥

)
∂fs

∂p

+Qs

(
E⊥ − p

mscΓs
B⊥

)
∂fs

∂q
= 0, (1)

where

Γs =

√
1 +

(
p

msc

)2

+
(

q

msc

)2

, (2)

and

∂E‖

∂t
= −4πJ‖, (3)

1
c

∂E⊥

∂t
+

∂B⊥

∂x
= −4πJ⊥, (4)

1
c

∂B⊥

∂t
+

∂E⊥

∂x
= 0, (5)

where the electric current densities J‖ and J⊥ are ex-
pressed in terms of fs(x, p, q, t) as

J‖ =
∑

s

Qs

∫ ∞

−∞

∫ ∞

−∞

p

mscΓs
fs(x, p, q, t)dpdq, (6)

J⊥ =
∑

s

Qs

∫ ∞

−∞

∫ ∞

−∞

q

mscΓs
fs(x, p, q, t)dpdq. (7)

Here ms and Qs represent the mass and the charge of
species s and c represents the speed of light. We have
developed a simulation code that solves the above equa-
tions numerically (Suzuki & Shigeyama 2009). Using the
code, we calculated the wakefield process.
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Fig. 1. The distribution of electrons in the phase space (x, p) and the
profiles of electromagnetic fields at t = 100.

Fig. 2. Time evolutions of the energy spectrum of electrons.

2.2. setups

We calculate the response of a plasma that is uniform
and stationary with no electromagnetic field initially to
the passage of an intense light pulse. For the initial con-
dition for the plasma, we assume the following distribu-
tion function for electrons,

fe(x, p, q, 0) = δ(p)δ(q). (8)

We treat ions as a stationary background. On the other
hand, for the boundary condition for the electromagnetic
fields, we assume the following condition that generates
an intense light pulse propagating toward +x direction,

G(0, t) = A0ωL exp
[
− (t − 2τ)

τ2

]
sin(ωLt), (9)

H(0, t) = 0, (10)

where

G(x, t) =
E⊥(x, t) + B⊥(x, t)

2
, (11)

H(x, t) =
E⊥(x, t) − B⊥(x, t)

2
. (12)

Here A0 = 2.0, ωL = 2.0, and τ = π/2 represent the
amplitude, the frequency, and the duration of the pulse.

3. Results

A snapshot of the distribution function of electrons and
the profiles of electromagnetic fields at t = 100 are shown

in Figure 1. Figure 2 shows the resultant energy spec-
trum of electrons at t = 89, 99, 109, 119. A power-law
energy spectrum with index −2 is reproduced as pre-
vious works claim(Chen et al. 2002, Kuramitsu et al.
2008). Within our computational time, electrons accel-
erates up to γ ∼ 40, which may provide seed particles
for the diffusive acceleration or radiate some emissions.
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Abstract

We performed a comprehensive study of the Cygnus Loop, which is one of the largest (R∼80′) and the
brightest supernova remnants (SNRs) in the X-ray sky. In spite that it is a middle-aged SNR (∼10,000
yr), there is a substantial amount of fresh metal ejected from the progenitor. We have been observing this
SNR since 2002 with Suzaku and XMM-Newton observatories, and now we have 41 pointing observation
data sets in total. Here we report the results of our observations.

Key words: ISM: abundances — ISM: individual (Cygnus Loop) — supernova remnants

1. Introduction

The origin of the Cygnus Loop is considered to be a cav-
ity explosion (McCray et al. 1979) and some previous
studies suggest the progenitor mass to be 15M⊙ (Leven-
son et al. 1998). However, the SN type of the Cygnus
Loop is still unclear because a compact source has not
been detected yet in the Cygnus Loop.

As shown in Fig.1., we have 32 and 9 observation data
obtained by Suzaku and XMM-Newton, respectively.
Example spectrum (Fig.2) shows various emission lines
originated from either swept interstellar medium (ISM)
or ejecta heated by reverse shock. The spectra are gen-
erally well fitted by two component non-equilibrium ion-
ization (NEI) model (Fig.2). We concluded the plasma
structure of the Cygnus Loop as follows: the high-kTe

ejecta component is surrounded by a low-kTe ISM com-
ponent (Tsunemi et al. 2007). Fig.3 shows the flux dis-
tribution calculated from each component. In this figure,
limb-brightening structure is clearly seen in the distri-
bution of the low-kTe component (left) while that of the
high-kTe component is almost uniform (right).

2. Shell Structure of the Cygnus Loop

2.1. South Blowout Region

The Cygnus Loop is a typical shell-like SNR and it is
almost circular in shape. However, a large break is seen
in the south, known as “blowout” region (Aschenbach et
al. 1999). They explained this extended structure as a
breakout into a lower density ISM. On the other hand,
based on a radio observation, Uyaniker et al. (2002) sug-
gested the existence of a secondary SNR in the south. We
observed this region with XMM-Newton and found that
the X-ray spectra of this region consist of two plasma
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Fig. 1. ROSAT HRI image of the entire Cygnus Loop. The circles
and rectangles represent our FOV of the XMM-Newton MOS and
the Suzaku XIS, respectively.

components with different temperatures (Uchida et al.
2008). Judging from the plasma structures and the metal
distributions, we concluded that the X-ray emission is
consistent with a Cygnus Loop origin. We also showed
that the X-ray shell is thin in our fields of view (FOV)
and concluded that the origin of the blowout can be ex-
plained as a breakout into a lower density ISM.

2.2. Abundance-enhanced Region

We also found the evidence of smaller break in other
region. We found a part of the limb regions show rela-
tively high abundances which are close to the ISM abun-
dances measured around the Cygnus Loop (Katsuda et
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Fig. 2. Example XIS1 spectrum obtained from an inner region of the
Cygnus Loop. The best-fit curve for the two-component VNEI
model is shown by solid line. The dashed and the dotted lines
represent the low-kTe component and the high-kTe component,
respectively.

0.002 0.006 0.01

Fig. 3. 0.2-3.0 keV flux distribution of the low-kTe (left) and
the high-kTe (right) component overlaid with the a contour
of ROSAT HRI image. The values are in units of counts
cm−2s−1arcmin−2 (Uchida et al. 2009c).

al. 2008a; Tsunemi et al. 2009; Uchida et al. 2009b). We
call these regions “abundance-enhanced regions”. From
the morphological point of view, we speculate that the
break or thinness of cavity wall exists in the abundance
enhanced regions, like the south blowout. However, the
abundance depletion in other regions still remain a prob-
lem.

3. Ejecta Distribution of the Cygnus Loop

3.1. Asymmetric Ejecta Distribution

From the best-fit parameters of all the spectra, we calcu-
lated the emission measure (EM) distributions of various
elements. The results indicate the Fe and Si are concen-
trated on the center of the Loop, while Mg is abundant
at the outside. We consider these results reflect the onion
structure of the progenitor star before the explosion. we
also found a discrepancy between the center of Fe and
the geometric center, suggesting the asymmetric explo-
sion (Uchida et al. 2009a).

3.2. Estimation of the Progenitor Mass

We also estimated the progenitor mass of the Cygnus
Loop (Uchida et al. 2009a). The results show that Ne/O,

Mg/O, S/O and Si/O are well fitted by the 12M⊙ core-
collapse (CC) model, while Fe/O is a few times higher
than that of the model (Fig.4). Such over abundances of
observed Fe is still remain open question.

Fig. 4. Number ratios of the heavy elements relative to O of the
high-kTe component (solid line). Dotted lines represent the CDD1
and W7 Type Ia models of (Iwamoto et al. 1999), and the CC
models with progenitor masses of 12, 13, 15, 18, and 20M⊙,
respectively (Woosley et al. 1995).

4. Conclusion

In summary, we observed the Cygnus Loop with Suzaku
and XMM-Newton observatories. From the spectral
analysis, we found that the Cygnus Loop spectra are
generally consists of two plasma models with different
temperatures: the low-kTe component and the high-kTe

component originated from the surrounding cavity ma-
terial and the ejecta, respectively. From the best-fit pa-
rameters, we found the ejecta are surrounded by swept
material which shows non-uniform structure. We also
found an asymmetric ejecta distribution suggesting an
asymmetric explosion. We also estimated the progenitor
mass of the Cygnus Loop. As a result, we conclude the
origin of this SNR is most likely to be a core-collapse
explosion of ∼12M⊙ star.
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Abstract

We report on the discovery of a non-thermal X–ray emission from the supernova remnant (SNR) W28.
W28 is a cosmic ray accelerator from which GeV and TeV γ–ray were detected. We analyzed the northeast
part of W28, and found a power-law spectrum with a photon index of 2.4 (2.1–2.8) from an inner region
which is probably non-thermal X–ray emission caused by particle acceleration. On the assumption that
it is synchrotron X–ray, the cooling time of synchrotron photon is consistent with the age of W28 with a
few µG magnetic field. On the other hand, we have no significant X–ray flux from one of the TeV γ–ray
emission region. Assuming a power-law spectrum with a photon index of 2.66, the same as in the TeV
band, we obtained a 2–10 keV flux upper limit of 2.1×10−14 ergs/s cm2. Low brightness in X–ray and
the coincidence of the molecular cloud and TeV γ–ray emission site suggests that TeV γ–ray is originated
from accelerated protons.

Key words: acceleration of particles — ISM: individual (W28) — ISM: supernova remnants — X–ray:
ISM

1. Introduction

Shocks of SNRs are one of the most promising accel-
eration sites of cosmic rays up to ∼ 1015.5 eV. The evi-
dence of particle acceleration can be obtained with X–ray
observation as a synchrotron emission or a non-thermal
bremsstrahlung by high energy electrons. On the other
hand, TeV γ–ray is also a clue of cosmic ray acceleration.
TeV γ-ray emitted from SNR is explained by (1) Inverse-
Compton scattering (IC) of cosmic microwave back-
ground photons or non-thermal bremsstrahlung by high
energy electrons, or (2) the decay of neutral pions that
are generated by collisions between high energy protons
and dense interstellar matter.

The SNR W28 is an interesting target as a cosmic
ray accelerator from which GeV and TeV γ–ray were
detected from the eastern edge of the radio shell (Abdo
et al. 2009; Aharonian et al. 2008). The interaction
with the molecular cloud was also revealed by a lot of
OH Masers (Claussen et al. 1997), which are signposts
of molecular interactions, and by the location of high
density shocked gas (n>104 cm−3; Arikawa et al. 1999).

W28 locates at (l, b) = (6.4o, -0.1o) with a radius, a
distance and an age of 48 arcmin, 1.9 kpc and several
times 104 yr, respectively.

2. Data Analysis

The northeast part of W28 was observed with XMM-
Newton with the total effective exposure time of ∼50 ksec
for MOS and ∼40 ksec for pn, respectively.

2.1. Image

In figure 1, the combined image are shown which compre-
hend 0.3–2.0 keV gray scale X-ray image, the molecular
cloud in blue, TeV γ-ray in yellow contours, the position
of OH masers in white points and the 95% confidence
region of GeV emission detected with Fermi in yellow
circle. The eastern bunch of the OH maser sources spa-
tially coincides with the edge of the X–ray bright shell
as well as the edge of the eastern molecular cloud. This
indicates that the shock occurs there. The eastern and
southern molecular clouds coincide with the TeV γ-ray
emission sites, where the surface brightness of the X–ray
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emission is low. The GeV emission is also detected from
the southern peak of the TeV γ-ray (Abdo et al. 2009).

5000 10000

BA

C
Molecular Cloud

Masers

GeV 95% region

TeV

Fig. 1. X-ray image overlaid on the molecular cloud, TeV γ-ray con-
tours, OH Masers and 95% confidence region of GeV emission.
Extracted spectrum regions are shown in aqua.

2.2. Spectrum

We searched the entire field of view of the current W28
observation for non-thermal X–ray emission, and discov-
ered it from the inner regions A and B in figure 1. Fig-
ure 2 shows the background subtracted spectra obtained
with MOS1 + MOS2 as well as the best-fit spectral
models. We fitted the spectra with 2 temperature non-
equilibrium collisional ionization plasma model (“vnei”
model in XSPEC; Borkowski et al. 2001) for the thermal
components, and with a power-law model for the hard
tail. The best-fit parameters are shown in table 1. The
photon index of power-law component is 2.4 (2.1–2.8) for
both regions, and summed 2–10 keV flux was obtained
to be 5.8 (4.2–7.0)×10−13 erg/cm2s.
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Fig. 2. Spectra of region A and B with MOS1 + MOS2.

On the other hand, we detected no significant X–ray
emission from region C, where intense TeV γ–ray emis-
sion is detected. Assuming a power-law model with a

Table 1. Best fit parameters of region A and B spectra

Non-thermal component
Photon index 2.4 (2.1–2.8)
2-10 keV Flux [ergs/cm2s] 5.8 (4.2–7.0)×10−13

Thermal component
kT1 [keV] 0.33 (0.29-0.37)
kT2 [keV] 0.94 (0.70–1.2)
Electron density [/cc] 0.65 (0.53–0.90)

χ2/d.o.f (Reduced χ2) 507/519 (0.98)

photon index of 2.66, which is obtained with TeV γ–
ray spectrum (Aharonian et al. 2008), we obtained a
2–10 keV upper limit flux of 2.1×10−14 erg/cm2s.

3. Discussion

3.1. On the origin of hard X–ray spectrum

Let us consider the emission mechanism of the non-
thermal component detected from region A and B.

If the emission is a synchrotron X-ray, a cooling
time (tcool) of the electron is

tcool = 4.7 × 104

(
B

1 µG

)−1.5 ( ε

1 keV

)−0.5

[yr] (1)

where ε is a synchrotron photon energy. With a few µG
magnetic field, tcool is consistent with the age of W28.
Thus the observed power-law X–ray emission can be in-
terpreted as the synchrotron emission from primary elec-
trons. Synchrotron X-ray by secondary electrons which
is produced by the decay of neutral pions is not likely
because of no detection of non-thermal X-ray from the
molecular cloud region. Non-thermal bremsstrahlung is
difficult because it requires too large energy density of
non-thermal electrons.

3.2. The relation with TeV γ–ray emission

The upper limit 2–10 keV flux was obtained to be
2.1×10−14 ergs/cm2s in region C. We found the flux ratio
between 1–10 TeV to 2–10 keV of >16. On the assump-
tion that the TeV γ–ray was emitted by IC of CMB from
high energy electrons, we can determine the upper limit
magnetic field of <3µG from this upper limit. In addi-
tion, the TeV γ–ray emission regions well coincide with
the distribution of the molecular cloud, as demonstrated
in § 2.1. All these facts strongly suggest that the ob-
served TeV γ–ray is due to the decay of neutral pions
generated by the high energy proton impacts.
References

Abdo, A. A. et al. 2009, ApJS, 183, 46
Aharonian, F. et al. 2008, A&A, 481, 401
Arikawa, Y. et al. 1999, PASJ, 51, L7
Borkowski, L. et al. 2001, ApJ, 548, 820
Claussen, M. J. et al. 1997, ApJ., 489, 143

This document is provided by JAXA.



JAXA  Special  Publication     JAXA-SP-09-008E42

Possible keV-TeV correlation in the reverse shock in Cassiopeia A

Yoshitomo Maeda1, Yasunobu Uchiyama1,2, Aya Bamba1, Hiroko Kosugi3, Hiroshi Tsunemi3, Eveline A. Helder4,
Jacco Vink4, Natsuki Kodaka5, Yukikatsu Terada5, Yasushi Fukazawa6, Junko Hiraga7, John P. Hughes8,

Motohide Kokubun1, Tomomi Kouzu5, Hironori Matsumoto9, Emi Miyata3, Ryoko Nakamura1, Shunsaku Okada1,
Kentaro Someya1, Toru Tamagawa7, Keisuke Tamura1, Kohta Totsuka10, Yohko Tsuboi10, Yuichiro Ezoe11,

Stephen S. Holt12, Manabu Ishida1, Tsuneyoshi Kamae2, Robert Petre13, Tadayuki Takahashi1
1Department of High Energy Astrophysics, Institute of Space and Astronautical Science (ISAS),
Japan Aerospace Exploration Agency (JAXA), 3-1-1 Yoshinodai, Sagamihara, 229-8510, Japan
2Kavli Institute for Cosmology and Particle Astrophysics, Stanford Linear Accelerator Center,

2575 Sand Hill Road M/S 29, Menlo Park, CA 94025, USA
3Department of Earth and Space Science, Graduate School of Science, Osaka University,

Toyonaka, Osaka 560-0043, Japan
4Department of Physics, Saitama University, Saitama 338-8570, Japan.

5Department of Physical Science, Hiroshima University,
1-3-1 Kagamiyama, Higashi-Hiroshima, Hiroshima 739-8526, Japan

6Astronomical Institute Utrecht, Utrecht University, P.O. Box 80000, NL-3508 TA Utrecht, The Netherlands
7Cosmic Radiation Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

8Department of Physics and Astronomy, Rutgers University,
136 Frelinghuysen Road, Piscataway, NJ 08854-8019, USA

9Department of Physics, Graduate School of Science, Kyoto University,
Kita-shirakawa Oiwake-cho, Sakyo, Kyoto 606-8502, Japan

10Department of Physics, Chuo University, 1-13-27 Kasuga, Bunkyo-ku, Tokyo 112-8551, Japan
11Department of Physics, Tokyo Metropolitan University, 1-1 Minami-Osawa, Hachioji, Tokyo 192-0397, Japan

12F. W. Olin College of Engineering Needham, MA 02492, USA
13NASA/Goddard Space Flight Center, Code 662, Greenbelt, MD 20771, USA

E-mail(YM): ymaeda@astro.isas.jaxa.jp

Abstract

Suzaku X-ray observations of a young supernova remnant Cassiopeia A were carried out. The contin-
uum emission is likely dominated by the non-thermal emission with a cut-off energy at ∼3 keV. The peak
of the non-thermal X-rays appears at the western part. The peak position of the TeV γ-rays measured with
HEGRA and MAGIC are also shifted at the western part with the 1-sigma confidence. Since the location
of the X-ray continuum emission was known to be presumably identified with the reverse shock region,
the possible keV-TeV correlations give a hint that the accelerated multi-TeV hadrons in Cassiopeia A are
dominated by heavy elements in the reverse shock region.

Key words: ISM: individual (Cassiopeia A) – ISM:supernova remnants

1. Cassiopeia A

The young (∼ 330 yr old) supernova remnant Cas-
siopeia A is one of several SNRs from which non-thermal
X-rays and TeV γ-rays have both been detected (X-
rays:Allen et al. 1997, Uchiyama et al. 2008, TeV: Aha-
ronian et al. 2001, Albert et al. 2007). In X-rays Cas-
siopeia A seems to consist of a number of thermal and
non-thermal X-ray emitting knots/filaments (Hughes et
al. 2000, Hwang et al. 2004, Bamba et al. 2005). Al-
though some non-thermal emission is associated with the

forward shock, the dominant source of non-thermal emis-
sion may be identified with the reverse shock regions
(Helder et al. 2008 and references there in). It therefore
is a unique object in which we can study the particle
acceleration by the reverse shock, because for the other
SNRs the acceleration seems to originate from the for-
ward shock region only (e.g., Parizot et al 2006). In this
paper, we present a Suzaku study of the X-ray emis-
sion from Cassiopeia A. More comprehensive results of
the Suzaku observations are presented in Maeda et al.
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Fig. 1. XIS image in the 8–11 keV band overlaid with the MAGIC TeV contour. The cyan cross and its surrounding box correspond to the
peak position of the MAGIC TeV source and its 1-sigma error, respectively. The right ascension and declination are written in J2000.

(2009).

2. KeV-TeV images

Figure 1 shows the 8–11 keV band image (likely the syn-
chrotron TeV electron image) overlaid with the MAGIC
TeV γ-ray contour published by Albert et al. (2007).
The image peak of the 8–11 keV continuum emission
is located near the TeV peak and within its error box.
This gives us a hint that the peak of TeV γ-rays mea-
sured by HEGRA and MAGIC coincides with the lo-
cation of the synchrotron-dominated western spot. This
also suggests that the TeV γ-rays also can originate from
reverse-shocked ejecta.
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by a Grant-in-Aid for Scientific Research by the Ministry
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Abstract

We present the analysis of Suzaku observations of the young open cluster Westerlund 2, which is
filled with diffuse X-ray emission. We found that the emission consists of three thermal components or
two thermal and one non-thermal components. The upper limit of the energy flux of the non-thermal
component is smaller than that in the TeV band observed with H.E.S.S. This may indicate that active
particle acceleration has stopped in this cluster, and that the accelerated electrons have already cooled.
The gamma-ray emission observed with H.E.S.S. is likely to come from high-energy protons, which hardly
cool in contrast with electrons. Metal abundances of the diffuse X-ray gas may indicate the explosion of
a massive star in the past. The details of this study are presented in Fujita et al. (2009a).

Key words: stars: winds, outflows — ISM: cosmic rays — ISM: individual (RCW 49) — ISM:
supernova remnants — Galaxy: open clusters and associations: individual (Westerlund 2)

1. Introduction

Westerlund 2 is one of the clusters from which gamma-
ray emission has been detected with H.E.S.S. (Aharonian
et al. 2007). It is ionizing the large HII region RCW
49 (NGC 3247). The gamma-ray emission is extended
(∼ 0.2◦), and the whole cluster is buried in it. Obser-
vations in the X-ray band are crucial to find the origin
of the diffuse gamma-ray emission from the cluster and
the mechanism of particle acceleration. In particular,
the strength of non-thermal X-ray emission can be used
to discriminate between the hadronic and the leptonic
origin of the gamma-rays. In this paper, we report the
results from Suzaku observations of Westerlund 2.

2. Spectral Analysis

We analyze the XIS spectrum of the diffuse emission
around Westerlund 2. Since the angular resolution of the
XIS is moderate (∼ 2′), we need to estimate the amount
of X-ray emission from point sources that contaminates
the diffuse X-ray emission from the cluster. Moreover,
since the diffuse emission is faint, the background spec-
trum must be constructed carefully.

In order to estimate the contamination of the point
sources, we used Chandra archive data of Westerlund 2.
In order to extract the positions and spectra of the point
sources, we used the ACIS Extract (AE) software pack-
age (Broos et al. 2002). Using the positional and spec-
tral data, we simulate an XIS observation of the point

sources with the XIS simulator MKPHLIST and XISSIM.

Since the TeV gamma-ray emission from Westerlund 2
covers the entire XIS field, we used the spectrum of a
blank region ∼ 1.7◦ away from Westerlund 2 as the back-
ground. Westerlund 2 and the blank region are both
affected by the Galactic Ridge X-ray Emission; we con-
sidered their influence in the following spectral analysis.

Including the leaked X-rays from the point sources and
the X-ray background emission, we analyze the spectrum
of the diffuse emission from Westerlund 2. We refer to
the diffuse X-ray emission around Westerlund 2 exclud-
ing the unwanted components as the gas component. We
find that the spectrum of the gas component can be rep-
resented by three thermal models or two thermal models
and one power-law model with absorptions. That is,
PHABS ∗ VAPEC + PHABS ∗ (VAPEC + VAPEC) or
PHABS ∗VAPEC+PHABS ∗ (VAPEC+POWER). We
call the former 3T model and the latter 2TP model.

The results of the fits are shown in Table 1. The tem-
peratures of the thermal components for 3T model are
kT1, kT2, and kT3. Their intrinsic fluxes in the 0.7–
10 keV band are f1, f2, and f3, respectively. We assume
that the X-ray emission comes from the entire XIS field
(17′.8× 17′.8). For 2TP model, kT3 and f3 are replaced
by the photon index (Γ) and the non-thermal flux (fNT),
respectively. The absorption NH1 is the one for the lower
temperature component (kT1), and NH2 is the one for
the higher.
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Table 1. Best-fit parameters for the gas component

Parameter 3T 2TP
NH1 (1022 cm−2) 0.96+0.16

−0.37 1.1+0.0
−0.5

kT1 (keV) 0.120.04
−0.01 0.12+0.04

−0.01

NH2 (1022 cm−2) 1.1+0.4
−0.3 1.4+0.2

−0.4

kT2 (keV) 0.88+0.21
−0.15 1.0+0.3

−0.1

kT3 (keV) 4.2+2.1
−1.2 .....

Γ ..... 2.2+0.4
−0.4

C, N, O (solar) 0.24+0.71
−0.20 0.57+1.2

−0.43

Ne (solar) 0.04+0.09
−0.04 0.07+0.17

−0.07

Mg (solar) 0.46+0.32
−0.17 0.77+0.98

−0.42

Si (solar) 0.35+0.20
−0.12 0.38+0.47

−0.19

S (solar) 0.86+0.43
−0.32 0.78+1.2

−0.31

Fe, Ni (solar) 0.0+0.13
−0.0 0.0+0.33

−0.0

f1 (ergs cm−2 s−1) 8.7+0.0
−1.7 10−12 1.3+0.3

−0.4 10−11

f2 (ergs cm−2 s−1) 2.2+0.4
−0.0 10−12 3.0+0.3

−0.2 10−12

f3 (ergs cm−2 s−1) 4.6+0.5
−0.8 10−12 .....

fNT (ergs cm−2 s−1) ..... 5.4+0.7
−1.4 10−12

χ2/d.o.f. 1719.56/1725 1729.06/1725

3. Discussion

3.1. Upper limit of Non-thermal Flux

Since the power-law component in 2TP model can be
replaced by a thermal component (3T model), the power-
law component gives the upper limit of non-thermal X-
ray flux from the cluster. Assuming that the non-thermal
emission comes from the entire XIS field, the upper limit
of the flux is fNT < 2.6×10−12 ergscm−2 s−1 (0.7–2 keV)
and 6.1×10−12ergscm−2 s−1 (0.7–10 keV). The observed
ratio of the 1–10 TeV energy flux obtained with H.E.S.S
to the 2–10 keV energy flux is RTeV/X > 2.7 (Fig. 1).

We found that X-ray surface brightness of a region
that is > 8′ away from the cluster in the XIS field is
comparable to the one estimated from the blank region.
Thus, the emission from the outside of the XIS field does
not much contribute to the total diffuse emission from
Westerlund 2.

3.2. Particle Acceleration

Recently, Fukui et al. (2009) discovered jet and arc-like
molecular feature around Westerlund 2. In particular,
the latter suggests a past stellar explosion (or past stellar
explosions) in the cluster. Particles might be accelerated
around a shock formed through the explosion.

Assuming that the explosion occurred ∼ 104–105 yrs
ago, the accelerated protons should not have lost their
energy because of their long cooling time. Thus, the pro-
tons accelerated in the past may be producing the TeV
gamma-rays through pp-interactions in the surrounding
molecular gas. On the other hand, accelerated electrons

Fig. 1. Multi-wavelength measurements of Westerlund 2. A theoret-
ical prediction of (Manolakou et al. 2007) is shown by the dotted
line (their model of t = 105 yr). See Fujita et al. (2009a) for
details.

should have lost their energy through synchrotron emis-
sion. Therefore, the current ratio of gamma-ray to X-ray
energy flux should be large, because the electrons are
the source of the X-ray flux through synchrotron emis-
sion (Yamazaki et al. 2006). This is consistent with the
observations of Westerlund 2. Such stellar explosions in
dense clouds could be the sources of unidentified TeV
sources and the so-called PAMELA anomaly (Bamba et
al. 2009; Fujita et al. 2009b).

The mass of the star responsible for the explosion
could be extremely large, because stars in an open clus-
ter form almost simultaneously and massive stars with
∼ 80 M� still survive in Westerlund 2. In general, such
massive stars produce ejecta with a large α-element to
iron abundance ratio (Kobayashi et al. 2006). This trend
is consistent with the metal abundances shown in Ta-
ble 1. Since some of the stars with masses of > 30 M�
explode as hypernovae, the one exploded in Westerlund 2
might be such a hypernova and might trigger a gamma-
ray burst.
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Abstract

We studied nature of the pulsar wind nebulae (PWNe) whose association to the TeV gamma-ray
sources is suspected. A total of 16 PWNe was selected and their X-ray data were analyzed. We found
that the parameters of the TeV associated PWNe are basically same as those not detected in the TeV
band. Although the energy loss time scale of the X-ray emitting, high-energy electrons in the PWNe is
only ∼2 kyr, we found that the size of the X-ray emission region of the TeV PWNe keeps increasing up to
∼100 kyr. Two possibilities are discussed for this continued increase of the X-ray sizes.

Key words: X-rays: pulsars — Pulsar wind nebulae — gamma rays: TeV — acceleration of particles

1. Introduction

The Galactic plane survey by the H.E.S.S. Cherenkov
telescopes revealed the presence of about 50 VHE γ-ray
sources in the TeV band (1012−13 eV; eg. Aharonian et
al. 2005, 2006). They are suspected to be the accel-
eration site of the cosmic-ray protons, but surprisingly,
many of them have no known counterpart in other wave-
length. A pulsar wind nebula (PWN) is often found in
the vicinity of the TeV sources, and their association is
suspected. Therefore, we made systematic analysis of the
PWNe possibly associated to the TeV sources (hereafter
referred to as TeV PWNe) utilizing new and archival X-
ray data. We picked up all such sources and a total of 16
sources was selected as listed in table 1. The list includes
HESS J1837-069 / AX J1838–0655 and HESS J1809–193
/ PSR J1809–1917, for which the new Suzaku data were
obtained (Anada et al. 2009a; Anada et al. 2009b). Some
of the data of these sources were used only partly because
of the large ambiguity in the parameters of the pulsar,
absence of extended nebula, etc. Details of the present
analysis and its implication is described in Anada (2009).

2. Analysis and Results

2.1. Nature of the TeV PWNe

Because the TeV emission was significantly detected in
the vicinity of only a part of the PWNe, it may reflect
some unique properties of them. In order to check this

possibility, we compared various parameters between the
TeV PWNe and those not detected in the TeV band
(Non-TeV PWNe). We selected 10 Non-TeV PWNe for
comparison. We compared distributions of the spin-
down luminosities and the X-ray photon indices, and
the correlation between the X-ray luminosity and the
characteristic age. However, we could not find statisti-
cally significant difference between the TeV PWNe and
Non-TeV PWNe. This means that there is no intrinsic
difference between the PWNe detected and not detected
in the TeV band.

2.2. Spatial offsets of the PWNe

Although the PWNe are considered to be associated to
the TeV sources, their X-ray locations are in many cases
spatially offset from the TeV sources. We compared the
offset with the age of the PWNe, which we considered
to be same as the characteristic age of the associated
pulsar. Here, we defined the offset as the lateral dis-
tance between the center of the TeV emission and the
pulsar. We found that the offset tends to increase with
the age of the PWNe, and can be explained by the kick
velocity of the pulsar. The (transverse) kick velocity es-
timated from the offset is mostly less than 103 km/s and
reach a few thousands km/s for the largest. These kick-
velocities are not very different from those measured by
the proper motions of the radio pulsars, which often ex-
ceed 103 km/s. Thus, the offset can be explained by the
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Table 1. List of analyzed sources

HESS name PWN/Pulsar name
HESS J1837–0691) AX J1838.0–0655
HESS J1809–1931) PSR J1809–1917
HESS J0835–4552) Vela X
HESS J1420–6072) K3/PSR J1420–6049
HESS J1514–5912) MSH 15-52
HESS J1825–1372) G18.0–0.7
HESS J1833–1052) G21.5–0.9
HESS J1846–0292) Kes 75
HESS J1718–3852) PSR J1718–3825
HESS J1616–5082) PSR J1617–5055
HESS J0534+2203) Crab Nebula
HESS J1747–2813) G0.9+0.1
HESS J1418–6093) Rabbit
HESS J1804–2163) PSR J1803–2137
HESS J1702–4203) PSR J1702–4128
HESS J1303–6313) PSR J1301–6305
1)New Suzaku data were acquired for the
current study.
2)Archival data of Chandra, XMM-Newton
and Suzaku were analyzed.
3)Parameters were taken from literature.

kick-velocity of the pulsar.

2.3. Spatial extents of the PWNe

High energy electrons responsible for the X-ray and
γ-ray emission loose energy through the synchrotron
radiation and inverse-Compton scattering, respec-
tively. The energy loss time scales of electrons are
2(B/10µG)−3/2(ϵsyn/1 keV)−1/2 kyr for the synchrotron
X-ray emission, and 30(ϵIC/1 TeV)−1/2 kyr for the TeV
emission by inverse-Compton scattering of cosmic mi-
crowave background. Here, ϵ indicates the X/γ-ray pho-
ton energy. This means that the electron energy loss has
significant impact on the X-ray emission, whereas little
on the TeV emission, because the age of the PWNe stud-
ied here ranges between ∼1–100 kyr. In fact, we found
that the X-ray luminosity tends to decrease with the age
of PWN (i.e. characteristic age of the pulsar), while the
TeV luminosities stay constant.

We also studied evolution of the spatial extents of the
PWNe. The spatial extents in the TeV band were found
to increase with the age of the PWNe, as expected from
the diffusion of the energetic electrons with little energy
loss. Interestingly, the spatial extent was also found to
increase at least up to ∼100 kyr even in the X-ray band.
Because the X-ray emitting electrons are expected to
loose energy in ∼2 kyr, it is surprise that the source
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Fig. 1. Evolution of the emission region size in X-ray band. Although
the X-ray emitting electrons loose energy typically in 2 kyr (in-
dicated by a vertical broken line in the figure), size of the X-ray
emission region keeps increasing well beyond a few kyr.

extent keeps increasing well beyond a few kyr.

3. Discussion

We investigated nature of the PWNe detected in the TeV
band systematically using the X-ray data. We found
no significant difference between the properties of the
TeV PWNe and the Non-TeV PWNe. This means that
these two types of PWNe belong to intrinsically the same
population. Although it is not clear what causes some
PWNe bright in TeV, environmental difference could be
one of the possibilities.

We unexpectedly found that the X-ray size of the
PWNe keeps increasing up to ∼100 kyr. This cannot be
explained naively as the energy loss time scale of X-ray
emitting electrons is only ∼2 kyr. Therefore, nature of
diffusion of energetic electrons needs to be changed with
time. Two possibilities may be conceivable. One is evo-
lution of the diffusion coefficient of electrons. If the tur-
bulence at the termination shock becomes weaker with
the pulsar’s age, it may cause changes in the diffusion
coefficient. The other is the evolusion of the advection
speed, which depends on the σ parameter defined as the
relative energy flux of particles to that of the magnetic
field. In reality, both of these two mechanisms may be
at work simultaneously in the termination shock of the
PWNe.
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Abstract

PSR B1259-63 is a 48 ms radio pulsar in a highly eccentric 3.4 year orbit with a Be star SS 2883.
The 2007 periastron passage was observed in unprecedented details with Suzaku, Swift, XMM-Newton
and Chandra missions. We present here the results of this campaign and compare them with previous
observations. With these data we are able, for the first time, to study the details of the spectral evolution
of the source over a 2 months period of the passage of the pulsar close to the Be star. New data confirm
the pre-periastron spectral hardening, with the photon index reaching a value smaller than 1.5. Such a
behaviour can be explained within both synchrotron and IC model of the origin of the X-ray emission.
Similarity of the form of rise and decay of the X-ray emission during the two disk passages and its
resemblance to the radio lightcurve gives an argument in favour of the IC model.

Key words: pulsars : PSR B1259-63 – X-rays: binaries – X-rays: PSR B1259-63

1. Introduction

PSR B1259–63 is a 48 ms radio pulsar in a highly eccen-
tric 3.4 year orbit with a Be star SS 2883. This system is
known to be highly variable on an orbital time scale in ra-
dio (Johnston et al. 2005, and references therein), X-ray
(Chernyakova et al. 2006, and references therein), and
TeV (Aharonian et al. 2005) energy ranges. It is likely
that the collision of the pulsar wind with the anisotropic
wind of the Be star plays a crucial role in the generation
of the observed non-thermal emission. The 2007 perias-
tron passage discussed below, was observed in unprece-
dented details with Suzaku, Swift, XMM-Newton and
Chandra missions (Chernyakova et al. 2009, Uchiyama
et al. 2009).

2. Results of Observations

Left panel of Fig. 1 summarizes flux and spectral evolu-
tion of PSR B1259–63 in 1-10 keV energy range. The his-
torical data of XMM-Newton (X1 – X10) and BeppoSAX
points are taken from Chernyakova et al. 2006, ASCA
data are taken from Hirayama et al. 1999. A sim-
ple power law model with photoelectrical absorption de-
scribes the data well in most observations, with no ev-
idence for any line features. Observations Sz3 and Sz4
where fit with simple power law results in inappropri-
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Fig. 1. PSR B1259–63 spectral orbital evolution. 1 – 10 keV
flux of the source is given in units of 10−11 ergs cm−2s−1.

ate high value of the reduced χ
2 were studied in detail

in Uchiyama et al. 2009. It was found that for these
observations broad band (0.6-50 keV) spectrum is much
better fitted with a broken power law model with a spec-
tral break from Γ1 = 1.25 ± 0.04 below Ebr ∼ 5 keV to
Γ2 = 1.6 ± 0.05 above.

From Figure 1 one can see:

• Long-term stability of X-ray orbital modulation

• The evolution of the flux during both disk pas-
sages can be approximately described by the fast-
rise/slow-decay patterns, with the rise time a factor
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of ∼ 10 shorter than the decay time.

• Similarity of the X-ray and radio light curves during
the disk passages. To illustrate this point we plot
with a dash line a scaled 2004 radio light curve on
a X-ray panel of Figure 1.

• Pre-periastron spectral hardening, with the photon
index reaching a value smaller than 1.5 was observed
in 2004 just before the sharp flux rise, and in 2007
during a local flux minimum.

It is not clear yet whether the observed X-ray emis-
sion from PSR B1259–63 is due to the inverse Comp-
ton (IC) (Chernyakova et al. 2006), or synchrotron (Ta-
vani& Arons 1997, Khangulyan et al. 2007, Uchiyama
et al. 2009) emission. Unfortunately X-ray data alone
do not allow us to distinguish between the synchrotron
and IC origin of the X-ray emission from the source.
All observed peculiarities of the X-ray spectral evolu-
tion could be explained within the frame of each model
(Chernyakova et al. 2009). However, the origin of the
observed spectral hardening can be readily clarified with
the help of the simultaneous TeV observations. If the ob-
served X rays have an IC origin, then the observed hard-
ening during the drop of the flux is primarly connected
to the hardening of electron spectrum below ∼ 10 MeV,
so that no tight correlation between the X-ray spectral
evolution and the TeV energy band emission is expected.
On the other hand, in the case of synchrotron origin
of the observed X-rays, the spectral hardening can be
produced if the electron cooling is dominated by the IC
energy loss in the Klein-Nishina regime. This implies
that the IC flux from the system in the very-high-energy
band at the moment of the spectral hardening should
dominate over the X-ray flux.

Another clue on the origin of the observed X-rays
could be found form the study of the PSR B1259–63
orbital evolution. On Figure 2 one can see that time
profile of the two X-ray flares associated with the pulsar
passage through the disk looks very similar (right panel),
unlike their true anomaly profile (left panel).

This could indicate that X-ray flares can be a result
of cooling of the energetic particles injected to the disk
during the pulsar passage. Indeed, in this case injected
particles will run away with the disk radial velocity vr

and their luminosity will decrease as L ∼ L0/D
2 (D is

the distance to the Be star). If the density profile of the
Be star disk is ρ(D) ∼ ρ0(D/D0)

−n, then vr(D) = Ḋ ∼

v0(D/D0)
n−2. In case n=3 (Connors et al. 2002) this

gives L = L0 exp
(

−2 v0

D0

∆t

)

. On right panel of Figure

2 we model data as follows. We assumed a linear rise of
the flux for 10 days starting at τ1 = −29,τ2 = 12 and
then the subsequent exponential decay with τd = 35 days
characteristic decay time. Taking the binary separation
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Fig. 2. Dependence of the PSR B1259-63 flux on orbital phase (left)
and time (right).

as a typical distance scale of a problem, D0 ≃ 2 × 1013

cm one finds v0 = D0/(2τd) ∼ 3×106 cm/s. Synchrotron
emission of the 10 MeV electrons will in it turn produce
the observed radio emission (Connors et al. 2002), which
makes natural the observed similarity of the X-ray and
radio light curves, see Figure 1.

The similarity of the time profiles of the flares pro-
duced by two disk crossings is readily explained within
IC model. At the same time, this similarity is inconsis-
tent with a model in which the X-ray flux is supposed
to be produced via synchrotron emission. from the apex
of the bow-shaped contact surface of the pulsar and stel-
lar wind Tavani&Arons 1997. Indeed, in this case the
synchrotron cooling time of the X-ray emitting electrons
is much shorter than the decay time of the flare and
the time profile of the flare is determined mostly by the
evolution of the distance of the apex point from the pul-
sar. Decrease of this distance during the pulsar passage
through the disk leads to the increase of the magnetic
field at the apex and, as a result, increase of the syn-
chrotron flux from the system. The distance of the apex
of the contact surface from the pulsar is a function of
the pressure of the stellar wind which is, in turn, a func-
tion of (θ − θd,1,2) where θd,1, θd,2 = θd,1 + 180 are the
phases of the two disk crossings. One expects that the
light curves of the flares corresponding to the two disk
passages, F1,2(θ) would be nearly symmetric around the
phases θd,1,2. The left panel of Fig. 2 shows that this is
clearly not the case for the first disk crossing.
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Abstract

The spectral energy distribution from the X-ray to the very high energy regime (> 100 GeV) has been
investigated for the γ-ray binary system PSR B1259-63/SS2883 as a function of orbital phase within the
framework of a simple model of a pulsar wind nebula. The emission model is based on the synchrotron
radiation process for the X-ray regime and the inverse Compton scattering process boosting stellar photons
from the Be star companion to the very high energy (100GeV-TeV) regime. With this model, the observed
temporal behavior can, in principle, be used to probe the pulsar wind properties at the shock as a function
of the orbital phase.

Key words: acceleration of particles- radiation mechanisms: non-thermal- gamma rays: theory -X-
rays: binaries - pulsars: individual (PSR B1259-63)

1. Introduction

PSR B1259-63/SS 2883 system is composed of a Be star
and a young pulsar with period P = 47.76 ms and a spin
down energy of Ėsp = 8×1035 erg s−1. The orbital prop-
erties of the γ-ray binary system associated with the Be
star SS 2883 are unusual in that it has a large eccentric-
ity (e = 0.87) and a wide orbit with period of 1287 days.
This system had been known as a source of non-pulsed
emission in the radio, X-ray and TeV energy bands. The
origin of this high energy emission is likely related to
the interaction of the pulsar wind of PSR B1259-63 with
the outflow from the Be star (Tavani & Arons 1997).
Their interaction results in the formation of a termina-
tion shock where the dynamical pressures of the pulsar
wind and the stellar wind of the Be star are in balance.
The shocked pulsar wind particles can emit non-thermal
photons over a wide range of energies via the synchrotron
radiation and inverse Compton processes.

In this paper, we fit the spectral properties of X-
ray emissions with the pulsar wind parameters (Lorentz
factor Γ1 and magnetization σ) just before the shock.
Within the framework of the interacting winds model,
the observed temporal behavior of the flux and the pho-
ton index is caused by variations in the physical condi-
tions at the termination shock of the pulsar wind. Be-
cause the distance of the shock from the pulsar is a func-
tion of the orbital phase, the physical properties of the

pulsar wind can be probed as a function of the radial
distance from the pulsar.

2. Theoretical model

The magnetization σ is defined by the ratio of the mag-
netic energy to kinetic energy in upstream of the shock.
Using the magnetization σ and Lorentz factor Γ1 of the
pulsar wind, the particle number density and the mag-
netic field just before the shock is described as n1 =
Ėsp/[4πΓ2

1
r
2

smec
3(1 + σ)] and B1 = Ėspσ/[r2

sc(1 + σ)],
respectively, where rs is the shock distance from the pul-
sar. We calculate the shock distance as a interaction
between the pulsar wind the stellar wind from Be star.

For the post shock flow, the non-dimensional radial
four velocity u2, the proper number density n2, the mag-
netic field B2 and the gas pressure P2 at the shock are de-
rived using the jump conditions of a perpendicular MHD
shock. For variation of the number density and the mag-
netic field as a function of the radial distance, we use the
conservation of the number flux and the magnetic flux
as d(n(r)u(r)r2)/dr = 0 and d(u(r)B(r)r/Γw)/dr = 0,
where Γw is the Lorentz factor of the post shock flow. Be-
cause the shock acceleration theories indicate a break in
the particle energy distribution in the post-shocked flow
around the injection energy, we assume that the down-
stream particles form a broken power law distribution
described at Γ = Γ1. In this paper, the spectral index
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p1 above Γ > Γ1 is used as a fitting parameter. To com-
pare the X-ray and γ-ray observations, we compute the
synchrotron emissions of the shocked particles and the
inverse-Compton process between the accelerated parti-
cles and stellar radiation from the Be star. We fit the
observed X-ray properties with the magnetization σ, the
Lorentz factor Γ1 and the photon index p1.

3. Resutls

In the present model, the observed temporal behavior is
interpreted by variation in the wind parameters at the
shock. An example of the fitting results are summarized
in Table 1 and Figure 1, where the magnetization σ and
the Lorentz factor Γ1 are allowed to vary with orbital
phase for a fix power law index. Table 1 represents vari-
ations of the fitting parameters, in which we refer to the
orbital phases, where the X-ray data is available, as X1,
X2, S1, A2, etc., following Chernyakova et al. (2006)
and Uchiyama et al. (2009), and Figure 1 compares the
model spectrum averaged during the 4-month time in-
terval during the periastron passage with high-energy
observations. X3 and A6 are corresponding to the phase
near the apastron and A5 and A2 are near the periastron.

From Table 1 we find that the magnetization σ tends
to increase as the pulsar approaches periastron (orbital
phase A2), suggesting that the energy conversion process
from the magnetic field to bulk motion of the pulsar wind
varies on the scale of the shock distance in the binary.
Also, we can see that fitting Lorentz factor Γ1 is expected
to vary about factor of 30 during one orbit. This large
variation would imply that the observed emission in var-
ious orbital phases emanate from the different field lines
(see Takata & Taam 2009 for more detail). As Figure 1
shows, the predicted level of the flux is consistent with
the H.E.S.S. observations below 1 TeV (Aharonian et al.
2005), while the model predicts a softer spectrum than
observed above 1 TeV. On the other hand, we find that
detection by the Fermi telescope is not expected at the
GeV energy bands for this model.

As alternative interpretation of the phase variation
of the observed emissions, we fit the observations with
σ and p1 allowed to vary with the orbital phase for a
given Lorentz factor Γ1. Figure 2 represents the aver-
aged spectrum during the periastron passage with the
given Lorentz factor Γ1 = 5 × 105. In such a model.
the emission from the shocked particles in the GeV band
is expected to be detected by the Fermi telescope, as

Orbital phase X3 X6 X7 S1 S4 A5 A2 S6 A3 X1 X2 A6
Fitting parameters σ (×10−3) 0.8 1.2 2.2 2.1 11 11 & 15 6.2 70 9.2 3.3 1.7

(p1 = 3) Γ1(×106) 8.5 7.6 7.8 1.1 1.7 0.57 0.3 1 0.8 2.8 8 6.5

Table 1. The fitted σ parameter and the Lorentz factor Γ1. The
results are for a power law index p1 = 3
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Fig. 1. The averaged spectrum of the emission from the shocked wind
during the 4 month time interval from -20 days and +100 days
(after Takata & Taam 2009). The spectrum is calculated with the
model in which p1 = 3 is fixed, and σ and Γ1 vary with the orbital
phase. The dashed-line represents the sensitivity for a 4-month
observation using the Fermi. The filled circle is results of the
observation done by H.E.S.S. (Aharonian et al. 2005).
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Fig. 2. The averaged spectrum of the emission from the shocked wind
during a 4 month time interval from -20 days and +100 days and
-60 days to +60 days (after Takata & Taam 2009). The spectrum
is calculated with the model in which Γ1 = 5 × 105 is fixed, and
σ and p1 vary with the orbital phase.

Figure 2 shows.
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Abstract

We report on the results from Suzaku and previous X-ray observations on the galactic binary LS5039,
a TeV γ-ray emitting binary. The Suzaku observation which covered continuously more than one orbital
period revealed strong X-ay flux modulation at the orbital period for the first time, with its close resem-
blance to the TeV γ-ray light curve. The X-ray data up to 70keV measured with Suzaku are described
by a hard power-law spectrum with a phase-dependent photon index which varies within Γ=1.45–1.6. We
also found that the modulation curves are surprisingly stable in 1999–2007. The long-term behavior of the
non-thermal X-ray light curves over eight years favors that a scenario in which the radiation is related to an
ultrarelativistic pulsar wind would be able to account for the stable clock-like X-ray/TeV γ-ray behaviors.

Key words: Binaries: close — X-ray binaries — stars: individual (LS 5039)

1. Introduction

X-ray binaries are the brightest galactic X-ray sources,
consisting of a collapsed object (a white dwarf, neutron
star, or black hole) and an ordinary star. Recent discov-
eries of periodic very high energy (VHE) radiation from
a few X-ray binaries have opened a new research avenue,
i.e. gamma-ray binaries. However, no previous X-ray
observations were successful in determining the nature
of X-ray emission from such systems. Here we report X-
ray observations of LS 5039, a high mass X-ray binary
that shows a 3.9-day orbital modulation in the VHE do-
main. Our X-ray light curves continuously obtained for
more than one orbital period, have revealed periodically
changing (in terms of both flux and spectral shape) non-
thermal emission from the binary system.

2. Temporal Property

Figure 1 shows the light curves obtained by Suzaku. The
orbital phase is calculated with the period of 3.90603
days, and φ = 0 with reference epoch T0 (HJD −
2400000.5 = 51942.59) taken from Casares et al (2005).
The amplitude of the modulation is roughly the same be-
tween the XIS and HXD-PIN, indicating small changes

Fig. 1. Orbital light curves observed for LS 5039.

of spectral shape depending on the orbital phase. Struc-
tures of the X-ray and hard X-ray light curves are similar
to that discovered in the phase diagram of integral fluxes
at energies > 1 TeV obtained on a run-by-run basis from
H.E.S.S. data (2004 – 2005; Aharonian et al. 2006).
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Fig. 2. (a) Orbital light curves of the unabsorbed flux. Top: Suzaku XIS data with a time bin of 2 ks. Bottom: comparison with the
past observations. Each color corresponds to XMM-Newton (blue, cyan, green), ASCA (red) and Chandra (magenta). (b) Close up in
1.2 < φ < 1.8 (see Kishishita et al. 2009 for more detailed description).

3. Spectral Variation

We study time-resolved (phase-resolved) X-ray spectra.
The data are divided into data segments with respect
to the assigned phase, and model fitting is performed
for XIS spectra for each segment with ∆φ = 0.1. A
single power-law function with photoelectric absorption
provides a good fit for all the segments. The spectral
shape varied such that the spectrum is steep (Γ ≅ 1.61)
around the superior conjunction (φ = 0.06) and becomes
hard (Γ = 1.45) around apastron (see Takahashi et al.
2009 for more detailed analysis results). The modulation
behavior of Γ is somewhat different from that observed
using H.E.S.S. in the VHE range. The amplitude of the
variation is ±0.1, which is much smaller than the change
of ±0.6 in the VHE region (Aharonian et al. 2006).

4. Long-term Stability of X-ray Modulation

To investigate the long-term behavior of the X-ray mod-
ulation, we compared the light curve by Suzaku and those
obtained in the past observations (Bosch-Ramon et al.
2005, 2007; Motch et al. 1997; Martocchia et al. 2005).
Figure 2 shows the flux light curves in the energy range
of 1 – 10 keV. The phase-folded X-ray light curves from
the ASCA, XMM-Newton, and Chandra observations are
in remarkable agreement with those from Suzaku. More
surprisingly, short-time variability seen in the Suzaku
2007 data can be recognized in the previous 1999 – 2005
data. For instance, a small peak around φ = 0.70 is
evident both in the Suzaku and Chandra data although
the two observations are performed almost three years
apart. The flux increase around φ = 0.48 with a sub-
sequent drop around φ = 0.51 are consistent between
the Suzaku and XMM-Newton data within statistical er-

rors. The ASCA data, which were obtained 8 years be-
fore the Suzaku observation, also reproduce the Suzaku
light curve not only for the overall flux increase but also
for the small peaks around φ = 0.40 and φ = 0.48.

5. Discussion

A plausible mechanism of non-thermal X-ray produc-
tion is synchrotron radiation by very energetic electrons,
which are accelerated in a relativistic outflow from the
compact object. The clock-like synchrotron X-ray emis-
sion is most likely related to the orbital modulation of
the emission volume (about the size of the Sun) via adi-
abatic losses. As discussed in Takahashi et al. (2009),
extremely fast acceleration of electrons, i.e. acceleration
to 20 TeV in a second, is necessary to account for the
X-ray and VHE data simultaneously. This suggests that
this binary system is the fastest known accelerator in the
Universe. We suggest that magneto-hydrodynamical col-
lisions between the relativistic outflow from a compact
object and the stellar wind from the O star play an im-
portant role to generate the clock-like non-thermal X-ray
emission over eight years through continuous production
of high-energy particles near the binary system.
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Abstract

We observed the first unidentified TeV γ-ray source TeV J2032+4130 with Suzaku. With the high
sensitivity for detection of diffuse X-ray emission, we found a structure in the TeV emitting region, which
is coincident with a γ-ray pulsar. By subtracting the contribution of point sources estimated by Chandra
observation, we obtained X-ray spectrum of diffuse component. The spectrum can be reproduced by a
power-law model with a photon index of ∼2, and an X-ray flux of 2×10−13 erg s−1 cm−2. The ratio of the
γ-ray flux to the X-ray flux is ∼10. If the origin of TeV γ-ray is inverse Compton scattering of microwave
background by TeV electrons, which are responsible to synchrotron emission, this ratio corresponds to the
magnetic field of ∼1 µG.

Key words: acceleration of particles — X-rays: individual (TeV J2032+4130) — X-rays: ISM —
pulsars: individual (PSR J2032+4127)

1. Introduction

Stereoscopic technique of atmospheric Cerenkov tele-
scopes improved the angular resolution for detecting TeV
γ-rays, and increased the number of TeV γ-ray sources.
Some of new TeV objects have no counterparts at other
wavelengths. They are called unidentified TeV γ-ray ob-
jects. Unidentified TeV γ-ray objects have key infor-
mation to study acceleration mechanism of cosmic rays.
Multi-wavelength observations of these objects are vi-
tally important to reveal the emission mechanism.

TeV J2032+4130 is the first unidentified TeV γ-ray
source discovered by HEGRA (Aharonian et al. 2002).
The position is coincident with OB association, Cyg
OB2. Recently, the large area telescope on the Fermi
Gamma-ray Telescope detected γ-rays from this region
with the energy from 20 MeV to 300 GeV. In addition,
this γ-ray source exhibits pulsation with the frequency
of 6.98 Hz (PSR J2032+4127, Abdo et al. 2009). Suc-
cessive observation of radio band also detect pulsation.
The position of the pulsar is revealed to be coincident
with MT91 213 (Camilo et al. 2009, Massey & Thomp-
son 1991). These results imply that the origin of TeV
γ-ray also relates to this γ-ray pulsar.

2. Observations

2.1. Suzaku

We observed TeV J2032+4130 with Suzaku (Mitsuda et
al. 2007) on 2007 December 17–18. After the standard
filterings, the net observing time was about 40 ksec.

2.2. Chandra

Chandra observed TeV J2032+4130 twice: earlier short
observation (November 2002, obsid=4358) and deep
follow-up observation (July 2005, obsid=4501). We only
analyzed the latter data set. The exposure time is about
49 ksec. The detailed results about the Chandra obser-
vation has already been reported in Butt et al. (2006).

3. Results

3.1. Images

Fig. 1 shows XIS image in 0.5–10.0 keV band. All three
CCD data are combined. A white solid circle indicates
the TeV diffuse emission region with the center position
of (RA, Dec) = (20h31m57s.0, 41◦29′56′′.8) and the ra-
dius of 6’.2 (Aharonian et al. 2005). There are two small
structures in the circle (source 1, 2 in Fig. 1).

This X-ray emitting region is located at the north
part of Cyg OB2 association and there are many point
sources. So we estimate the contribution of the point
sources by using the Chandra deep exposure observation.

We extract point sources by the CIAO ’wavdetect’
software of a wavelet method.Source 1 and 2 region in-
cludes 8 and 2 sources respectively. One of the point
sources in source 1 is coincident with the γ-ray pulsar
discovered by Fermi (Camilo et al. 2009). The detection
of diffuse X-ray emission in this region has been reported
by Mukherjee et al. (2007). We also analyze source 1 of
suzaku data.
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Fig. 1. Suzaku image of TeV J2032+4130 (0.5–10.0 keV). Dashed
circle indicates the region of diffuse TeV emission. X-ray struc-
tures are shown in solid circles.

3.2. Spectra

At first, we made a spectrum of point sources by Chan-
dra observation in order to estimate the contribution of
point sources. We collect all the events from the point
sources in source 1 and make a combined point-source
spectrum. We fit the spectrum by a power-law model
with an interstellar absorption. The best-fit parameters
are shown in Table 1.

Then we made the spectrum of source 1 by Suzaku
data. Extracted spectrum is shown in Fig. 2(a). We in-
clude the contribution of the point sources by adding its
best-fit model into the model spectrum. The spectrum
of point sources is indicated by dotted line in Fig. 2(a).

Thus we obtained best-fit parameters of diffuse X-ray
emission (Table 1). The spectrum can be reproduced by
absorbed power-law with the photon index of 2.1, and
absorption column of 0.6 ×1022 cm−2. The X-ray flux is
about 2.0 × 10−13 erg s−1 cm−2 (2.0–10.0 keV).

Table 1. Best-fit parameters of X-ray spectra

N∗
H Γ† F ‡

X

(cm−2) (erg s−1 cm−2)

point sources 0.4×1022 3.1 0.3×10−13

diffuse 0.6×1022 2.1 2.0×10−13

∗: Column density †: Photon index
‡: X-ray flux in the 2–10 keV band
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Fig. 2. (a) Suzaku spectrum of source 1. Contribution of point
sources is indicated by dotted line. Dashed line shows diffuse
component. (b) Multiband spectrum of TeV J2032+4130. Solid
lines show synchrotron radiation models with various magnetic
field. Dashed line shows an energy cutoff model.

4. Discussion

We obtained X-ray flux of diffuse emission around γ-
ray pulsar. Here we compare the X-ray flux to TeV γ-
ray flux to investigate the emission mechanism. On the
other hand, the GeV γ-ray emission, detected by Fermi,
exhibits a large pulse fraction. The main part of GeV γ-
ray should be radiated by pulsar. While diffuse emission
of TeV and X-ray could be emitted by pulsar wind neb-
ula. In Fig. 2(b), we plot the fluxes of X-rays and TeV
γ-rays. If the origin of TeV γ-ray is inverse Compton
scattering of cosmic microwave background by TeV elec-
trons, the same high energy electrons also emit X-rays by
synchrotron radiation. In this case, the ratio of TeV flux
to the X-ray flux depends only on magnetic filed. For
source 1, the ratio of flux between TeV and X-ray band
FTeV/FX ∼ 10. This value corresponds to the magnetic
filed of about 1 µG (solid line in Fig. 2(b) labeled 1 µG).
However, this value is much smaller than that expected
in this region because of the low Galactic latitude and
active star forming region. Strong cutoff of the energy
distribution of TeV electrons or hadronic origin of TeV
emission should be considered.
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Abstract

We have discovered a three-dimensional onion-like metallicity structure in Tycho’s SNR using Suzaku,
in such a way that iron is more concentrated in the remnant center than intermediate-mass elements
(IMEs: Si, S, Ar, and Ca). This is achieved by measuring widths of the emission lines of those elements as
a function of the angular distance from the center of the remnant. We interpret our results as representing
Doppler broadening caused by a line-of-sight velocity dispersion of the line-emitting ions. Applying two
Gaussian models (red- and blue-shifted components) to each broadened line, we determine the expansion
velocities of the IMEs and Fe as ∼4900 km s−1 and ∼3800 km s−1, respectively. Combining our results
with the projected image of the SNR, we successfully construct a three-dimensional onion-like structure
of the SNR.

Key words: ISM: supernova remnants — supernovae: general — X-rays: individual (Tycho’s SNR)

1. Introduction

Type Ia supernovae (SNe) play a key role as cosmological
probes or tracers for the chemical evolution of galaxies.
In spite of their importance, our knowledge of physi-
cal mechanisms of explosion has been incomplete. X-
ray emission from ejecta in young supernova remnants
(SNRs) should include evidence of progenitors and ex-
plosions. For example, distribution of materials in the
remnants might reflect the structure of products by the
SN explosion. Tycho’s SNR originates in the SN in 1572,
and is confidently classified as a Type Ia SNR in several
ways. Because of the known age, simple morphology,
and clear type determination, it has been an ideal target
for a study of Type Ia SNRs.

The past X-ray observations (e.g., Hwang & Gotthelf
1997, Hwang et al. 1998, Decourchelle et al. 2005) rev-
eled that Fe-Kα emitting ejecta are likely situated some-
what inner comparing to the intermediate-mass elements
(IMEs, e.g., Si, S, Ar, and Ca). In SN 1006 (Yamaguchi
et al. 2008) and SNR 0509-67.5 (Kosenko et al. 2008),
which are also categorized Type Ia SNRs, the same sit-
uations have been reported.

Furuzawa et al. (2009) found that the Fe Kα line is
significantly broadened at the center of the remnant us-
ing the data obtained by Suzaku. They discussed that it
is likely because of the Doppler effect by the shell expan-
sion with the velocity of ∼3000 km s−1. We extend their

analysis to the lines of IMEs as well, and measure the ve-
locity of ejecta in each element, so that we can construct
the three-dimensional structure of materials in Tycho’s
SNR.

Fig. 1. XIS image of Tycho’s SNR.

2. Observation

Suzaku observed Tycho’s SNR and its off-source back-
ground on 2006 June 26-29 and 29-30, respectively, as

This document is provided by JAXA.



The Energetic Cosmos : from Suzaku to ASTRO-H 59

a part of the scientific working group time. After data
screening, the left effective exposure was 101 ksec.

3. Spatially Resolved Spectra

The XIS FI image of the SNR is shown in Figure 1. In
order to measure the centroid energies and line widths
of lines as a function of the remnant position, we divide
the SNR into 4 radial region, as also shown in Figure
1, numbered from 1 (inner) to 4 (outer). We exclude
the southeast region where the irregular clumps are situ-
ated. The background spectrum is taken from the offset
observation.

3.1. Spectral Fitting

We analyze the spectrum of each region in two represen-
tative energy bands separately to reduce the parameters
of fitting: the 1.7−5 keV for the lines of IMEs and the
5−8 keV for the Fe-K lines.

The model we apply to the 1.7−5 keV spectrum in
each region (the single Gaussian model hereafter) in-
cludes an absorbed power-law and 20 Gaussian com-
ponents: Heα, Heβ, Heγ, Lyα, and Lyβ (n = 2 →

1, 1s3p → 1s
2, and 1s4p → 1s

2 transition in He-like
ion, and n = 2 → 1 and 3p → 1s transition in H-like
ion, respectively) emission lines of Si, S, Ar, and Ca.
All Gaussian parameters for the well-resolved lines, i.e.,
Heα of Si, S, Ar, and Ca, and Heβ lines of Si and S, are
left free, while parameters of other lines are set based on
the feasible assumption of non-equilibrium plasma with
electron temperature kTe and ionization timescale net of
∼1 keV and ∼ 1011 cm−3 s (Hwang & Gotthelf 1997),
respectively. We fit the 5−8 keV spectra of each region
with a power-law and three Gaussian lines representing
the Kα blends of low ionized Fe and Ca, as well as the
Kβ line of Fe. All parameters are allowed to vary freely,
but the widths of Cr Kα and Fe Kβ lines are tied to that
of the Fe Kα. Figure 2 represents the spectra of region
3 with the best-fit single Gaussian models. We obtain
good fits for all spectra for region 1−4.

3.2. Radial Line Profiles

Figure 3 shows the radial line profiles of IMEs and Fe,
obtained in the previous section. The centroid energies
of all elements, except Ca, are constant with radius. By
contrast, the widths significantly decrease from the cen-
ter to the rim. We note that the systematic uncertainties
due to the intrachip gain variation across the remnant is
±0.2%, which are also shown in Figure 3.

In order to explain those variations of the centroid en-
ergies and widths, we consider a spherically-symmetric
shell expansion of the remnant. In this case, the emis-
sion lines from retreating and approaching shells to the
observer should be red- and blue-shifted, respectively.
Therefore, the lines at the center of the SNR should be

Fig. 2. Spectra of region 3 with the best-fit single Gaussian fit model
in 1.7−5 keV (left) 5−8 keV (right) bands.

broader than that at the rim where the less line-of-sight
velocity would be observed.

4. Analysis with Shell Expansion Model

Considering the spherically-symmetric shell expansion,
a broadened line at the center of the remnant should be
composed of red- and blue-shifted lines. We thus can
derive the velocities of the ejecta from the differences of
the centroid energies between both components.

4.1. Spectral Fitting

In this analysis, we take the spectrum of region 1 where
the line-of-sight velocity should be maximized. Again,
we fit the spectra in two energy bands separately. We
here assume that each broadened line consists of the red-
and blue-shifted lines, and thus the model includes a
power-law and 40 Gaussian lines (the double Gaussian
model hereafter). The widths of all Gaussian models are
fixed to those expected from the single non-equilibrium
collisional plasma model version 1.1 in XSPEC: 10, 13,
17 and 50 eV for Heα of Si, S, Ar, and Ca lines, respec-
tively. Line intensities of red- and blue-shifted pairs are
linked with each other, and those intensities are treated
in the same way as the single Gaussian model. Centroid
energies of both red- and blue-shifted lines of all Heα
lines are left free parameters. In the 5−8 keV spectra,
we also apply the double Gaussian model to the Fe Kα

line. The fixed width is 35 eV, by assuming a single
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Fig. 3. Radial line profile of Heα of Si S, Ar, and Ca, and Fe Kα lines.

Fig. 4. Spectra of region 1 with the best-fit double Gaussian fit model
in 1.7−5 keV (left) 5−8 keV (right) bands.

ionization state (Furuzawa et al. 2009), and the intensi-
ties of two lines are tied with each other. The centroid
energies of both lines are free parameters. We obtain
the good fits both for 1.7−5 keV and 5−8 keV spectra.
The spectra with the best-fit double Gaussian models
are shown in Figure 4.

4.2. Expansion Velocity

We then convert the centroid energy difference between
the red- and blue-shifted lines into expansion velocity by
an equation of non-relativistic Doppler effect,

1

2

δE

E0

=
v⊥

c
, (1)

where the δE, E0, and v⊥ are a centroid energy differ-
ence between the red- and blue-shifted components, rest-
frame energy, and a line-of-sight velocity, respectively.
Here, we need some correction. First, the line-of-sight
velocity seen from the observer is continuously decreas-
ing from the center to the rim. We thus calculate the
mean line-of-sight velocity we would observe in region
1, which is 0.86 vexp, where vexp is an actual expansion
velocity. Second, due to the smearing effect of the XRT
(the half power diameter of 2′), only 48% of observed
events in region 1 originate from this sky region, and
other events actually come mainly from region 2 and 3
(See Furuzawa et al. 2009 in detail). Combining this

This document is provided by JAXA.



The Energetic Cosmos : from Suzaku to ASTRO-H 61

Table 1. Centroid energy difference and velocity

δE Velocity
(eV) (km s−1)

Si 55.1+0.4
−0.3 5090+40

−30

S 68.2+1.3
−0.7 4300+100

−200

Ar 88+5

−4
4800+300

−200

Ca 110±10 5100±500
Fe 142±7 3800±200

Fig. 5. Expansion velocity of ejecta.

smearing effect with the mean line-of-sight velocity, ac-
tual v⊥ we would observe in region 1 is estimated as
0.87 vexp. As the results, the translated expansion veloc-
ities are summarized in Table 1 and Figure 5. We found
that IMEs have significantly higher velocities than Fe Kα

emitter. We should note that the Ca Heα line might be
broadened by not only the shell expansion but also the
multi-ionization ages effect, since the centroid energy of
this line is significantly increasing from the center to the
rim. In this analysis, however, we cannot discriminate
those effects. To investigate more accurate velocity of
Ca, a feature observation with higher energy resolution
is required.

5. Discussion

5.1. Distribution of Matter

Image analysis of past X-ray observations, e.g., Hwang &
Gotthelf (1997), Decourchelle et al. (2001), and Warren
et al. (2005), implied that the Fe-K emitter are con-
centrated in the center compared from the other lighter
elements. This work reveals the three-dimensional onion-
like structure of ejecta, inlaying Fe-K emitting ejecta and

outward IMEs. This stratification agrees with a picture
where the heavier elements are synthesized at deeper
layer of the progenitor (Iwamoto et al. 1999).

5.2. Distance to Tycho’s SNR

Our results of ejecta velocity are completely indepen-
dent from the distance. Recent work of Katuda et
al. (2009) measured the proper motions of ejecta µ

from Chandra’s 1−8 keV band images taken in 2000,
2003, and 2007. Combining the velocity with their re-
sult, we can estimate the distance to the target. Us-
ing the velocity of Si, of which emission is dominant
in this energy band, we drive the distance of 4.1 ±

1.2 (v/4900 km s−1)(µ/0.253 yr−1)−1 kpc. The error
represented above is dominated by the azimuthal varia-
tion of µ. This result well agrees with the distance deter-
mined in several independent ways, e.g., the proper mo-
tion of the optical filament and shock velocity (1.9−3.3
kpc; Ghavamian et al. 2001), the observation of HI ab-
sorption (4.6±0.5 kpc; Schwarz et al. 1995), and com-
paring the historical record of SN peak luminosity with
the absolute peak luminosity of Type Ia SNe (3.8+1.5

−1.1

kpc; Krause et al. 2008).

References

Decourchelle, A. et al. 2001 A&A., 365, L218
Furuzawa, A. et al. 2009 ApJ, 693, L61
Ghavamian, P. et al. 2001 ApJ., 547, 995
Hwang, U & Gotthelf, E. V. 1997 ApJ., 475, 665
Hwang, U. et al. 1998 ApJ., 497, 833
Iwamoto, K. et al. 1999 ApJS., 125, 439
Katuda, S. et al. ApJ., submitted
Kosenko, D. et al. 2008 A&A., 490, 223
Krause, O. et al. 2008 Nature, 456, 617
Schwarz, U. J. et al. 1995 A&A., 229, 193S
Warren, J. S. et al. 2005 ApJ., 634, 376
Yamaguchi, H. et al. 2008 PASJ., 60, S141

This document is provided by JAXA.



JAXA  Special  Publication     JAXA-SP-09-008E62

Suzaku View of Thermal Supernova Remnants

Satoru Katsuda1

1Code 662, NASA Goddard Space Flight Center, Greenbelt, MD 20771, U.S.A.
E-mail(SK): satoru.katsuda@nasa.gov

Abstract

The X-ray Imaging Spectrometer (XIS) onboard Suzaku is characterized by three major advantages:
low and stable background, good response in low energies, and superior energy resolution. Utilizing these
advantages, the XIS has attacked a number of supernova remnants (SNRs). The first advantageous point
allows us to detect Fe, Mn, and Cr lines from young SNRs, while the second one reveals C and N lines
from evolved SNRs. The third one enables us to detect line broadening due to either the Doppler effect,
the thermal Doppler effect, or the ionization-timescale variation of several plasma components. For largely
extended evolved SNRs, by combining the three advantages, spatially-resolved spectral analyses show us
their metal distributions in unprecedented details. I will review such a Suzaku view of thermal SNRs.

Key words: ISM: abundances — supernova remnants

1. Introduction

After the launch of the Suzaku satellite in July 2005
(Mitsuda et al. 2007), the X-ray Imaging Spectrometer
(XIS; Koyama et al. 2007), which is one of the X-ray
detectors onboard the satellite, has been successfully op-
erated, and has observed a number of supernova rem-
nants (SNRs). Suzaku has unique capabilities compared
with the other currently operating X-ray observatories,
i.e., Chandra and XMM-Newton. The performance of
CCD cameras onboard the three X-ray observatories are
summarized in Table 1, from which we can see that each
observatory plays complementary roles. Chandra has far
superior spatial resolution, and XMM-Newton has high
throughput and a large field of view (FOV). On the other
hand, Suzaku has three advantages: 1) a very low and
stable background especially at high energies, 2) high
energy resolution which is nearly at the theoretical limit
for CCDs, and 3) significant sensitivity below 0.5 keV.
Each of the three advantages has played a part in ob-
taining new results. These results for thermal emission
from SNRs, which will be briefly reviewed in this article,
are summarized as follows:

• Detection of lines above 4 keV

• Detection of line broadening

• Detection of lines below 0.5 keV

• Spatially-resolved spectral analysis

2. Young SNRs

Thermal emission from young SNRs comes dominantly
from the high-temperature (>1 keV) SN ejecta heated
by the reverse shock. Therefore, young SNRs are ideal
targets to investigate the SN ejecta.

2.1. Detection of Lines above 4 keV

Relative abundances of trace elements, such as Cr to
Mn, are sensitive to Type-Ia SN explosion mechanism
(Iwamoto et al. 1999). Therefore, they should provide
an important diagnostic for these explosions. However,
detection of the lines from Cr and Mn, were previously
reported only from W49B SNR with ASCA. The larger
effective area of the XIS together with its low background
allows us to detect these emission lines for many other
SNRs. So far, these include Tycho’s SNR, Kepler’s SNR,
and LMC SNR, N103B. The XIS spectrum from the en-
tire Tycho’s SNR is shown in Fig. 1 (Tamagawa et al.
2009). In addition to the strong Fe K blend, we can see
several line features which are detected for the first time
in this observation. Badenes et al. (2008) had noted a
correlation between the Mn to Cr mass ratio in the SN
ejecta and the progenitor metallicities. The correlation
is particularly tight for Type-Ia SNe, and can be well de-
scribed by a power-law function. Using the flux ratio of
Mn and Cr K lines from Tycho’s SNR, the mass ratio is
calculated within 0.3 to 1.2. The progenitor metallicity
is then derived to be within 0.02 to 0.1, which translated
to 1 to 5 times the solar value. Sub-solar metallicities
are therefore safely rejected.

Different interesting science is found in Vela Jr. Vela
Jr. is a relatively new SNR discovered 11 yrs ago by the
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Table 1. Performance of CCD cameras onboard Suzaku, Chandra, and XMM-Newton

Suzaku (XIS) Chandra (ACIS) XMM-Newton (EPIC)
Background level (@5 keV, normalized at the XIS) 1 5 3
Energy resolution (eV @1keV and 6 keV) . . . . . . . . 60 and 140 80 and 150 80 and 150
Bandpass (keV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.2–12 0.5–12 0.5–12
Spatial resolution (arcsec for half-power diameter) 120 0.5 15
Effective area (cm2 @ 1.5 keV) . . . . . . . . . . . . . . . . . . . 1100 500 2200
Field of view (arcmin2) . . . . . . . . . . . . . . . . . . . . . . . . . . 320 290 660

Fig. 1. XIS spectrum from Tycho’s SNR (Tamagawa et al. 2009).

ROSAT all-sky survey (Aschenbach 1998). At the same
time, gamma-ray emission lines from the decay chain of
44Ti was reported (Iyudin et al. 1998). Because the decay
time of 44Ti is very short, Vela Jr. was inferred to be very
young, most likely about 700 yrs old. Two years after the
discovery, ASCA detected a possible line feature around
4 keV (Tsunemi et al. 2000), but only on the SIS0 chip
(Slane et al. 2001). This line feature was attributed to
K lines from Ca or Sc which are daughter elements of
44Ti. It was also seen with XMM-Newton (Iyudin et
al. 2005) and Chandra (Bamba et al. 2005). But later,
the detection of gamma-ray emission was questioned by
re-analysis of the same data. Therefore, the detection
of line emission related to 44Ti has been debated. In
the meantime, Suzaku observed this remnant with the
highest sensitivity at 4 keV (Hiraga et al. 2009). The
XIS spectrum does not show any line features. Without
evidence for 44Ti, Vela Jr. turns out not to be as young
as 700 yrs. An older age for this remnant is actually
consistent with a recent claim based on the expansion
measurement of the northwestern rim of the remnant
(Katsuda et al. 2008a).

Also very interesting are strong radiative recombina-
tion continua (RRC) detected from IC443 (Yamaguchi et
al. 2009). The ionization temperature determined from
the intensity ratios of the RRC to He-like Kα line are
clearly higher than the electron temperature determined
from the width of the RRC. This is firm evidence for

an extremely-overionized (recombinating) plasma. Such
strong RRC were also detected from W49B SNR (Ozawa
et al. 2009).

In SN1006, strong Fe K line emission was firmly de-
tected for the first time (Yamaguchi et al. 2008). The
detection of Fe K line is especially important, since it
allows the elemental abundance of Fe to be measured. It
finally confirmed that SN1006 is a remnant of a Type-
Ia SN explosion. In RCW86, the spatial distribution of
the Fe K line was revealed for the first time (Ueno et al.
2007; Yamaguchi et al. 2008).

2.2. Detection of Line Broadening

Detections of line broadening from young ejecta-
dominated SNRs were made possible by XIS’ high en-
ergy resolution. The causes of the line broadening found
by the XIS are either multiple red and blue shifted lines,
or thermal Doppler effects, or ionization effects.

Furuzawa et al. (2009) found the broadened Fe K line
in Tycho’s SNR. The authors also noticed that the center
energy of the Fe K line stays constant with radius, while
the widths significantly reduces toward the outer region.
The broadened line from the central region clearly re-
quires at least two lines. There are two possible interpre-
tations on these two lines: one is that two plasmas with
different ionization states emit each line, and the other is
an expanding shell which produces red and blue shifted
lines. The authors compared the radial variation of the
line center energy and line widths with the two mod-
els. Since the expanding shell model better fits the data,
the authors concluded that the line broadening is due to
Doppler effects. The velocity of the expanding shell was
derived to be about 3,000km sec−1. More recently, Hay-
ato et al. (2009) expanded the analyses for inter-mediate
mass elements (i.e., Si, S, Ar, and Ca). They found that
all the lines are broadened and obtained the expansion
velocity for Si and S to be ∼3,500km sec−1. This ve-
locity is significantly higher than that of Fe. This is
evidence for the fact that the onion-skin-like structure of
the ejecta still retains in Tycho’s SNR.

Broadened emission lines for Si and S K lines were also
found in SN1006 (Yamaguchi et al. 2008). The authors
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Fig. 2. XIS spectra (black and gray for front- and back-side illumi-
nated CCD data, respectively) from the SE portion of SN1006
(Yamaguchi et al. 2008). The model consists of four components
representing the ISM, two ejecta with different ionization ages,
and nonthermal emission.

successfully modeled the thermal emission with an inter-
stellar medium (ISM) component plus two ejecta compo-
nents having different ionization ages. The XIS spectra
extracted from the southeastern portion of SN1006 are
shown in Fig. 2 along with the best-fit model. The ejecta
component responsible for Fe K line emission has a very
low ionization time scale. This suggests that the reverse
shock has reached Si, S, and Fe rich ejecta very recently
in this region.

N103B also shows significantly broadened line for Fe
K (Yamaguchi et al. 2009). In this case, the main cause
of the broadening is likely thermal Doppler effects rather
than the other effects seen in Tycho’s SNR or SN1006.

3. Evolved SNRs

In evolved SNRs, thermal emission originates from rela-
tively low-temperature (< 1 keV) plasma which is a com-
bination of the swept-up ISM and the ejecta. We can
study both the ISM and the ejecta from evolved SNRs.

3.1. Detection of Lines below 0.5 keV

Since the plasma temperature of evolved SNRs are gen-
erally as low as < 1 keV, the thermal emission is domi-
nated by line emission from light elements (i.e., C, N, O,
Ne, and Mg). From these plasmas, C and N K lines can
be clearly detected thanks to the good response of the
XIS in the low energy bands below 0.5 keV. However,
due to severe interstellar absorption at these energies,
there are actually a few candidates from which we can
detect these emission lines. Figure 3 shows an XIS spec-
trum extracted from the bright northeastern rim of the
Cygnus Loop, in which we can clearly see emission lines
from highly ionized C and N K lines for the first time
(Miyata et al. 2007). Previous X-ray spectral analysis
was performed assuming the same abundance among C,

N, and O. Now, in the Suzaku era, we no longer have to
assume these abundances. The spectral analysis showed
that all the metal abundances were strongly depleted,
typically 0.2 times the solar value. While the low abun-
dance clearly shows that the origin of the plasma there is
the ISM rather than the ejecta, such a strong depletion is
not expected in the ISM around the Cygnus Loop. Miy-
ata et al. (2008) investigated the effect of resonance line
scattering as a possible explanation for the depletion.
They estimated that O He-like K line could be reduced
to 70% of its original strength. But, this does not fully
explain the strongly depleted abundances observed. The
strong depletion still remains an open question.

Fig. 3. XIS spectrum from the northeastern portion of the Cygnus
Loop (Miyata et al. 2007).

3.2. Detailed Spatially-Resolved Spectral Analysis

Detailed spatial analysis for large SNRs is possible due
to Suzaku’s relatively large FOV plus the high effective
area. Here, I will focus on Puppis A and the Cygnus
Loop among the several other results published, i.e.,
North Polar Spur (Miller et al. 2008), the Vela SNR (Ya-
maguchi et al. 2009c), and G156.2+5.7 (Katsuda et al.
2009).

The middle-aged SNR Puppis A is one of the bright-
est SNRs in the X-ray sky. Suzaku observed the east-
ern part of this remnant (Hwang et al. 2008). The au-
thors performed detailed spatially-resolved spectral anal-
ysis, and revealed abundance variations in this remnant.
They noticed a region in the remnant with strongly en-
hanced abundances. Since the abundances there are
above the solar values, this is clear evidence for the pres-
ence of the ejecta in this 4,000-yrs-old remnant. More re-
cently, based on XMM-Newton archival data, we found a
knotty feature partially coincident with the abundance-
enhanced region (Katsuda et al. 2008b). Our spectral
analysis of the knot showed super-solar metal abun-
dances and blue-shifted lines. The line-of-sight velocity
of the knot is estimated to be about 3,000kmsec−1.
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30 arcmin

Fig. 4. Left: ROSAT HRI image of the Cygnus Loop with Suzaku
XIS FOV (boxes) and XMM-Newton EPIC FOV (circles). The
dashed boxes is Suzaku FOV to be observed during the AO4 cy-
cle. Right: Ejecta distribution in the Cygnus Loop (Uchida et
al. 2009b) revealed by detailed spatially resolved spectral analyses
from Suzaku and XMM-Newton data.

Finally, I turn to the Cygnus Loop. So far, the Cygnus
Loop had been observed in 32 pointings by Suzaku and
10 pointings by XMM-Newton. Figure 4 left shows these
FOV (solid boxes for Suzaku and solid circles for XMM-
Newton) as well as approved observations for the Suzaku
AO4 cycle (dashed boxes) overlaid on the ROSAT HRI
image of the entire Cygnus Loop. In total, the exposure
times for Suzaku and XMM-Newton are about 800ksec
and 100ksec, respectively. Previous ASCA observations
revealed that the swept-up ISM is present in the rim
regions, while the ejecta occupy the inside of the Loop.
The XIS spectra extracted from the rim region and the
central region show clear difference, and we confirmed
this picture from our spectral analysis. To study both
the ISM and the ejecta in detail, we have performed a
detailed spatially-resolved spectral analysis, by dividing
the FOV.

We generated abundance maps for the rim regions,
and found that most of the rim regions show strongly
depleted metal abundances similar to that seen in the
northeastern rim region (only about 0.2 times the so-
lar values: e.g., Miyata et al. 2007). However, on the
other hand, we also found normal (∼0.5 times the solar)
abundance regions in the northern outermost rim region
(Katsuda et al. 2008c; Uchida et al. 2009a). Another
normal abundance region was also found in the south-
eastern rim (Tsunemi et al. 2009). Although the reason
for the strong depletion of the ISM abundance seen in
the most of the rim regions is not yet understood, we
believe that this abundance inhomogeneity will be a key
point to resolve this issue.

Figure 4 right shows the emission measure map of the
Si ejecta (Tsunemi et al. 2007; Katsuda et al. 2008d;
Kimura et al. 2009; Uchida et al. 2009b). We can see
the centrally concentrated ejecta structure, which is ev-
idence that the ejecta are not yet well-mixed with the

ISM in this 10,000-yrs-old SNR. Also, we found that the
ejecta distribution is shifted toward the south from the
geometric center of the Loop. We proposed that this
asymmetric ejecta distribution reflects the asymmetry
of the supernova explosion itself.

4. Conclusion

The Suzaku XIS opened new windows for thermal emis-
sion from SNRs by its low background, high energy res-
olution, and good response at low energies. And, it has
already yielded a number of completely new results for
thermal emission from SNRs. Thus, thermal SNRs are
fairly suitable targets for the Suzaku XIS, and we surely
will have much more new results from future observa-
tions as well as existing data.
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Abstract

We present the Suzaku detection of strong free-bound emission from the Galactic middle-aged super-
nova remnant (SNR) IC 443. A previous ASCA observation revealed that the Lyα fluxes of Si and S are
significantly higher than those expected from the electron temperature of the bremsstrahlung continuum
(Kawasaki et al. 2002). Therefore, it was claimed that the thermal plasma in this SNR is in “overion-
ization”. In the XIS spectrum of IC 443, we discovered hump-like features around at 2.7 and 3.5 keV
as well as the strong Lyα lines. These humps are well represented by radiative recombination continua
(RRC) of H-like Si and S with the electron temperature of ∼ 0.6 keV. The ionization temperatures of Si
and S determined from the intensity ratios of the RRC to He-like Kα line are ∼ 1.0 keV and ∼ 1.2 keV,
respectively. We thus find firm evidence for an extremely-overionized (recombining) plasma. As the origin
of the overionization, a thermal conduction scenario argued in the previous work is not favored in our new
results. We propose that the highly-ionized gas were made at the initial phase of the SNR evolution in
dense regions around a massive progenitor, and the low electron temperature is due to a rapid cooling by
an adiabatic expansion.

Key words: ISM: supernova remnants — radiation mechanisms: thermal

1. Introduction

IC 443 (G189.1+3.0), a Galactic supernova remnant
(SNR) at a distance of 1.5 kpc (Welsh & Sallmen 2003),
is located near the Gem OB1 association and a dense gi-
ant molecular cloud (Cornett et al. 1977) with OH maser
emission (Claussen et al. 1997). These facts strongly
suggest that the remnant originated from a collapse of
a massive progenitor. Braun & Strom (1986) proposed
that the shock wave has expanded into the pre-existing
wind-blown bubble shell. This was confirmed by a kine-
matical study of the optical filaments (Meaburn et al.
1990). A comprehensive X-ray study of IC 443 was first
made with the Einstein and HEAO-A2 satellites (Petre
et al. 1988). They estimated the SNR age to be ∼3000 yr.
Recently, Troja et al. (2008) derived the age of ∼4000 yr
from the morphologies of the shocked ejecta and inter-
stellar medium (ISM) revealed by XMM-Newton. Thus,
IC 443 is a middle-aged SNR.

Using ASCA, Kawasaki et al. (2002) found that the
ionization degrees of Si and S were significantly higher
than those expected from the electron temperature of
the bremsstrahlung continuum. Therefore, it was argued
that the plasma is in overionization (kTz > kTe, where

kTz and kTe are ionization and electron temperatures,
respectively). On the other hand, XMM-Newton found
that the plasma is in collisional ionization equilibrium
(CIE), or the overionization is only marginal (Troja et
al. 2008). These two controversial results hinge upon
small differences, if any, between the estimated electron
and ionization temperatures.

Our purpose is to investigate whether the overionized
plasma is really present or not, by utilizing the supe-
rior spectral capabilities of X-ray Imaging Spectrometers
(XIS: Koyama et al. 2007) on board the Suzaku satellite.
If present, we will study the plasma condition quantita-
tively to discuss the possible origin of the overionization.
The details of the observation and data reduction are
found in Yamaguchi et al. (2009).

2. Analysis and Results

We extracted the representative spectrum from the
brightest region in the SNR, the rectangular with an an-
gular size of 7′× 5′, which approximately corresponds to
the “Center” region of Kawasaki et al. (2002). The XIS
spectra of the two FIs were made by subtracting the non
X-ray background (NXB), and were merged to improve
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Fig. 1. Full-band XIS-FI spectrum. The energies of prominent Kα

emission lines from specific elements are labeled in the panel.

the statistics. Figure 1 shows the resultant spectrum.
We can see several prominent lines of Kα emission from
He- and H-like ions (hereafter, Heα and Lyα). In order
to examine the ionization states of Si and S, we hereafter
focus on the spectrum in the energy range above 1.75 keV
(Fig. 2). For simplicity, the BI spectrum is not shown
in the figures, although it was analyzed simultaneously
with the FI.

We first fitted the spectrum with a model of a thin-
thermal plasma in CIE state (a VAPEC model: Smith et
al. 2001). The abundances (Anders & Grevesse 1989) of
Si, S, and Ar were free parameters, while the Ca abun-
dance was tied to Ar. Interstellar extinction was fixed
to a hydrogen column density of NH = 7 × 1021 cm−2

with the solar elemental abundances, following Kawasaki
et al. (2002) and Troja et al. (2008). The cosmic X-
ray background (CXB) spectrum was approximated by
a power-law model with photon index of Γ = 1.412
and the surface brightness in the 2–10 keV band of
6.4×10−8 erg cm−2 s−1 sr−1 (Kushino et al. 2002). This
fit leaved large residuals at the energies of S and Ar Lyα

lines, and hence was rejected with the χ
2/dof of 935/270.

We, therefore, applied a model of one-temperature
VAPEC (CIE plasma) plus narrow Gaussian lines at
2006, 2623, and 3323 eV, the Lyα energies of the Si,
S, and Ar hydrogenic ions, respectively. This process
is essentially the same as Kawasaki et al. (2002). Lyβ

lines of the same elements were also added, but they
were not significant except for Si (2377 eV). The result
is shown in Figure 2a, with the best-fit CIE plasma tem-
perature of kTe ∼ 0.94 keV. Although the χ

2/dof value
was significantly reduced to 657/266, the model was still
unacceptable. In fact, apparent hump-like residuals are
found around ∼2.7 keV and ∼3.5 keV. No additional CIE
component nor non-equilibrium ionization (NEI) plasma
model removed these hump-like residuals.

At the energies of the humps, no emission line candi-
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Fig. 2. (a) XIS-FI spectrum in the 1.75–6.0 keV band. The best–
fit VAPEC model is given with the dotted line, and additional
Gaussians for the Lyman lines of Si, S, and Ar are shown with
the dashed lines. The CXB is represented by the gray solid
line. The lower panel shows the residual from the best-fit model.
The hump-like features are clearly found around the energies of
∼2.7 keV and ∼3.5 keV. (b) Same spectrum as (a), but for a fit
with RRC components of H-like Mg, Si, and S (black solid lines).
The residuals seen in (a) are disappeared.

date from an abundant element is found. However, the
energies are consistent with the K-shell binding poten-
tials (Iz) of the H-like Si (2666 eV) and S (3482 eV).
Therefore, the humps are likely due to the free-bound
transitions to the K-shell of the H-like Si and S. When
the electron temperature is much lower than the K-edge
energy (kTe ≪ Iz), a formula for the radiative recombi-
nation continuum (RRC) spectrum is approximated as;

dP

dE
(Eγ) ∝ exp

(
−

Eγ − Iz

kTe

)
, for Eγ ≥ Iz . (1)

We added the RRC of Equation 1 for H-like1 Si and S.
The kTe values of the RRC were linked to that of the
VAPEC component. Then, the fit was dramatically im-
proved to an acceptable χ

2/dof of 290/264. Although the
hump-like residuals were completely removed by this fit,
we further added the RRC model of H-like Mg. This step

*1 “H-like RRC” refers to the free-bound emission due to electron
captures by fully-ionized ions into ground state of H-like ions
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Table 1. Best-fit spectral parameters

Component Parameter Value
CIE (VAPEC) kTe (keV) 0.61 (0.59–0.64)

ZSi (solar) 0.82 (0.78–0.85)
ZS (solar) 1.7 (1.6–1.8)
ZAr (solar) 2.5 (2.2–2.8)
VEM (1012 cm−5)a 6.4 (6.3–6.6)

E (keV)b Flux (10−4 photon cm−2 s−1)
Line Si Lyα 2.006 2.8 (2.7–2.9)

Si Lyβ 2.377 0.21 (0.14–0.29)
S Lyα 2.623 0.84 (0.79–0.90)
Ar Lyα 3.323 0.11 (0.085–0.14)

RRC H-like Mg 1.958 1.2 (1.0–1.5)
H-like Si 2.666 2.2 (2.0–2.3)
H-like S 3.482 0.46 (0.41–0.51)

The uncertainties in the parentheses are the 90% confidence range. aVolume emission measure,
∫

nenp dV/(4πD
2),

where ne, np, V , and D are the electron and proton densities (cm−3), the emitting volume (cm3), and the distance
to the source (cm), respectively. bThe fixed energy values of the line center or the K-edge.
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Fig. 3. Emissivity ratios of H-like RRC to He-like Kα lines as a func-
tion of ionization temperature (kTz), predicted by the plasma
radiation code of Masai (1994) for recombining plasma with elec-
tron temperature (kTe) of 0.6 keV. Black and gray solid lines
represent Si and S, respectively. For comparison, the same ratios
for CIE (kTz = kTe) plasma (the APEC model: Smith 2001) are
indicated by dashed lines. The horizontal dotted lines represent
the 90% upper and lower limits of the observed values.

is reasonable because Mg is more abundant than Si and S
in the solar abundance ratio of Anders & Grevesse (1989)
and the K-edge energy of H-like Mg (Iz = 1958 eV) falls
into the analyzed band. The χ

2/dof value was signifi-
cantly reduced to 267/263, which gives an F -test proba-
bility of ∼ 3× 10−6. The best-fit parameters and model
are given in Table 1 and Figure 2b, respectively.

3. Discussion and Conclusion

We have found that the 1.75–6.0 keV spectrum cannot
be represented with CIE nor NEI plasma alone, but need
the additional fluxes of the Lyman lines and the H-like
RRC of Si and S (and possibly Mg). This is the first
detection of clear RRC emissions in an SNR. In the fol-
lowing, we quantitatively discuss the implications of our
spectral results.

From the best-fit model in Table 1, the flux ratios of
H-like RRC to He-like Kα (Heα) line (FRRC/FHeα) are
given to be 0.28 (0.24–0.30) and 0.18 (0.15–0.20) for Si
and S, respectively. These are compared, in Figure 3,
with the modeled emissivity ratios by the plasma radi-
ation code of Masai (1994) for the electron temperature
of 0.6 keV. We find that the large observed ratios of
FRRC/FHeα are significantly above those in the CIE case
(kTz = kTe), but can be reproduced in the overioniza-
tion case (kTz > kTe). The ionization temperatures of
Si and S are determined to be ∼ 1.0 keV and ∼ 1.2 keV,
respectively. This is, therefore, the firm evidence of the
overionized (recombining) plasma.

The elemental abundances in Table 1 are determined
as the parameters of the 0.6 keV VAPEC (CIE) com-
ponent, and hence should be modified in the real case
of the overionized plasma. The intensity of the Si-Heα
line is given as FHeα ∝ ε(Te) · fHe(Tz) · ZSi, where ε(Te)
and fHe(Tz) are, respectively, emissivity coefficient for
electron temperature Te and fraction of He-like ion for
ionization temperature Tz. The abundance, therefore,
can be modified by the fraction ratio of He-like ions,
fHe(0.6 keV)/fHe(1.0 keV). According to the ionization
population calculations by Mazzotta (1998), the ion frac-
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tions of He-like, H-like, and fully-ionized Si (fHe, fH, f0)
are estimated to be (0.83, 0.15, 0.01) for kTz = 0.6 keV
and (0.37, 0.43, 0.19) for kTz = 1.0 keV, respectively.
Then, the modified ZSi is 0.82× (0.83/0.37) ≃ 2.2 solar.
For S, (fHe, fH, f0) are (0.91, 0.02, 0) for kTz = 0.6 keV
and (0.59, 0.32, 0.06) for kTz = 1.2 keV. Thus, we simi-
larly modified ZS to be 1.7 × (0.91/0.59) ≃ 2.6 solar.

Using the measured RRC flux, we can indepen-
dently determine the volume emission measure, VEM =∫

nenp dV/(4πD
2), from a following equation:

FRRC = α1(Te) · nZ/np · f0 · VEM , (2)

where α1(Te) and nZ are K-shell RRC rate coefficient for
electron temperature Te and number density of element
Z, respectively. According to Badnell (2006), we find
total radiative recombination rate for fully-ionized Si, at
kTe = 0.6 keV, is αtot ∼ 2.3 × 10−12 cm3 s−1. Since
the rate of the recombination into a level of principal
quantum number n is described as;

αn ∝

1

n3

(
3

2

kTe

Iz

+
1

n2

)−1

(3)

(e.g., Nakayama & Masai 2001), we obtain α1/αtot =
0.65, for kTe = 0.6 keV and Iz = 2.666 keV. Thus, the
VEM is calculated to be ∼ 9.9 × 1012 (ZSi/2.2 solar)−1

(f0/0.19)−1 cm−5. Similarly, αtot at 0.6 keV for fully-
ionized S is derived to be ∼ 3.2× 10−12 cm3 s−1. There-
fore, the RRC flux of S corresponds to the VEM of
∼ 9.4 × 1012 (ZS/2.6 solar)−1 (f0/0.06)−1 cm−5. These
values are almost consistent with that of the VAPEC
component (Table 1).

The angular size of the spectrum extraction region
corresponds to 3.1 × 2.2 pc2 at D = 1.5 kpc. Assum-
ing the plasma depth of 3 pc, the emitting volume is
estimated to be 6.1 × 1056 cm3. Therefore, the VEM
of 6.6 × 1012 cm−5 is converted to the uniform electron
density of ne ∼ 1.7 cm−3.

The overionization claim for IC 443 was first argued
by Kawasaki et al. (2002) based on ASCA data. As the
mechanism to form the overionized plasma, they pro-
posed that the SNR consists of a central hot (kTe ∼

1.0 keV) region surrounded by a cool (kTe ∼ 0.2 keV)
outer shell, and interpreted that the hot interior cooled
down via thermal conduction to the cool exterior. Un-
der the several reasonable boundary conditions, they es-
timated the cooling time from kTe = 1.5 keV to 1.0 keV
is about (3–10) × 103 yr, roughly the same as the SNR
age (∼4000 yr: Troja et al. 2008). However, this sce-
nario cannot work on our new results. According to
equation (5) of Kawasaki et al. (2002), the conduction
timescale is estimated to be

tcond ≃ 3.9×104

(
ne

1.7 cm−3

)(
kTe

0.6 keV

)−5/2

yr ,(4)

for the similar boundary condition. Thus, cooling via
conduction requires far longer time than the SNR age.

Since the progenitor of IC 443 has been suggested to be
a massive star with strong stellar wind activity (Braun
& Strom 1986; Meaburn et al. 1990), we propose another
possibility that the rapid and drastic cooling is due to a
rarefaction process, as discussed by Itoh & Masai (1989).
If a supernova explodes in a dense circumstellar medium
made in the progenitor’s super giant phase, the gas is
shock-heated to high temperature and significantly ion-
ized at the initial phase of the SNR evolution. Subse-
quent outbreak of the blast wave to a low-density ISM
caused drastic adiabatic expansion of the shocked gas
and resultant rapid cooling of the electrons. The life-
times of the fully-stripped ions are roughly estimated to
be τ = (αtotne)

−1
≃ 8.1 × 103(ne/1.7cm−3)−1 yr for Si

and ≃ 5.8 × 103(ne/1.7cm−3)−1 yr for S, respectively.
Note that these values are underestimated compared to
the actual timescale for the plasma to reach CIE, because
the contribution of collisional ionization processes is ig-
nored. Nevertheless, the estimated lifetimes are longer
than the age of IC 443. The overionized plasma can,
therefore, still survive at present.

Future observations with very high energy resolution
like the Astro-H mission will give firm evidence for the
RRC structure not only on Si and S but also on the
other major elements. This will provide more quantita-
tive study on the peculiar SNR IC 443.

We acknowledge helpful discussions with Kuniaki Ma-
sai. H.Y. is supported by the Special Postdoctoral Re-
searchers Program in RIKEN.
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Abstract

We discuss some interesting recent developments in X-ray plasma diagnostics. In collisionally ionised
plasmas like clusters of galaxies, we show how various multi-temperature analysis techniques can be used in
order to obtain the proper emission measure distribution and chemical abundances. We show how spectra
from sources with non-thermal electron distributions can be modelled simply. We also discuss advances in
the modelling of atomic processes that contribute to the final X-ray spectrum. Finally, we discuss progress
in the modelling of X-ray absorption spectra.

Key words: Atomic data — Radiation mechanisms: general — X-rays: general

1. Introduction

Most spectroscopic codes started in the late 60’s of the
past century. For a historical overview of plasma models
we refer to Raymond (2005). In this contribution we fo-
cus on the spectroscopic work in Utrecht, started in 1972
by Rolf Mewe. The original code evolved gradually over
the years (see Raymond (2009) for a review of Mewe’s
most cited paper). The original spectroscopic models
were integrated in a broader spectral fitting and analysis
program, named SPEX, which originated in its earliest
form in 1992 (see Kaastra et al. 1996b).

SPEX (www.sron.nl/spex) allows the user to calcu-
late, display and fit spectra. It contains in particular
thermal models under a broad range of physical condi-
tions (CIE, NEI, PIE, etc.). It used the same atomic
database for all of its models. The core of that is formed
by the old Mewe et al. models (Mewe et al. 1985, 1986).
However, several updates have been made, and extensive
updates are in progress.

We want to stress here that under ”normal” operat-
ing conditions, the older models work well. However,
inspired by new data or data from new instruments, or
new applications, the limitations of the models are some-
times surpassed. Our updates are often inspired by such
new opportunities. In most cases, updating is a straight-
forward but time-consuming task, in particular the qual-
ity and completeness checks of code and data, and the
benchmarking against other calculations. The old adag-
ium ”everyone wants to use it, nobody wants to do it”
also applies here.

2. Updates of SPEX

As mentioned above, we are in the process of updating
the atomic database that is being used for SPEX. Up-
dates of collisional excitation rates are now completed
for the most important iso-electronic sequences. These
updates were obtained using calculations with different
atomic codes such as HULLAC and FAC, or obtained
from the literature. As an example, Ovii had 7 lines
available in the updated mekal code (based on Mewe
et al. 1985), while the new version of SPEX has 2645
lines(up to n = 20 and including infrared transitions).

In addition, we extend our calculations from the 15
most abundant elements to all elements with nuclear
charge Z ≤ 30 (H to Zn).

For the calculation of a realistic spectrum, not only
collisional excitation is important, but also other pro-
cess typically contribute ∼ 10% to the line flux under
collisional ionisation (CIE) conditions, or even more un-
der other circumstances. Currently we are updating the
radiative recombination rates; other rates that need to
be updated are the dielectronic recombination rates and
inner-shell ionisation and excitation processes. Also, re-
cently updates on the ionisation and recombination rates
needed for the ionisation balance have become available,
and these will also be included in the new version.

The updates of SPEX are not only restricted to atomic
data. Recently, we have introduced a procedure to take
account of non-Maxwellian electron distributions in the
calculation of the X-ray spectra. This is described in
detail by Kaastra et al. (2009b). It is in particular of
potential interest for future high-resolution spectroscopic
missions such as Astro-H or IXO. This is because in par-
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ticular some satellite lines are sensitive to the presence of
high-energy electrons, and only with high spectral res-
olution these weak lines can be disentangled from the
stronger emission lines. SPEX now by default can han-
dle these cases.

3. Multi-temperature plasmas

Another topic where we have been working on recently is
the modelling of multi-temperature plasmas. In general,
line emissivities are a smooth function of temperature.
When multiple temperature components are present in
the source, all these components can contribute to the
flux of a single line. In order to derive the differential
emission measure (DEM) distribution in the source, one
therefore needs at least as many spectral lines as there
are temperature components. But that is yet an insuf-
ficient condition. Because spectra from plasmas with
temperatures that differ not too much are very similar,
in practice it is hard to derive the precise shape of the
DEM. At best, one may be able to derive the total emis-

sion measure and average temperature of the source over
temperature ranges spanning typically a factor of 1.5–2.
This is a well known problem, but not always recognised
by those who analyse spectra. As long as the average
temperature and total emission measure are the same
over such a range, in practice the spectra are indistin-
guishable.

There are different solutions to this problem. An old
solution is to do a DEM analysis on a grid of temper-
atures, and using different constraints such as regulari-
sation or parameterisation of the DEM. An overview of
such methods, as far as implemented in SPEX, was given
by Kaastra et al. (1996a).

Originally triggered by the cooling flow problem for
clusters of galaxies, we have also implemented param-
eterised forms of the DEM into SPEX. Two classes of
models have proven to be rather successful in the analy-
sis of clusters of galaxies.

The first model, called wdem in SPEX, parameterises
the DEM with a power-law in temperature, DEM ∼ T 1α

up to a maximum temperature Tmax. In the limit of α →

0, this smoothly coincides with an isothermal mode. For
non-zero α, it describes rather well the low-temperature
tail in cool-core clusters.

The second model, often called gdem, adopts a DEM
with a Gaussian distribution with width σ around the
central temperature. Again, for σ → 0 this coincides
with an isothermal model. This model is in particular
usefull for the outer parts of clusters; the extracted spec-
trum may be a combination of spectra from regions with
differing temperatures.

Both models can be used to test how good an isother-
mal model applies to the data. In many cases, we
have been able to show that significant deviations from

isothermality occurs. All this is not only of relevance to
derive the proper DEM distribution of the source, but it
also may affect the derived abundances. This is because
the line emissivity, a good abundance diagnostic, is tem-
perature dependent. We only mention here an example
from the work of De Plaa et al. (2006) for the inner 4
arcmin core of the cluster Sérsic 159−3. Changing from
isothermal to wdem to gdem, χ2 decreased from 1228 to
1217 to 949, for 916–914 degrees of freedom. At the same
time, the iron abundance changed significantly from 0.36
to 0.35 to 0.24, and oxygen from 0.36 to 0.30 and 0.19.
Thus, for deriving accurate and unbiased abundances in
clusters of galaxies, stellar coronae or any other source
with thermal X-ray emission, it is very important to re-
construct accurately the temperature distribution, and
the wdem and gdem models are useful tools for that.

4. Spatially extended sources with RGS

The Reflection Grating Spectrometer (RGS) of XMM-
Newton disperses the light of extended sources in one
particular direction on the sky image of the source.
Therefore, the observed spectra of extended sources con-
tain the spatial and spectral information in a coupled
way. The same also holds for the grating spectrometers
on Chandra. Fortunately, there is a linear relation be-
tween the off-axis angle of the photon source and the
wavelength shift of the photons in the dispersed spec-
trum. SPEX contains a convolution model, where this
effect can be taken into account during spectral fitting.
One starts with an X-ray image of the source, prefer-
entially in the same energy band as RGS, and collapses
that onto the dispersion axis of RGS (taking account of
the finite width of the RGS in the cross-dispersion di-
rection). This one-dimensional image then serves as a
convolution kernel, with which the model spectrum is
convolved before folding with the response matrix.

A basic assumption is here that the spectrum at each
position in the source is the same. In practice, this is
not always the case, but it is a good first approxima-
tion. SPEX allows the width to be varied during the
fitting process, and it is sometimes possible to sepa-
rate two different spectral components. For instance,
we have succesfully used different widths for the oxygen
and iron lines in the RGS spectra of clusters of galaxies
(e.g. Werner et al. 2006).

A good example where these methods can be applied
are also groups of galaxies. Recently, Werner et al.
(2009) used these techniques to demonstrate the lack of
resonance scattering in some of these groups and to place
an upper limit to the amount of turbulence.

5. Interstellar absorption cross sections

For most X-ray astronomers, interstellar absorption is a
nuisance, in the sense that it eats away valuable X-ray
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photons that otherwise could have been used to deter-
mine the properties of the studied X-ray sources. How-
ever, the imprint of the absorption offers valuable infor-
mation on the interstellar medium itself. In particular
the advent of X-ray grating spectrometers has made such
studies possible.

These high-resolution observations show that the ab-
sorption edges of the most important elements are not
simply infinitely sharp structures. They show a lot of
structure, both due to the fact that often more quantum
states are possible, and due to resonances that can al-
ready cause absorption at energies below the ionisation
potential of the relevant atomic level. Moreover, close to
these edges the high-resolution spectra show the presence
of discrete resonance absorption lines.

5.1. Oxygen edge

One of the most important astrophysical edges is the
oxygen edge. Theoretical calculations (e.g. McLaughlin
& Kirby 1998) show a wealth of structure in the edge,
but have difficulty to precisely predict the energies of
these structures (at least with the accuracy that we now
can observe with gratings from space). Ideally, labo-
ratory experiments can provide the precise position of
these resonances. For oxygen, this has been a major
problem, however, due to contradictory results from dif-
ferent groups that we discuss below. There has been
even more confusion due to the fact that in the inter-
stellar medium about half of all oxygen atoms are bound
in molecules or dust. Due to the molecular interactions,
the edge structure changes significantly. This offers of
course a unique opportunity to study dust through X-ray
absorption, as each molecule has its own characteristic
absorption structure. However, not all relevant cross-
section are sufficiently well known. In addition, due to
limited spectral resolution of the X-ray spectrometers, or
sometimes due to limited statistics of the spectra, edges
may be seen blurred and blended with the discrete res-
onance structures. This has led some authors to define
”the” edge as the energy where in the observed spectrum
the flux drops rapidly. However, here we prefer to retain
the definition of the edge as the series limit of discrete
absorption lines.

5.1.1. Laboratory measurements

We now turn to the laboratory data for atomic oxy-
gen. In Fig. 1 we show the difference between the mea-
sured energies of resonances for two sets of measure-
ments, those of Menzel et al. (1996) and Stolte et al.
(1997). A few things can be seen from this plot. First,
there is a systematic, almost linear change of the energy
differences with energy. This may be attributed due to
small remaining calibration uncertainties in at least one
of the two datasets. Further, from the scatter around
the correlation it is seen that the correlation between
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Fig. 1. Differences between the measured energies of resonances by
Menzel et al. (1996) as compared to the measurements of Stolte
et al. (1997).

both datasets is much better than suggested by the for-
mal error bars. This is probably due to the fact that the
error bars include a systematic uncertainty, that may be
nearly the same for all transitions. From a linear regres-
sion we obtain for this energy difference (all units here in
eV): ∆E = (36.357 ± 0.010)− (0.0670 ± 0.0016)E, with
a scatter of 0.03 eV (much smaller than the nominal un-
certainties of 0.10 eV).

Next we compare the measurements of Krause (1994)
and Caldwell et al. (1994) with those of Stolte et al.
(1997). In this case, we find no significant slope (best fit
0.0029 ± 0.0037), and only a constant offset of 0.444 ±

0.028 eV. We conclude from this that apparently the
relative energy scales of Krause (1994), Caldwell et al.
(1994) and Stolte et al. (1997) agree, and that most
likely the energy scale of Menzel et al. is slightly off. All
these data sets, however, show a different offset for their
absolute energy scale. We can resolve this by comparing
to astrophysical measurements.

5.1.2. The energy of the O i 1s-2p blend

.
We have measured the wavelength of the O i 1s-2p

line using the well-exposed XMM-Newton RGS spec-
trum of Mrk 421 (Kaastra et al. 2006). This spectrum
shows a strong interstellar 1s-2p absorption line, mea-
sured at 23.5138 ± 0.0022 Å. At the same CCD, also
the 1s-2p resonance absorption line of Ovii is present at
21.6027±0.0021 Å. As the theoretical wavelength of this
line is at 21.6019 Å, there is a small offset on the wave-
length scale for this data set of 0.0008 mÅ, well within
the systematic uncertainty of the RGS. Correcting for
this small difference (and implicitly assuming that the
Ovii line shows no intrinsic redshift), we find an energy
of 527.30 ± 0.05 eV for the O i 1s-2p line. Juett et al.
(2004) also measured the 1s-2p line of O i using Chandra
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HETGS spectra towards several compact X-ray binaries.
Their value of 527.41± 0.07 eV is within the systematic
uncertainty of the HETGS energy scale (±0.24 eV) con-
sistent with the value obtained with RGS. Taking the
weighted average of both data sets, we obtain an energy
of 527.34±0.04 eV. Using this energy, we now can correct
the energy scales of Stolte et al. (1997), Krause (1994)
and Caldwell et al. (1994).

As a check, we have also measured the energy of the
1s-3p line of O i in the Mrk 421 RGS spectrum, and we
have calculated the weighted mean of the values given by
Juett et al. (2004). After correction, there is good agree-
ment between the laboratory measurements and the as-
trophysical measurements, as we show in Table 1.

Table 1. Measured and corrected line energies (eV) of O i lines

Dataset 1s-2p 1s-3p
Astrophysical:
Mrk 421 527.30±0.05 541.95±0.28
Juett et al. (2004) 527.41±0.07 541.98±0.19
weighted average: 527.34±0.04
Lab measurements:
Stolte et al. (1997) 526.79±0.04 541.20±0.04
Krause (1994),
Caldwell et al. (1994) 527.20±0.30

Menzel et al. (1996) 527.85±0.10 541.27±0.15
Lab measurements, corrected:
Stolte et al. (1997) 527.34 541.75
Menzel et al. (1996) 527.85±0.10 541.72

Using the same correction factor of +0.55±0.06 eV, we
can correct the series limit of the 4P and 2P line series
as derived by Stolte et al. (1997), and therefore find
for these edge energies values of 544.58 and 549.40 eV,
respectively. In our SPEX code, we have included the
strongest absorption lines of O i, and have adjusted the
calculated energies of the relevant lines according to the
corrected measurements of Stolte et al. (1997).

The above calculations are valid for atomic oxygen.
We have also introduced an absorption model for oxygen
in bound form in SPEX, using cross sections collected
from different sources. An example is shown in Fig. 13b
of Kaastra et al. (2008).

5.2. Nitrogen edge

For the Nitrogen edge, there is similar confusion as for
the oxygen edge. However, as nitrogen is almost purely
atomic in the interstellar medium, the situation is some-
what simpler. The N i K-edge in SPEX was taken
from the compilation of Lotz (1970), and corresponds
to 30.77 Å. The only laboratory measurement available
(Sant’Anna et al. 2000) shows two levels: the [3D] limit

at 29.87 Å, and the [5S] limit at 30.26 Å. This is off by
0.5–0.9 Å from the older value, and easily detected in
grating spectra. In fact, the N i edge as measured in the
Crab nebula (Kaastra et al. 2009) is in full agreement
with these laboratory measurements. In addition, the
measured energy of the 1s-2p line of N i in Sco X-1 fully
agrees with the lab measurements of Sant’Anna et al.
(De Vries et al. 2009, in preparation).
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Abstract

Suzaku has made some of the first detections of galaxy cluster X-ray e mission in the vicinity of the
virial radius. Here I summarize what has been learned to date from a subset of these observations; related
observations are discussed by others in these proceedings. Suzaku has expanded the fractional cluster
volume within which we can detect the intracluster medium (ICM) by a factor of roughly 8 to 10, and
achieved a surface brightness sensitivty limit as low as one-third of the cosmic X-ray background in the
0.5 - 2 keV band. In the cases reviewed here, cluster temperature profiles fall somewhat more rapidly, and
entropy profiles rise more slowly, than predicted by some simulations. Evidence for hydrostatic equilibrium
near the virial radius is notably absent. In at least one case the metal abundance near the virial radius
is relativley large (∼ 0.2 solar). I briefly discuss the prospects for future Suzaku work in this area, and
consider the potential of future observatories, such as Astro-H and the International X-ray Observatory,
for more sensitive observations of low-surface brightness cluster emission.

Key words: galaxy clusters: X-ray emission —

1. Motivation

Although Chandra and XMM-Newton have provided a
wealth of information about the structure and physical
conditions in the intracluster plasma near the center of
galaxy clusters, the majority of the cluster volume is
relatively unexplored in X-rays. It is difficult to study
clusters at radii greater than ∼ r200/2 with these ob-
servatories because of their relatively high (and, in the
case of XMM-Newton, time-variable) instrumental back-
ground rates. Here r200 is radius within which the mean
cluster density is 200 times the critical cosmic density.
For massive clusters, r200 ∼ 2 Mpc.

The regions outside of clusters cores are interesting
for a number of reasons. Cluster growth is an ongo-
ing process, and to the extent that the virial radius rvir

marks the boundary within which accreted matter has
reached dynamical equilibrium, observations near and
beyond rvir provide a direct view of cluster growth as it
occurs1. Note that a cluster is expected to have signif-
icantly perturbed the Hubble flow to distances as large
as 4−5× r200 (Rines et al., 2003). Moreover, radial pro-
files of the temperature, entropy and abundance of the
intracluster medium (ICM) in the outer regions of clus-

*1 For the case of a uniform, spherical density perturbation col-
lapsing in an Einstein-deSitter universe, rvir = r18π2 ≈ r180.
For spherical collapse in a flat universe with ΩΛ = 0.7, as
we assume here, rvir ≈ r105 ≈ 1.3r200 for massive clusters.
(Bryan and Norman, 1998). Unless otherwise noted we also
assume the Hubble constant H0 = 70 km s−1 Mpc−1.

ters in principle encode information about such physical
conditions as the dynamical state, magnetization, and
thermal and enrichment histories of the ICM there. Fi-
nally, observations at large radii can improve constraints
on dark matter profiles, masses and physical conditions
in clusters cores (e.g. at r < r500), where precision mea-
surements are especially important for understanding the
potential of clusters as cosmological tools.

The relatively low and stable instrumental background
of the Suzaku X-ray Imaging Spectrometer has enabled
significant progress on this subject. Here we review
some of these results; others are presented elsewhere in
these proceedings (see, for example, the contributions of
Reiprich; Kawaharada et al.; and Hoshino et al.).

2. Selected Early Suzaku Results

2.1. PKS0745-191: the ICM beyond R200

One of the very first Suzaku studies of cluster outskirts,
published by George et al. (2009), concerned the clus-
ter surrounding PKS0745-191. This object is among the
brightest clusters in its redshift range (z = 0.1028), and
George et al. use 5 Suzaku pointings to detect X-ray
emission to ∼ 1.5r200, with r200 ≈ 1.7 Mpc ≈ 15′. The
Suzaku temperature profiles in four distinct azimuthal
sectors all fall monotonically at r > 700 kpc, and are
somewhat steeper than predicted by the simulations of
Roncarelli et al. (2006). The observed ICM thermal
speed falls faster with radius than the characteristic Ke-
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plerian velocity of a plausible (Navarro, Frenk & White,
1997) dark matter distribution. The rapidly falling tem-
perature profiles lead to a hydrostatic mass estimate that
is considerably lower (M200 = 6.1+0.5

−0.7 × 1014M�, 1σ er-
rors) but more precise, than previous estimates. How-
ever, profiles of the entropy index (s ≡ kT/n2/3, where
T and n are the temperature and electron density of the
ICM, respectively) flatten at r >∼ 1 Mpc, and the en-
tropy even drops in one azimuthal sector at the largest
radius probe. These results suggest that the ICM is un-
likely to be in hydrostatic equilibrium at large radius.
George et al. point out that the deficit of thermal en-
ergy at large radius may indicate that there is significant
bulk motion in these regions of the cluster.

2.2. Abell 1795: asymmetry at R200

Bautz et al. (2009) observed Abell 1795 with Suzaku.
At z = 0.063 and with r200 ≈ 1.9 Mpc ≈ 26′, this cluster
subtends a larger solid angle than does PKS0745-191,
so five Suzaku pointings were arranged along a line to
cover a rectangular field extending ±2.6 Mpc (±35′) from
the cluster center, but with relatively limited azimuthal
coverage. X-ray emission is detected above background
nearly to r200 north of the cluster, but only to about
1.3 Mpc south of the cluster. The observed tempera-
ture profiles north and south of the cluster, along with
inferred entropy profiles, are shown in Figure 1. The
(deprojected) temperature is observed to fall as ∼ r−0.8

outside of the cluster core, which is marginally steeper
than the simulation results of Roncarelli et al. (2006).
The rapid temperature drop leads to a hydrostatic mass
profile which rises quite slowly with radius; this is sim-
ilar to the result obtained by George et al. (2008) for
PKS 0745-191. By the same token, the entropy profile
in Abell 1795 rises as s ∼ r0.74, somewhat less rapdily
than the r1.1 rate predicted from adiabatic simulations
(e.g. Voit, 2005).

Given the azimuthal asymmetry of the cluster bright-
ness near r200, and the relatively low temperature and
entropy there, Bautz et al. suggest that the observed
plasma at the largest radii may be relatively cool, in-
falling material that is not in hydrostatic equilibrium in
the cluster’s gravitational potential. Additional Suzaku
observations, covering a larger range of azimuth at r200,
are planned to test this suggestion.

The observations of Abell 1795 do confirm Suzaku’s re-
markable surface brightness sensitivity. Bautz et al. esti-
mate a limiting (3σ) detection sensitivity of B0.5−2keV =
1.8×10−12 erg s−1 cm−2 deg−2, less than 20% of the ob-
served brightness of the cosmic X-ray background. Even
at this level, the surface brightness sensitivity is lim-
ited by spatial fluctuations in the number density of
unresolved background sources in the relatively small
(< 3×10−2 deg2) regions sampled, and by temporal fluc-
tuations in the diffuse foreground due to geocoronal X-

ray emission from solar wind charge exchange processes.

2.3. Abell 399/401: iron at R200

The surface brightness at r200 of the two clusters dis-
cussed above is too low to provide interesting constraints
on the iron abundance of the ICM there with available
data. Fujita et al. (2008) have exploited the unusual
configuration of the two clusters Abell 399 and Abell
401 to detect substantial iron abundance (∼ 0.2Z�) at a
distance of ∼ 2 Mpc from the cluster centers. The pro-
jected distance between these two objects is less than
r200 ≈ 2.3 Mpc, and they are thought to be approaching
one another for the first time. As a result, the ICM be-
tween the clusters is compressed and relatively hot (∼ 6
keV) , and therefore relatively luminous. It is thus pos-
sible to detect iron line emission at large distances from
the centers of these clusters.

This presence of substantial iron abundance in out-
skirts of these clusters is interpreted by Fujita et al. as
evidence that the ICM was enriched early in the clusters’
history, possibly by galactic outflows operating before
the clusters collpsed.

2.4. Other Results

A number of other clusters have been studied near the
virial radius with Suzaku. These include Abell 2204
(Reiprich, et al. 2009; Reiprich, 2010), Abell 1689
(Kawaharada et al., 2010), Abell 1413 (Hoshino, et al.,
2010), Abell 2218 (Takei, et al., 2007) and Abell 2052
(Tamura et al., 2007).

3. Discussion

These results demonstrate that Suzaku is capable of sam-
pling as much as 10 times more cluster volume that
has typically been observable with prior instrumenta-
tion. Surface brightness sensitivity to as low as 1/3 of
the cosmic X-ray background (at 3σ significance) has
been achieved. In general, radial temperature profiles
are apparently steeper, and entropy profiles flatter, than
expected from theoretical studies of the ICM. Disequil-
brium near r200 seems common, and in at least one object
the iron abundance in this region can be comparable to
that observed near the cluster center.

Parrish et al. (2008) have argued that the presence of
a negative radial, a magneto-thermal instability will tend
to align the intracluster magnetic field along the radial
direction, enhancing thermal conductivity and tending
to flatten the temperature profile on timescales of a few
Gyr. The observed temperature profiles discusssed here
provide no evidence of the flattening that might be ex-
pected from the operation of this instability, in spite of
the fact that at least two of these objects (PKS0745-191
and Abell 1795) show relatively regular and presumably
undisturbed morphologies.
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Fig. 1. Projected temperature profiles (left) and (deprojected) entropy profiles (right) of Abell 1795 (from Bautz et al. 2009). In the right
panel, the red and black lines show the estimated entropy profiles to north and south of the cluster center, respectively; the shaded regions
indicated 90% confidence intervals on the profiles. The dotted curve and blue shading are results of non-radiative, hierarchical cluster
formation simulations reported by Voit (2005).

If a spherical, homogeneous and polytropic ICM is in
hydrostatic equilibrium, then its temperature cannot fall
any faster than r−1. The results discussed above do not
violate this limit, but the observed temperature profiles
are somewhat steeper than expected from simulations.
One possible interpretation is that the X-ray emission
from the outer regions of any of the observed clusters are
dominated by relatively cool, infalling clumps or subclus-
ters of plasma that are not in hydrostatic equilibrium in
the main cluster potential. To the extent that clusters
grow at the intersections of filaments in the matter distri-
bution, anisotropic accretion of such cool substructures
may be expected. Such accretion might also disrupt the
magnetic fields in the cluster outskirts, and disrupt the
operation of the magneto thermal instability there.

4. Prospects

Suzaku has so far observed the outer regions of only a
few clusters. Additional observations of more clusters,
with more complete azimuthal coverage, are certainly
warranted.

Astro-H should allow significant progress in these stud-
ies. The Soft X-ray Imager (SXI) will have roughly four
times the field of view of the Suzaku XIS, reaching a
radius of 2 Mpc for clusters at z> 0.08, and should fea-
ture a low background level quite similar to that of the
XIS. In addition, with a sharper telescope point spread
function than Suzaku XIS, the Astro-H SXI will be more
sensitive to unresolved background sources. This will re-
duce the background uncertainty arising from statistical
fluctuations in the number of such sources, which is a
significant factor limiting Suzaku’s sensitivity. We note
also that Astro-H is likely to perform deep exposures

of the central regions of clusters to exploit the unprece-
dented spectral resolution of the Soft X-ray Spectrometer
(SXS). The long exposure times required for SXS obser-
vations will yield very sensitive SXI surface photometry
in the outskirts of many clusters. The SXS itself may
also be sufficiently sensitive to detect bulk motion of the
ICM in the outskirts in a few clusters where the emis-
sion near r200 is exceptionally bright, such as the Abell
399/ Abell 401 system. Such observations would provide
a powerful test of the picture that accreting subclusters
dominate the X-ray emission from these regions. In the
more distant future, the enormous collecting area of the
International X-ray Observatory, coupled with spectral
resolution of its X-ray Microcalorimeter Spectrometer,
will allow detailed mapping of the ICM velocity field well
beyond the virial radius in a large number of clusters.
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Abstract

Some recent Suzaku and XMM-Newton results on the thermal and non-thermal hard X-ray emission
from clusters of galaxies are presented. The Coma cluster has the brightest cluster radio halo in the
sky. We do not find significant evidence for non-thermal inverse Compton hard X-ray emission in Coma.
Instead, we find that the Suzaku and XMM-Newton spectra are best explained by hot thermal gas in
the cluster. Our upper limit on the non-thermal hard X-ray emission in Coma is well below the previous
claimed detections with RXTE and BeppoSAX. However, since the field of view of the Suzaku HXD PIN
detector is smaller than that of RXTE and BeppoSAX (although still bigger than the angular size of the
radio halo), our upper limit and the previous detections might be consistent if the non-thermal emission
comes from a very extended region which is much larger than the radio halo. Abell 3667 is a merging
cluster with two cluster radio relics. The northwest radio relic is the brightest diffuse cluster radio source in
the sky (brightest halo or relic). Our Suzaku observations show evidence for a very hot thermal component
(kT > 13 keV) in the center of this cluster. This emission may be associated with merger shocks. The
Suzaku spectra do not show clear evidence for non-thermal inverse Compton hard X-ray emission from the
NW radio relic. We recently obtained a deep XMM observation of the region of the NW radio relic. The
XMM image shows a surface brightness discontinuity at the outer edge of the radio relic. The image and
spectra of this region are consistent with the jump being a merger shock with a Mach number of about
2. Alternatively, the X-ray emission in this region might be non-thermal emission from the radio relic.
Our Suzaku and XMM observations imply that the magnetic field in the relic is B

∼
> 3 µG, which is a

surprisingly large field at such a large distance (about 2.2 Mpc) from the center of a cluster. This indicates
that there is a nontrivial contribution of non-thermal pressure in this region.

Key words: galaxies: clusters: general — galaxies: clusters: individual (Coma, Abell 3667) —
intergalactic medium — radio continuum: general — shock waves — X-rays: galaxies: clusters

1. Introduction

Both observations and theory indicate that clusters of
galaxies are forming at the present time through massive
cluster mergers. Major cluster mergers are the most en-
ergetic events which have occurred since the Big Bang,
involving total energies of ∼1064 ergs. Merger shocks
driven into the intracluster gas are the primary heating
mechanism of the gas in massive clusters.

Enigmatic extended cluster radio sources with very

steep spectra and no clear optical counterparts have been
known for over 30 years (for a review see Feretti 2008).
Fairly symmetric sources which are projected on the clus-
ter center are often referred to as “radio halos” while
similar elongated sources usually located on the cluster
periphery are called “relics.” In every case, such dif-
fuse cluster radio sources have been found in irregular
clusters which are apparently undergoing mergers. This
suggests that the radio emitting electrons are accelerated
or re-accelerated by shocks or turbulence associated with
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these cluster mergers. One possible theoretical picture is
that the radio halos are accelerated by turbulence follow-
ing the passage of merger shocks, while the relics are the
direct result of merger shock acceleration (e.g., Feretti
2008).

The same relativistic electrons which produce the
radio synchrotron radiation will produce hard X-ray
(HXR) emission by inverse Compton (IC) scattering of
Cosmic Microwave Background (CMB) photons. How-
ever, the detection of this emission has been difficult
and remains controversial (e.g., compare Fusco-Femiano
et al. 2004; Rossetti & Molendi 2004). The radio syn-
chrotron luminosity depends on the energy in relativistic
electrons times the energy density in the magnetic field.
Similarly, the IC HXR luminosity depends on the energy
in relativistic electrons times the energy density in the
CMB, which is well-known. Thus, if both radio and IC
HXR emission can be detected, one can determine both
the energy in relativistic electrons and the magnetic field
strength. On the other hand, if radio is detected but one
has only an upper limit on the IC HXRs, then this leads
to an upper limit on the energy in relativistic electrons,
and, somewhat paradoxically, to a lower limit on the
strength of the magnetic field.

Here, some recent results on the non-thermal and ther-
mal hard X-ray emission from merging clusters are re-
viewed.

2. Coma Cluster

The Coma cluster is the brightest non-cool-core X-ray
cluster, and hosts the brightest radio halo (Deiss et al.
1997). It has been the focus of many efforts to detect
IC HXR emission. Thus far, claimed detections of this
emission in Coma are controversial (e.g., Fusco-Femiano
et al. 2004; Rossetti & Molendi 2004). We observed the
central part of the Coma cluster with the Suzaku HXD
for roughly 156 ks in order to detect or limit IC HXR
emission; for a detailed description of the data and re-
sults, see Wik et al. (2009). The field-of-view (FOV) of
the Suzaku HXD PIN detector is a bit larger than the
size of the Coma radio halo, which should be ideal if the
IC HXRs follow the radio halo.

Two key issues with the analysis of the Suzaku HXD
PIN for Coma (and other clusters as well) are the system-
atic error in modeling the non-X-ray background (NXB)
due to particles in the detector, and the proper model-
ing of the hard X-ray thermal emission from the hot gas
in the cluster. The later problem is particularly acute
for Coma, because it is a very bright and very hot clus-
ter, and the radio halo is centrally located. To deal with
the thermal contribution, we have used the XMM mosaic
data (Fig. 1) on the Coma cluster (Schuecker et al. 2004).
XMM spectra were accumulated in regions of nearly con-
stant Suzaku PIN response, and then the spectra were

Fig. 1. XMM mosaic EPIC-pn 2–7.5 keV wavelet smoothed X-ray im-
age of the Coma cluster. The regions in white indicate a constant
Suzaku HXD PIN effective area, with the values ranging from 0%
to 90% of the response for a point source at the center. These
regions were used to collect XMM spectra.

weighed by the Suzaku PIN response and summed. This
“PIN equivalent” XMM spectrum was fit simultaneously
with the Suzaku PIN spectrum.

We fail to find statistically significant evidence for non-
thermal emission in the spectra, which are better de-
scribed by only a single or multi-temperature model for
the ICM. Figure 2 shows a single temperature fit to the
Suzaku PIN and XMM spectra in which the non-X-ray
background (NXB) was increased by its systematic error.
No non-thermal emission was required. Including sys-
tematic uncertainties, we derive a 90% upper limit on the
flux of non-thermal emission of 6.0×10−12 erg s−1 cm−2

(20-80 keV, for Γ = 2.0), which implies a lower limit
on the cluster-averaged magnetic field of B > 0.15 µG.
Our flux upper limit is 2.5× lower than the detected
non-thermal flux from RXTE (Rephaeli & Gruber 2002)
and BeppoSAX (Fusco-Femiano et al. 2004). We sug-
gest that complex thermal structure in Coma may have
been interpreted as non-thermal emission in the past.
The thermal interpretation of the hard Coma spectrum
is consistent with recent analyses of INTEGRAL (Eck-
ert et al. 2007) and Swift (Ajello et al. 2009; Okajima
et al. 2009) data. However, if the non-thermal hard X-
ray emission in Coma is more spatially extended then
the observed radio halo, the Suzaku HXD-PIN may miss
some fraction of the emission.

3. Suzaku Observation of the Abell 3667 Cluster

In many ways, Abell 3667 is the ideal site to study merg-
ers and radio relics. It is a very bright X-ray cluster at
a low redshift (z = 0.0552). The ROSAT and ASCA
observations showed that it is a spectacular merger with
shock heated gas (Markevitch et al. 1999). Abell 3667
contains a pair of curved cluster radio relics (Figs. 1 & 2;
Röttgering et al. 1997). Their location on either side of
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Fig. 2. The Suzaku HXD PIN (above 12 keV) and XMM-Newton
(below 12 keV) spectra of the radio halo region of the Coma clus-
ter. The curve labeled “APEC” is the best-fit single temperature
model. The lower curves give the contributions of the CXB and
of point sources. In this fit, the level of the NXB was increased to
the upper limit based on the systematic error. The fit shows that
non-thermal emission is not required to fit the observed spectra,
given the systematic errors.

the cluster center and sharp, inwardly curved outer edges
are exactly what is expected for merger shocks. Models
which reproduce the optical and inner X-ray properties
of A3667 predict shocks at or near these locations (Roet-
tiger et al. 1999; Ricker & Sarazin 2001). The relics have
very sharp outer edges, as expected if this is the location
of the merger shock and shock particle acceleration. The
radio spectra steepen with distance from the outer edge
(Röttgering et al. 1997) as expected if the electrons are
accelerated there, and the higher energy electrons lose
energy due to synchrotron and IC emission as they are
advected away from the shock. The synchrotron polar-
ization suggests that the magnetic field in the region was
increased by shock compression.

The northwest radio relic in Abell 3667 is the brightest
(highest flux) cluster radio relic or halo source which is
known, with a flux at 20 cm of 3.7 Jy (Johnston-Hollitt
2004). Since the electrons which emit the IC HXR emis-
sion are basically the same ones which emit radio syn-
chrotron, for a given magnetic field the HXR flux should
be nearly proportional to the radio flux. Thus, Abell
3667 might be expected to be the brightest non-thermal
(NT) cluster hard X-ray source. Since this relic is at
a large radius, if anything the magnetic field should be
lower than in other objects, implying an even larger HXR
flux.

We made three Suzaku observations of Abell 3667,
with the longest observation centered on the NW radio
relic (Fig. 3). For more details on the observations and
results, see Nakazawa et al. (2009). In addition to the
results on the NW radio relic, the observations showed
that hot gas extended out 2.6 Mpc from the cluster center
(approximately the virial radius). Also, very hard X-ray
emission was seen from the region of the cluster center.
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 20 h10m 20 h15m

-57 d00m

-56 d30m

-56 d00m
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Src 5

Src 4

Src 1

Src 2
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Fig. 3. The ROSAT PSPC image of Abell 3667. The FOVs of the
three Suzaku HXD PIN exposures are shown as dashed rectangles,
while those of the XIS are shown as solid rectangles. Several point
sources are also marked.

If thermal, this emission corresponds to kT > 13 keV.
This emission might be associated with merger shocks
near the cluster center.

The Suzaku HXD PIN spectrum of the NW radio relic
was studied using techniques similar to those described
above for Coma. When the systematic uncertainty in the
NXB was included, no reliable evidence for non-thermal
emission was seen. We found an upper limit of 7.1×10−12

erg/cm2/s in the 12–70 keV band. This implied a lower
limit on the magnetic field of B > 0.6 µG.

4. New XMM-Newton Observation of the Abell 3667 NW

Radio Relic

Recently, we made a new observation of Abell 3667 cen-
tered on the NW radio relic with XMM-Newton. The
purpose of this observation was to better characterize
the X-ray emission in this region, including getting a
better determination of the thermal spectrum for mod-
eling along with the Suzaku PIN data, searching for the
merger shock thought to exist in this region, and de-
tecting or constraining the non-thermal emission in the
XMM passband. The total scheduled time of observation
was 55 ksec.

Figure 4 shows the resulting XMM mosaic image in-
cluding the new data. Comparison to previous XMM
X-ray images (Briel et al. 2004; Nakazawa et al. 2009)
shows the significant gain in spatial coverage achieved
with the new observation. The contours show the 843
MHz radio emission in the region near the NW radio
relic from the SUMMS survey.

The XMM image of Abell 3667 shows a sharp surface
brightness discontinuity to the northwest, which corre-
sponds with the position of the outer edge of the radio
relic. We note that this position corresponds to the ex-
pected location of the proposed merger shock associated
with the radio relic. Our previous Suzaku XIS image
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Fig. 4. XMM mosaic EPIC-pn 0.5-2.0 keV wavelet smoothed X-ray
image of the Abell 3667 cluster, including the new observation of
the NW radio relic. The image has been background subtracted
and exposure corrected. The contours show the radio image of
the region around the NW radio relic from the SUMSS 843 MHz
survey. Note particularly the large number of point sources to the
NW of the relic, and the sharp X-ray surface brightness drop at
the outer edge of the relic.

of this region did not show this edge (Nakazawa et al.
2009). We note that there is a steep gradient in the
cluster emission to the northwest. Also, Figure 4 shows
a large number of point and extended sources just to
the northwest of the relic. We believe that these two
features, blurred by the large Suzaku XIS PSF, are the
reason that we did not detect this shock feature in the
Suzaku XIS data.

We extracted spectra from regions through out the
NW part of the cluster, and fit these spectra with both
thermal and power-law models. The thermal fits indi-
cate that the increase in X-ray surface brightness at the
outer edge of the radio relic is accompanied by an in-
crease in temperature, and both are consistent with the
properties of a Mach number M ≈ 2 shock. This is about
the Mach number expected from hydrodynamical mod-
els of the merger (Roettiger et al. 1999; Ricker & Sarazin
2001).

The jump in the surface brightness can also be at-
tributed to the non-thermal emission associated with the
relic. This outer edge of the relic might still correspond
to a merger shock, with the shock (re)accelerating the
relativistic electrons in the relic which produce both the
radio and hard X-ray emission. If the X-ray emission
at the outer edge of the relic is non-thermal IC emis-
sion, then the magnetic field in this region is B ≈ 3 µG.
If the emission is thermal, then the upper limit on the
non-thermal X-ray emission leads to a lower limit on the
magnetic field (§ 1.). Thus, we expect that the magnetic
field in this region is B

∼
> 3 µG. Faraday rotation studies

towards background radio sources have suggested similar
fields in the radio relic (Johnston-Hollitt 2004). This is

a remarkably strong magnetic field at a projected radius
of about 2.2 Mpc out in a cluster. This would imply that
a nontrivial portion (

∼
>20%) of the pressure support in

this relic is non-thermal. On the other hand, this doesn’t
mean that the outer regions of most clusters have such
large values of the magnetic field and non-thermal pres-
sure support. After all, Abell 3667 was selected for study
because it is a clear and very violent merger, and has the
brightest diffuse radio source observed in any cluster.

This work was supported in part by NASA Suzaku
grants NNX06AI44G, NNX06AI37G, NNX08AZ99G,
and NNX09AH74G, and NASA XMM-Newton Grant
NNX08AZ34G.
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Abstract

We present the results from long Suzaku observations of the most X-ray luminous galaxy cluster,
RX J1347.5–1145 at z = 0.451. To understand the gas physics of a violent, cluster merger, we study
physical properties of the hot (∼ 20 keV) gas clump in the south-east region discovered previously by
Sunyaev–Zel’dovich (SZ) effect observations.

With the joint analysis of the Suzaku and Chandra data, we determine the temperature of the hot gas
in the south-east region to be 25.3+6.1

−4.5 (statistical; 90% confidence level) +6.9
−9.5 (systematic; 90% confidence

level) keV, which is in an excellent agreement with the previous joint analysis of the SZ effect in radio
and the Chandra X-ray data. This is the first time that the X-ray spectroscopic observations alone have
enabled a good measurement of such a high temperature gas component, because of Suzaku’s unprecedented
sensitivity over the wide X-ray band. These results indicate strongly that RX J1347.5–1145 has undergone
a recent, violent merger. The spectral analysis shows that the SE component is consistent with being
thermal. Therefore the present result confirms the presence of the hottest thermal gas in the Universe. On
the other hand, no significant non-thermal hard X-ray emission is detected and we measure the 3σ upper
limit to the non-thermal flux in the 12–60 keV band, F < 8 × 10−12 erg s−1cm−2. Combining this limit
with the synchrotron flux of a radio mini halo in this cluster, we find a lower limit to the strength of the
cluster magnetic field, such that B > 0.007 µG.

Key words: galaxies: clusters: individual: RX J1347.5–1145 – galaxies: intergalactic medium –
X-rays: galaxies: clusters – cosmology: observations

1. Introduction

Cluster mergers are the most energetic events in the Uni-
verse after the Big Bang and strongly affect the clus-
ter structure and the physical properties of intracluster
medium (ICM). The previous multi-wavelength observa-
tions have shown that RX J1347.5–1145 has an unusu-
ally violent merger activity, which makes this cluster an
ideal target for probing the gas physics and non-thermal
phenomena associated with the merger at high redshifts.

RX J1347.5–1145 is the most X-ray luminous cluster
of galaxies on the sky, having the bolometric luminosity
of LX,bol ∼ 2×1046 erg s−1 and the global temperature of
∼ 12 keV (e.g., Schindler et al. 1997). This cluster was
classified as a cooling-flow cluster because of its centrally

peaked X-ray emission and high mass accretion rate at
the center (Schindler et al. 1997; Allen et al. 02).

The most striking feature of RX J1347.5–1145 is the
presence of an extremely hot, ∼ 20 keV, gas clump in
the south-east (SE) region. This component was first
pointed out by the SZ effect observation at 150 GHz
as the prominent substructure, about 20” off at its the
center (Komatsu et al. 2001). Kitayama et al. (2004)
performed a joint analysis of the SZ data and the Chan-
dra X-ray data, and determined the temperature of the
hot gas clump to be in excess of 20 keV, which is much
higher than the average temperature of the ambient gas.

The analysis of the temperature structure in merg-
ing cluster is a powerful tool for understanding the gas
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physics in extreme conditions. While X-ray spectroscopy
has been used widely in this type of study, it is not
easy to measure precisely the temperature of very hot
(kT ≫ 10 keV) gas.

The X-ray data from the ROSAT satellite failed to
identify the hot component in the SE region. This ex-
ample shows the importance of having sensitivity to high
temperatures well in excess of 10 keV. The unprece-
dented sensitivity of the Suzaku satellite to hard X-ray
emission offers a wonderful opportunity to study violent
merger events. In this paper, we present an analysis of
the temperature structure and non-thermal, high-energy
component of the distant cluster RX J1347.5–1145 with
the on-board instruments, XIS and HXD. Combined
with the Chandra data, we determine the temperature
of the SE clump only from the X-ray spectroscopy, and
discuss its physical properties. We also constrain, for
the first time, the non-thermal hard X-ray emission and
estimate the magnetic-field strength in the cluster.

Throughout the paper, we adopt ΩM = 0.27, ΩΛ =
0.73, and H0 = 72 km s−1 Mpc−1. At the cluster redshift
(z = 0.451), 1” corresponds to 5.74 kpc.

2. Observation

Long observation of RX J1347.5–1145 were conducted on
2006 June 30 and 2006 July 15. The target was observed
at the HXD nominal position. The total exposure time
after data filtering was 149 ks/122 ks for XIS/HXD.

The XIS spectra were extracted from a circular re-
gion within a radius of 5′ centered at the X-ray peak
of the cluster emission. The background spectra were
accumulated from the circular region within a 3′ radius
(Figure 1). The HXD spectra were accumulated from
all units of the PIN diodes. The method of background
subtraction is presented in §3.2..

Fig. 1. Suzaku XIS-0 image of RX J1347.5–1145 in the 0.5–10 keV
band. The spectral regions for the cluster and the background are
indicated with the solid and dashed circles, respectively.

3. Spectral analysis and results

3.1. XIS analysis: 0.5–10 keV

To examine the global temperature structure of the clus-
ter, we first attempted to reproduce the observed XIS
spectra under the single-temperature model in two dif-
ferent ways: (1) by a APEC model fit, and (2) by using
the intensity ratio of two Fe-K emission lines, as an in-
dicator of the “ionization” temperature.

For the analysis (1), we fitted the APEC model to
the observed 0.5–10 keV XIS spectra, where the redshift
and Galactic hydrogen column density were fixed at z =
0.451 and NH = 4.85× 1020 cm−2, respectively. We find
the temperature, the metal abundance, and the spec-
tral normalization factor of kT = 12.86+0.08

−0.25 keV, Z =
0.33+0.03

−0.02 solar, and 1.37(1.36−1.39)×10−2, respectively.
The unabsorbed flux and luminosity in the 0.5–10 keV
band are FX,0.5−10 keV = 1.3 × 10−11 erg s−1 cm−2, and
LX,0.5−10 keV = 8.7 × 1045 erg s−1, respectively.

For (2), we model the XIS spectra in the 4–5.5 keV
band as the sum of (i) the APEC model with the metal
abundance reset to 0 for the continuum emission and (ii)
two Gaussians for the two major Fe-K lines. This model
provides the line ratio, (He-like Fe Kα)/(H-like Fe Kα),
of 1.05(0.92−1.34). Thus from temperature dependence
of the line ratio predicted by the APEC model, we find
kT = 10.4(9.1 − 11.4) keV. This value is significantly
different from that found in (1), suggesting that the ICM
cannot be explained by the single-temperature model.
Therefore, the ICM is more likely to be in the form of
multi-temperature plasma, which we explore in §3.3..

3.2. HXD analysis: 12–60 keV

Precise modeling of the background is crucial for mea-
suring the hard X-ray flux. For the HXD PIN diodes,
the background is composed of the following three com-
ponents: (i) the non-X-ray background (NXB), (ii) cos-
mic X-ray background (CXB), and (iii) bright point-like
sources within the detector field-of-view. Of these, the
NXB dominates the observed flux.

For (i), the PIN detector background was subtracted
by using the NXB files provided by the HXD instru-
ment team. We adopt the systematic error of 3% due to
the uncertainty of the NXB modeling and propagate this
through out our spectral analysis. For (ii), we calculated
the CXB spectrum by assuming a power-law model with
an exponential cut-off at 40 keV, as previously reported
from the HEAO-1 A2 (Boldt 1987). For (iii), we esti-
mated the hard X-ray flux of point sources inside the
field-of-view of PIN from the XMM-Newton data of the
same filed and found the contribution was negligible.

We then analyzed the PIN spectra with subtracted
the NXB and CXB components under the single APEC
model. The temperature and normalization factor
are obtained to be kT = 20.2+21.4

−8.0 (+7.7
−8.7) keV and
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1.02+0.95
−0.43 (+0.26

−0.26) × 10−2, respectively. These parame-
ters are consistent with those derived from the XIS
data. Therefore, we conclude that the hard X-ray
emission observed with PIN does indeed originate in
RX J1347.5–1145. The energy flux is estimated to be
3.8 ± 0.5 (±3.3) × 10−12 erg s−1cm−2 in the 12–60 keV
(The first and second errors are the 1σ statistical and
systematic uncertainties).

3.3. Suzaku-Chandra joint analysis

Next, we study the physical properties of the very hot
component in the SE region by performing a joint analy-
sis of the Suzaku and Chandra data. In §3.3.1., the prop-
erties of the ambient gas are derived from the spatially-
resolved Chandra spectra. In §3.3.2., the spectral prop-
erties of the SE clump are derived from the Suzaku
broad-band spectra combined with the Chandra data by
means of a multi-temperature model. In §3.3.3., we ar-
gue that the hot component is described more accurately
by thermal gas rather than non-thermal gas, and derive
an upper limit to the possible non-thermal emission.

3.3.1. Modeling the cluster average component with
Chandra

The deep Chandra ACIS-I data of RX J1347.5–1145
(56 ks) was analyzed to derive the average temperature
profile within 5′. The spectra for six radial bins in the
north-west(NW) region, i.e., the region outside of the SE
quadrant were extracted and fitted simultaneously by us-
ing the PROJCT model in the XSPEC software. Figure 2
shows the de-projected temperature profile in the NW
region. We refer to the best-fit model as the “6APEC”
model hereafter.

Fig. 2. Deprojected temperature profile measured from the Chandra
data in the NW region.

3.3.2. Temperature measurement of the SE clump

We subtract the flux inferred by the 6APEC model
(§3.3.1.) from the Suzaku data and studied the nature of
the excess emission in the SE quadrant. We thus added
another APEC model to describe the SE hot component
to the best-fit 6APEC model and fit the Suzaku XIS

and HXD data simultaneously by the multi-temperature
model (i.e., the 6APEC + APEC model). Note that
because we found that the Chandra data tended to in-
fer systematically higher values for the temperature and
normalization, we took into account the systematic er-
ror coming from the uncertainty in the Suzaku-Chandra
cross-calibration (See Appendix of Ota et al. 2008).

Figure 3 shows the result of joint fitting. We found the
temperature of the excess emission in the SE quadrant to
be kTex = 25.3+6.1

−4.5 (+6.9
−9.5) keV, where the first error is sta-

tistical and the latter is systematic (both 90% confidence
levels). The reduced χ2 is 1315.1/1219. The absorption-
corrected bolometric luminosity of the SE component is
estimated as 3× 1045 erg s−1, which is about 20% of the
total luminosity.

Fig. 3. 6APEC+APEC model, fit simultaneously to the observed XIS
(0.5–10 keV) and HXD-PIN (12–60 keV) spectra (crosses). The
gray dotted and black solid lines show the ambient component
(6APEC) and the excess hot component described by an addi-
tional APEC model, respectively.

As a consistency check, we analyzed the Chandra spec-
trum of the SE quadrant on its own in the same man-
ner. The best-fit temperature for the excess compo-
nent is kTChandra

ex = 31.1+24.1
−12.6 keV. Therefore, both the

Chandra-alone analysis and the joint Chandra+Suzaku
analysis implied that the excess emission had a temper-
ature in excess of 20 keV.

Compared with the results for the Chandra data alone,
the joint Chandra+Suzaku broad-band data analysis
yielded a far more accurate determination of kTex. The
Suzaku’s unprecedented sensitivity over the wide X-ray
band made it possible to determine, for the first time, the
temperature of the hot gas in the ICM solely from the
X-ray spectroscopy without the help of SZ effect data.

3.3.3. Constraint on non-thermal emission

We had been assuming that the excess hard X-ray emis-
sion from the SE region is thermal; could it, however, be
non-thermal? To address this question, the Suzaku data
were re-analyzed in light of non-thermal emission. While
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the 6APEC thermal model was again used for the ambi-
ent gas, the APEC model was replaced with a power-law
(PL) model for describing the excess component.

Fig. 4. 6APEC+PL model, fit simultaneously to the observed XIS
and HXD-PIN spectra (crosses). The gray dotted and black solid
lines show the ambient component and the excess hot component
described by a non-thermal power-law model, respectively.

Figure 4 shows the results. We found that the power-
law index is given by Γ = 1.45+0.03

−0.04 (+0.09
−0.04). The reduced

χ2 of this model, χ2 = 1317.1/1219, was slightly higher
than that for the thermal model.

We examined the non-thermal model more closely. In
the XIS band below 10 keV, the non-thermal model with
Γ = 1.5 and the thermal APEC model with 25 keV
could hardly be distinguished. However, the observed
PIN spectrum was far softer than Γ = 1.5, the effec-
tive photon index being Γeff ∼ 3. When we fitted the
6APEC+PL model to the PIN data alone, the 90% lower
bound on the photon index was found to be Γ > 1.8,
which was significantly above the 90% upper bound on
Γ from the XIS data, Γ < 1.5. Therefore, it appears
difficult to explain the SE excess component with the
non-thermal PL model.

4. Discussion

4.1. Properties of the extremely hot gas

From the Suzaku broad-band spectroscopy, we have
found that the temperature of the SE clump is kTex =
25.3+6.1

−4.5 (+6.9
−9.5) keV (90% statistical and systematic er-

rors). This is an excellent agreement with the previous
result by Kitayama et al. (2004), 28.5 ± 7.3 keV (68%;
statistical only). The present result therefore confirms
the presence of the hottest thermal gas in the cluster.

We estimate the gas density and the gas mass by sim-
ply assuming that the extremely hot gas is uniformly
distributed within a sphere of r = 25” (because the ex-
cess is present in 10” < r < 60” of the Chandra surface
brightness profile). From the measured normalization
factor of the APEC model, we obtain ne,ex = (1.6 ±

0.2) × 10−2 cm−3 and Mgas,ex = (5.6 ± 0.8) × 1012 M⊙.
We also find that the SE clump exhibits the tempera-
ture and the density that are higher than the ambient
gas in the same radial bins by factors of 1.7 and 2.4, re-
spectively. This means that the excess hot component
is over-pressured, and such a region is expected to be
short-lived, ∼ 0.5 Gyr (Takizawa 1999). As already dis-
cussed in Kitayama et al. (2004), the gas properties can
be explained by a fairly recent (within the last 0.5 Gyr
or so), high velocity (∆v ∼ 4500 km s−1) collision of two
massive (5 × 1014M⊙) clusters.

The heat energy of the SE clump is also estimated
to be Eth,ex ∼ 6 × 1062 erg. This enormous amount of
energy cannot be easily produced by a central source in
the cluster. On the other hand, cluster mergers, which
are the most energetic events in the Universe after the
Big Bang, will most naturally explain this high energy
phenomenon. Therefore, our results support a merger
scenario, on the basis of the X-ray spectroscopic data
alone without the help of SZ data.

4.2. Estimation of the magnetic field

The non-thermal hard emission is produced via the In-
verse Compton (IC) scattering of relativistic electrons
off the CMB photons, and the same population of elec-
trons also produce the synchrotron radiation. From the
ratio of observed synchrotron and IC flux densities, the
strength of the magnetic field can be directly estimated.
We find SIC < 0.11 µJy from our limit on the non-
thermal hard X-ray emission for electrons with the IC
emission frequency of 2.9×1018(1+z)−1 Hz. On the other
hand, Gitti et al. (2007) discovered a radio mini halo in
the cluster based on the VLA observations and estimated
the flux density to be SSyn = 25 mJy at 1.4(1+z)−1 GHz.
Combining these numbers, a lower bound to the cluster
magnetic-field strength is obtained as B > 0.007 µG for
the power-law index of the electron distribution p = 2.
This limit, though weak, is consistent with typical val-
ues found in other clusters, B ∼ 0.1 − 1 µG (Rephaeli
et al. 2008). However, the previous measurements were
derived mostly for nearby (z < 0.1) clusters as well as
some medium redshift clusters. Our work provides a con-
straint on the cluster magnetic-field strength at a higher
redshift, z = 0.451.
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Abstract

We report a SUZAKU observation of an unidentified EGRET source 3EG J1234-1318. In the region
around 3EGJ1234-1318 there are several galaxy clusters and filamentary structures connecting them, and
non-thermal emission via the inverse-Compton mechanism with electrons accelerated by shocks produced in
structure formation and CMB photons may be the origin of the 3EGJ1234-1318. We observed 3EGJ1234-
1318 in Dec. 2006 and Dec. 2007. Non-thermal diffuse emission is not detected significantly, so we derived
a flux upper limit and obtain a lower limit of the size of the non-thermal emission region, which is about
twice of the size of the filamentary structure.

Key words: X-rays: gamma-rays: galaxies: clusters: non-thermal

1. Introduction

The Energetic Gamma Ray Experiment Telescope
(EGRET) aboard the Compton Gamma Ray Obser-
vatory (CGRO) discovered more than 200 gamma-ray
sources, but about half of them have not yet been iden-
tified as known astronomical objects (Hartman et al.
1999). Totani and Kitayama (2000) pointed out that
several fractions of steady extragalactic EGRET uniden-
tified sources may be forming galaxy clusters (gamma-
ray cluster model). According to the cold dark matter
scenario, structures grow up hierarchically from small
scale to large scale. When an object collapses and viri-
alizes, the baryonic matter in an object is accelerated
to relativistic energy by shock waves. Accelerated elec-
trons scatter the cosmic microwave background photons
up to hard X-ray to gamma-ray bands via the inverse-
Compton mechanism. This non-thermal emission may
be the origin of EGRET sources.
3EG J1234-1318, one of the EGRET unidentified
sources, is an interesting object that is located at a
high galactic latitude and showing no variability in the
EGRET data. It also has been known that there are sev-
eral galaxy clusters and large scale filamentary structures
connecting them (Kawasaki and Totani 2002, hearafter
KT02; see Fig.1).
We observed 3EGJ1234-1318 with SUZAKU. Gamma-
ray cluster model predicts that such forming clusters are
expected to very extended, so that X-ray surface bright-
ness is very lower than the ordinary clusters. Thanks to
it’s highest sensitivity and large effective area, SUZAKU

is suitable for observing gamma-ray clusters. Although
the Fermi gamma-ray telescope will give much better in-
formation soon, multi-wavelength observations are also
important to understand the nature of these sources.
In this paper we report SUZAKU observation of
3EGJ1234-1318 and discuss about the gamma-ray clus-
ter model.

2. Observation and data reduction

The observation was carried out on 2006 December
12-30 and 2007 December 11-12 for exposure time of
60ksec. Fig.2 represents the XIS3 mosaic image (0.5-
8keV). The images were corrected for exposure time and
vignetting effect after subtracting the Non X-ray Back-
ground (NXB), and smoothed by a Gaussian kernel with
δ=0.5arcmin. NXB images and spectra of the XIS were
created using the ftool ”xisnxbgen” (Tawa et al. 2008).
The HXD data were also processed in a standard
way. We used a public NXB model provided by the
HXD team in for the NXB of the HXD-PIN. The
version of the model is ”METHOD=LCFITDT” or
”tuned” (Fukazawa et al. 2009). Cosmic X-ray Back-
ground (CXB) model is the same as Nakazawa et al.
(2009); N(E) = 8.7 × 10−4E−1.29 × exp(−E/40.0) in
photons−1s−1keV −1FoV −1, where E is the photon en-
ergy in keV.

3. Result

Here we report a description of data analysis. According
to gamma-ray cluster model, expected non-thermal emis-
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sion is very extended. Filamentary structure is located
at redshift∼0.1 so that it is cooled, it’s spectral shape is
expected to be power-law with the same photon index in
X-ray and gamma-ray band. In the EGRET data, spec-
trum of 3EGJ1234-1318 is power-law with photon index
∼2. Using SUZAKU, we search for the diffuse power-law
emission with photon index 2.

3.1. XIS result

In figure 2, we show a XIS3 mosaic image. We can
see the signals including ABELL1555 and ABELL1558
which are detected for the first time in this energy band.
However, there are no apparent signals along the fila-
mentary structure. To examine whether signals except
for the A1555 and A1558 are diffuse or not, we com-
pare the expanse of the sources with the SUZAKU point
spread function. As a result, the one of them is diffuse
(named ”Unknown”, see Fig.2) and others are point-like
sources.
We performed spectral fitting of three diffuse sources,
A1555, A1558 and Unknown with thermal, power law,
and thermal+power law model. We use the region ex-
cluded the signals for the background. All models could
well describe the spectrum of all sources. In conclusion
there are no significant detection of non-thermal emis-
sion.
Background spectra were well described by the
CXB+NXB model, but if non-thermal diffuse emission
is extended over the SUZAKU FoV, they contribute to
background flux. We estimate a systematic error of the
CXB and NXB and determine the surface brightness up-
per limit of non-thermal emission. We compared this
limit with the flux predicted by the gamma-ray cluster
model and derived the lower limit of the size of the region
emitting non-thermal emission. It is about 1◦, twice of
the size of filamentary structure.

3.2. HXD result

HXD-PIN detected no significant signals above the back-
ground level, so we estimate a systematic error of the
background model and derived the flux upper limit. Flux
upper limits are consistent with a flux predicted by the
gamma-ray cluster model in all regions. We could not
obtain the limitation to gamma-ray cluster model.

4. Conclusion

We observed 3EGJ1234-1318 with SUZAKU. Non-
thermal diffuse emission is not detected significantly, so
we derived a flux upper limit and obtain a lower limit
of the size of the non-thermal emission region, which
is about twice of the size of the filamentary structure.
Therefore, gamma-ray cluster model is excluded if non-
thermal emission region is within the filamentary struc-
ture. Other possibilities are; 1) forming cluster is ex-
tended more than the size of the filamentary structure,

Fig. 1. A map of galaxy number density in the region around
3EGJ1234-1318. Contour denote the galaxy number density. The
95% confidence region of 3EGJ1234-1318 is shown with solid cir-
cle. Solid boxes are the XIS FoV, and the dotted boxes are the
HXD FoV.The small circles are abell cluster, and the plus signs
are the galaxy clusters detected in KT02.

Fig. 2. XIS3 mosaic image (0.5-8keV). Boxes represents SUZA-
KU-XIS FoV (Region1-Region4). Source regions which are se-
lected by ”eye” is shown in circles.

2) forming cluster is in outside of the SUZAKU FoV,
3) or the origin is something else such as blazars. More
precise observation is needed.
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Abstract

The radio galaxy Cygnus A lies in a cooling core cluster which is currently undergoing a major merger
with a particularly simple geometry mainly along the line of sight. The radial velocity distribution of
member galaxies can be separated into two subgroups (Ledlow et al. 2005) separated by a velocity difference
of about 2000 km/s, which is consistent with the expectation from the ASCA temperature map (Markevitch
et al. 1999) showing a shocked region between the two subclusters. Here, we present a recent 43 ks Suzaku
XIS observation of these merging subclusters. The redshifts of the Fe-Kα and Kβ lines monotonically
increase from Cygnus A towards the other subcluster, and we find a radial velocity difference between
them of 2650 ± 900 km/s, consistent with the sense and magnitude of the galaxy velocities. Also, we
confirm the temperatures measured with ASCA for the Cygnus A cluster, the merger region, and the
subcluster of kT = 4.8 ± 0.1, 9.0 ± 0.8, and 6.4 ± 0.4 keV, respectively.

Key words: workshop: proceedings — galaxies: clusters: individual (Cygnus A) — galaxies: kine-
matics and dynamics — X-rays: galaxies: clusters

1. Introduction

Cygnus A, the archetypal FR II radio galaxy, is the
brightest extragalactic object in the sky at radio fre-
quencies. It lies at the center of a cool core in a massive
(∼ 1014 M⊙), hot (∼ 7 keV) and nearby (240 Mpc) clus-
ter first discovered in X-rays with Uhuru (Giacconi et al.
1972) due to its proximity to the Galactic Plane, which
makes the galaxy population difficult to observe despite
its low redshift. An extension at lower surface brightness
to the NW was first observed with Einstein (Arnaud et
al. 1984) and confirmed by ROSAT. Markevitch, Sarazin,
& Vikhlinin (1999) created large-scale temperature maps
from ASCA data and found a hot region (∼ 8 keV) in
between the peaks of emission surrounding Cygnus A
(hereafter referred to as A, see labels in Fig. 2) and the
emission to the NW (B), which were interpreted as ap-
proximately equal mass subclusters in the early stages of
a head-on collision, with approach velocity 2200 km/s.
While no surface brightness jumps are observed between
subclusters A and B from XMM-Newton and Chandra
observations, such a jump would not be detected if the
merger is occurring along the line of sight. An analy-
sis of 118 galaxies spectroscopically identified as cluster
members (Ledlow, Owen, & Miller 2005) reveal a bi-
modal radial velocity distribution with Cygnus A below
the mean of the total distribution by ∼ 1300 km/s, sug-
gesting that an approximately equal mass merger along

our line of sight is indeed underway.

Thus far, the detection of velocity differences in the
ICM of clusters has been hampered by poor CCD spec-
tral resolution and instrumental gain variations. Several
claimed detections have been made with XMM-Newton
and Chandra in, e.g., Centaurus (Dupke & Bregman,
2006) and A576 (Dupke et al. 2007), though no veloc-
ity difference was seen in Centaurus with Suzaku (Ota et
al. 2007). In this work, we take advantage of Suzaku’s
superior CCD spectral resolution and stable gain to in-
vestigate the merger state of the Cygnus A cluster.

2. Observations

The Cygnus A cluster was observed for 44.6 ks on 15-
16 Nov. 2008 by the Suzaku X-ray Observatory. In
this analysis, we combine spectra extracted from the
X-ray Imaging Spectrometer (XIS) front-illuminated de-
tectors, XIS0 and XIS3, using the cleaned events files
produced by the processing pipeline and the standard
selection criteria. Background events are taken from
observations of the night Earth for a total accumula-
tion of 370 ks. In Figure 1, we present a background-
subtracted, exposure/vignetting-corrected image from
the XIS0 detector, smoothed by a Gaussian of width
2 pixels and displayed in histogram-equalized grayscale.
Logarithmically-spaced contours from the ROSAT PSPC
observation are overlaid in black and show excellent
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Fig. 1. Background-subtracted, exposure/vignetting-corrected image
from the XIS0 detector. Contours from the ROSAT PSPC obser-
vation are overlaid for comparison.

Fig. 2. Large-scale temperature map of the merging subclusters A and
B (see Fig. 3 for kT values and errors). ‘Ac’ and ‘Bc’ correspond
to the centers of each subcluster, which have significantly cooler
temperatures than the shocked region ‘S’.

agreement. In addition to a thermal (APEC) model
for the ICM, fits include a thermal model for Galactic
emission and a power law point-source for the Cygnus A
X-ray AGN.

3. Results

We confirm the general ASCA merger scenario, in which
two subclusters are in the early stages of a major merger
with a shocked region of higher temperature gas between
them (labelled ‘S’ in Fig. 2 and Fig. 3). The subclusters
are approaching for the first time, and neither the cool-
ing core nor the radio source have been disrupted. The
impact parameter of the merger appears to be slightly
off-axis, based on the XIS and ROSAT isophotes. The
redshift of subcluster B is greater than the redshift of
subcluster A (see Fig. 3), and the detection of the ve-

Fig. 3. Parameters for single temperature APEC fits (1 keV< E < 12
keV) and 90% error bars. The regions are specified in Fig. 2;
region ‘+’ between ‘Bc’ and ‘B1’ refers to a region containing
both ‘Bc’ and ‘B1’. In the top panel, gray crosses are redshifts
derived from Gaussian fits to the Fe lines.

locity difference is significant at the 3σ level, including a
systematic uncertainty of 900 km/s due to possible spa-
tial and/or temporal variations in the gain. This is the
first direct detection of a velocity difference in the ICM
of a cluster with Suzaku. Subcluster B is cooler (ignoring
the cooling core at the center of A) and has a lower abun-
dance than subcluster A, indicating that it is slightly less
massive than A. Using the Rankine-Hugoniot jump con-
ditions for a one-dimensional shock and pre- and post-
shock temperatures of 3-4 keV and 9 keV respectively,
we estimate a collision velocity of 2400-3000 km/s. Com-
bining our measured radial velocity of 2650 ± 900 km/s
(90% statistical) with the total merger velocity yields an
angle θ < 54◦ (90% confidence) between our line-of-sight
and the merger axis.

In the near future, following Ota et al. (2007), we will
look for variations in the gain in time and across the
detectors. We will also include the contributions of all
point sources detected in a previous XMM observation,
as well as compare these results with a large suite of bi-
nary merger simulations (Chatzikos et al. 2009) to better
constrain the merger dynamics.
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Abstract

We summarize results of our N-body + hydrodynamic simulations of merging galaxy clusters. In the
simulations, assumptions of both the ionization equilibrium and the electron-ion temperature equipartition
of the intracluster medium are relaxed, and it is found that the significant non-equilibrium ionization state
and the two-temperature structure exist at shock layers in merging galaxy clusters. Line emissions of Fe
are significantly altered from that in the ionization equilibrium state at the layers. Understanding such
non-equilibrium effects is of crucial importance to constrain physical properties of the intracluster medium
such as the temperature and metallicity, and essential to find shock waves in outskirts of the clusters.

Key words: X-rays: galaxies: intergalactic medium — X-rays: galaxies: clusters

1. Introduction

According to the ΛCDM cosmology, shock waves formed
through the hierarchical structure formation are ubiqui-
tous and play a key role in heating up the X-ray emitting
intracluster medium (ICM). Merging galaxy clusters are
sites of the shock waves, thus X-ray diagnoses of merg-
ing galaxy clusters give us information for elucidating
the heating mechanisms of ICM, acceleration and ther-
malization of electrons and ions as well as ionization of
heavy elements (see Sarazin 2002 for a review). In ad-
dition, compression of ICM due to the merger increases
the X-ray luminosity at outskirts of galaxy clusters, so
that merging galaxy clusters have potential that we de-
tect line emissions from heavy elements and estimate the
metallicity in the outskirts, which is an important clue to
understand the metal enrichment history of the universe.

The non-equilibrium ionization state and the devia-
tion from thermal equipartition between electrons and
ions, or the two-temperature structure, have been theo-
retically predicted by many authors.　 For example, the
two-temperature structure was studied in numerical sim-
ulations of merging galaxy clusters (e.g., Takizawa 1999)
or in the structure formation simulations (Yoshida et
al. 2003; Rudd, Nagai 2009), while the non-equilibrium
ionization state was addressed in cosmological simula-
tions of the warm-hot intergalactic medium (Yoshikawa,
Sasaki 2006; Cen, Fang 2006). Recently, Akahori and
Yoshikawa (2008) carried out hydrodynamic simulations

of merging galaxy clusters incorporating these two effects
simultaneously and self-consistently for the first time.

In this contribution, in order to elucidate the ioniza-
tion state and the temperature structure of ICM in merg-
ing galaxy clusters, and to confront them with future
X-ray observations, we investigate situations of mergers
with various mass ratios and impact parameters as case
studies, and situations of two actual merging galaxy clus-
ters, Abell 399/401 and 1E0657-56 (the Bullet cluster).

2. Model and Calculation

We carry out N-body and SPH simulations of two merg-
ing galaxy clusters. Initially, ICM in each cluster is
on the hydrostatic equilibrium in the NFW dark mat-
ter distribution, and the two clusters contact each other
at their outer edge with an initial relative velocity. Time
evolution of the two-temperature structure is followed
in the same way as that by Takizawa (1999), in which
Coulomb scattering is only considered for thermal relax-
ation between electrons and ions. Time evolution of the
non-equilibrium ionization state of heavy elements is fol-
lowed in essentially the same way as that by Yoshikawa
and Sasaki (2006), except that reaction rates in the rate
equations for all ionic species are calculated using the
electron temperature rather than the mean temperature
of electrons and ions in order to incorporate the effect of
the two-temperature structure. For details, see Akahori
and Yoshikawa (2008) and (2009).
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3. Results

3.1. Linked Region of Abell 399 and Abell 401

Abell 399 and Abell 401 are in an early stage of the
merging. Recently, the metallicity in their linked re-
gion is estimated by Suzaku XIS (Fujita et al. 2008).
From the simulation of these clusters situation (Akahori,
Yoshikawa 2009), we find that there are shock layers with
a Mach number of 1.5–2.0 at the edge of the linked re-
gion. The electron temperature is 10–20 % lower than
the mean temperature of electrons and ions in the lay-
ers. The intensity of Fexxv Kα line emissions, which
primary determine the estimation of the metallicity of
ICM, is a few % and typically ∼ 15% higher than that
in the ionization equilibrium in the central part of the
linked region and in the shock layers, respectively.

3.2. Systematic Study of Merging Galaxy Clusters

From case studies of merging galaxy clusters (Akahori,
Yoshikawa 2009), we find that there are shock layers with
a Mach number of 1.5-2.0 in the outskirts of the clusters,
and shock layers with a Mach number of 2-4 in front of
the dense cores (Fig.1 left). The electron temperature is
10–20 % and 30–50 % lower than the mean temperature
of electrons and ions at the shock layers in the outskirts
and in the central regions, respectively (Fig.1 center).

Introducing a ratio R/Req as a plausible tracer of the
deviation from the ionization equilibrium state, where
R = I(6.6 − 6.7 keV)/I(6.9 − 7.0 keV) corresponds to
the ratio between Fexxv and Fexxvi Kα intensities,
and Req is the ratio under the assumption of the ioniza-
tion equilibrium and thermal equipartition, we find that
R/Req is slightly below unity at the shocks in the out-
skirts, and significantly exceeds unity at the shocks in the
central regions (Fig.1 right). These results are explained
by the fact that Fexxv is under- and overpopulated com-
pared with the ionization equilibrium state at the shocks
in the outskirts and in the central regions, respectively,
because the ionization to Fexxv from lower and the ion-
ization of Fexxv to the higher ionization levels are not
quick enough to catch up with the ionization equilibrium
state, respectively.

3.3. The Bullet Cluster 1E0657-56

1E0657-56 is in a late stage of the merging. There is
a shock front with a Mach number of ∼ 3 (Markevitch
2006). From the simulation of the 1E0657-56 situation,
we find that R/Req is ∼ 1.1 at the shock layer. If the
two-temperature structure exists at the shock layers, the
electron temperature around the shock layers is ∼ 40 %
lower than the mean temperature of electrons and ions,
and R/Req is significantly exceeds unity, and is ∼ 1.3.

4. Conclusion

The non-equilibrium ionization state and the two-
temperature structure are one of the certain evidences
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Fig. 1. Case studies of mergers with different mass ratio and different
impact parameter, 1:1 head on, 1:1 offset, 4:1 head on, and 4:1
offset (from the top to the bottom) at a time of t = 1.0 Gyr, where
t = 0 Gyr corresponds to the time of the closest approach between
the centers of the dark matter halos, and the impact parameter
of b = 0.81 Mpc is adopted for the offset runs. (left) ICM density
maps on a collision plane of the two clusters. Distributions of
dark matter are also overlaid with black contours. White contours
indicate the Mach number distribution of ICM from 1.5 to 4.0 by a
difference of 0.5. (center) The ratio of the electron temperature
relative to the mean temperature of electrons and ions on the
collision plane. (right) R/Req maps.

and indicators of shock waves in merging galaxy clus-
ters, and could be detected by future X-ray spectroscopy
(Astro-H and IXO).
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Abstract

The velocity diagnostics accessible through future X-ray satellites like ASTRO-H or IXO can be used
to characterise non-thermal motions of the hot ICM within galaxy clusters. Allowing to account for
the dynamical in addition to hydrostatic pressure support, this will be important for improving mass
estimations and can be also used as selection criterion to identify non relaxed galaxy clusters. Therefore
an analysis of the velocity structure of the ICM for simulated cluster-size haloes has been performed. In our
work we note the presence of rotational patterns and find them to be an intermittent phenomenon strongly
related to the internal dynamics of substructures: surprisingly the expected building-up of rotation due to
mass assembly gets easily destroyed by passages of gas-rich substructures close to the central region.

Key words: Galaxy clusters; numerical simulations

1. Introduction

Within the hierarchical scenario, galaxy clusters are
key targets that allow to study both the dynamics on
the gravity-dominated scale and the complexity of as-
trophysical processes dominating on the small scale.
Though, in order to treat them as cosmological probes
their mass is the most crucial quantity to be evaluated,
and all the bulk properties measured from X-ray observa-
tions still provide the best way to estimate the mass, pri-
marily through hydrostatic equilibrium. Mass estimates
rely then on the assumptions made about the cluster
dynamical state, since the Hydrostatic Equilibrium Hy-
pothesis (HEH) implies that only the thermal pressure
of the hot ICM is taken into account. Lately, it has been
claimed for instance that non-thermal motions, as rota-
tion, could play a significant role in supporting the ICM
in the innermost region (e.g. Lau et al. 2009, Fang et al.
2009) biasing the mass measurements based on the HEH.
The analysis of simulated cluster-like objects provides a
promising approach to get a better understanding of the
intrinsic structure of galaxy clusters, which can be even-
tually compared to X-ray observations. Because of the
improvement of numerical simulations, the possibility to
study in detail clusters has enormously increased and
future satellites dedicated to high-precision X-ray spec-
troscopy, such as ASTRO-H and IXO, will allow to detect
these ordered motions of the ICM. With this perspective,
we perform a preliminary study on the ICM structure for
some clusters extracted from a large cosmological hy-
drodynamical simulation, investigating in particular the
presence of rotational motion in the ICM velocity field.

2. Simulation

Our data set consists of 9 high resolution re-simulations
of cluster-size haloes including radiative cooling, star
formation and supernova feedback, extracted from a
large size cosmological simulation of a ΛCDM universe.
In total there are 19 haloes with masses larger than
0.5 × 1014M�/h, ranging from isolated and potentially
relaxed objects to very disturbed systems. The study of
these clusters and their evolution in time allowed us to
investigate how significant and common the rotational
support of the ICM is.

3. A case study: g51

From the strong cooling in the innermost region of clus-
ters (found both in simulations and observations), that
leads to the contraction of the central part and to the
spin up of the core because of angular momentum con-
servation, a rotational motion of the gas in the central
region is generally expected. As a case study, we focused
on g51, an isolated massive cluster of 1.3 × 1014M�/h.
While it is likely to be the most relaxed object in the
sample, at z = 0 the velocity structure of the ICM in the
innermost region is far from showing a clear rotational
pattern, as expected from nearly homogeneous collapse
process. However it shows some rotational pattern at in-
termediate redshift. Therefore this case has been used to
study the details of building up and destroying rotation
in the hot ICM.

3.1. Rotational velocity evolution

The possibility to track back the history of the cluster-
size halo given by simulated data, let us follow the red-
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Fig. 1. Evolution with redshift of the tangential component of the
ICM velocity within 0.1R500.

shift evolution of the rotational component of the ICM
velocity in the innermost region of g51, taken to be
0.1R500. Up to z = 2, the tangential component of the
ICM velocity has been calculated in the plane perpendic-
ular to the direction of the gas mean angular momentum
(“best equatorial plane“), so that rotation can be empha-
sized as much as possible. While in literature we found
an inspiring work where values for the rotational veloc-
ity rise above 1000km/s, in our study this never happens
and values generally increase up to 650km/s as a maxi-
mum, except for high peaks probably related to merging
events. In Fig. 1 we plotted the variation with redshift
of vtan. An interesting feature worth to be pointed out
is the sudden drop of the value of vtan, which steeply
decreases twice at low redshift (at z ∼ 0 and z ∼ 0.3). A
further investigation of the ICM internal dynamics has
been then performed in order to understand the possible
origin of this unexpected behavior.

3.2. ICM velocity maps

The velocity maps shown in Fig. 2 catch one of the two
major decreases in the curve of vtan, in particular the one
at roughly z ∼ 0.3, which is the first significant break in
the increasing trend shown up to redshift ∼ 0.5. Clearly,
one can see the occurrance of a gas-rich subhalo (thicker
circle) passage through the best equatorial plane, onto
wich the gas velocity field has been projected in the Fig-
ure. Let us stress that there are several DM-only sub-
structures permanently moving within the cluster and
close to the innermost region, but they do not affect the
building-up of rotation as gas-rich subhaloes do.

4. Conclusions

Although the detailed description of the building-up of
rotation in the gas velocity structure due to collapse and
cooling turned out to be quite complicated, a signifi-
cant correlation between the internal dynamics of gas
substructures and the cluster dynamical state is found.

Fig. 2. Gas velocity fields at z ∼ 0.314 (upper panel) and z ∼ 0.297
(lower panel) projected onto the plane perpendicular to the direc-
tion of the gas mean angular momentum in the innermost region.
The smaller and larger dashed circles mark respectively the regions
of 0.1R500 and R500, while the grey ones are DM-only subhaloes
and the black circle is the gas-rich one passing through the plane.

Even in the most relaxed cluster of the sample no clear
rotation shows up at low redshift because of some minor
merging events occurring close to the innermost region:
the rotation of the core is found to be an intermittent
phenomenon that can be easily destroyed by the passage
of gas-rich subhaloes through the equatorial plane. This
is likely to be then an important issue to handle in order
to better understand deviations from the HEH, on which
scaling laws are usually based. A statistics on a larger
simulated sample and the investigation of the imprint of
the gas rotational motion on the iron line profile will in
the future provide more information to be compared to
observations from future X-ray instruments. This will
allow us to detect such rotational patterns in the ICM.

References

Fang, T., Humphrey, P., & Buote, D. 2009, ApJ, 691,
1648

Lau, E. T., Kravtsov, A. V., & Nagai, D. 2009,
arXiv:0903.4895

This document is provided by JAXA.



JAXA  Special  Publication     JAXA-SP-09-008E94

The inverse iron-bias in action in Abell 2028

Fabio Gastaldello1,2,3, Stefano Ettori4,5, Italo Balestra6,
Fabrizio Brighenti7, David Buote3, Sabrina De Grandi8, Myriam Gitti4,9 and Paolo Tozzi10

1 INAF, IASF, via Bassini 15, I-20133 Milano, Italy 2 Occhialini Fellow
3 University of California Irvine, 4129, Frederick Reines Hall, Irvine, CA 92697, USA
4 INAF, Osservatorio Astronomico di Bologna, via Ranzani 1, I-40127 Bologna, Italy

5 INFN, Sezione di Bologna, viale Berti Pichat 6/2, I-40127 Bologna, Italy
6 MPE, Karl-Schwarzschild-Str. 2, D-85741 Garching, Germany
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Abstract

Recent work based on a global measurement of the ICM properties find evidence for an increase of the
iron abundance in galaxy clusters with temperature around 2-4 keV. We have undertaken a study of the
metal distribution in nearby clusters in this temperature range, aiming at resolving spatially the metal
content of the ICM. The XMM observation of the first object of the sample, the cluster Abell 2028, reveals
a complex structure of the cluster over scale of ∼ 300 kpc, showing an interaction between two sub-clusters
in a “cometary” configuration. We show that a naive one-component fit for the core of Abell 2028 returns
a biased high metallicity. This is due to the inverse iron-bias, which is not related to the presence in the
spectrum of both Fe-L and Fe-K emission lines but to the behavior of the fitting code in shaping the Fe-L
complex of a one temperature component to adjust to the multi-temperature structure of the projected
spectrum.

Key words: galaxies: cluster: general – intergalactic medium – X-ray: galaxies.

1. Introduction

The X-ray determination of elemental abundances in the
hot gas of clusters of galaxies is in principle robust be-
cause equivalent widths of the observed emission lines
can be directly converted into the corresponding elemen-
tal abundances (e.g., Mushotzky et al. 1996). Unfortu-
nately the intrinsic simplicity of the measurement has
faced the limitations of the X-ray satellites in terms of
the shape of the instrumental response, bandpass, spec-
tral and spatial resolution. The correct modeling of the
temperature structure is crucial, in particular when deal-
ing with spectra extracted from a large aperture centered
on the core of clusters and groups, where photons coming
from regions of different temperature and abundances
are mixed together, given the presence of strong oppo-
site gradients (i.e. cooler regions are more metal rich) in
the temperature and metallicity profiles (e.g., De Grandi
& Molendi 2001).
The first important recognition of a bias in the measure-
ment of elemental abundances was the description of the
”iron bias” (Buote 2000). The previously found signif-

icant subsolar values for the iron abundance in groups
and elliptical galaxies stem from fitting a multi temper-
ature plasma with a simple single temperature model,
resulting in best-fitting elemental abundance biased low.
Another trend in the ICM abundance versus cluster tem-
perature has been shown with increasing evidence in re-
cent years. Using the ASCA archive observations of 273
objects Baumgartner et al. (2005) showed that clusters
with gas temperature between 2 and 4 keV have a typ-
ical mean abundance that is larger by up to a factor
of 3 than hotter systems. Rasia et al. (2008) made a
fundamental step in recognizing a possible bias analyz-
ing mock XMM observations of simulated galaxy clusters
and finding a systematic overestimate of iron for systems
in the 2-3 keV range. They explained it as due to the
fact that temperatures in the range of 3 keV are very
close to the transition between the relative importance
of the lines (Fe-L or Fe-K) used in determining the global
iron content. Projection and low resolution effects can
create a complex temperature structure, averaging in the
same region different temperatures with different contri-

This document is provided by JAXA.



The Energetic Cosmos : from Suzaku to ASTRO-H 95

Fig. 1. EPIC image of A 2028 in the 0.5-2 keV energy band. The
black circle indicate the core region used to extract the spectra of
Fig.2, discussed in the text.

butions of Fe-L and Fe-K emission. Simionescu et al.
(2009) supported this explanation by analyzing a deep
XMM observation of the high luminosity cluster Hydra A
finding a biased high Fe abundance at a level of 35% in
its core, dubbing for the first time this kind of bias the
“inverse” Fe bias.
With the aim of shedding more light on these issues by
going beyond single aperture measurements, we started
with the present work a study of the the metal dis-
tribution in iron-richest systems of Baumgartner et al.
(2005), selecting the 9 objects with Z > 0.6Z⊙ (Anders
& Grevesse 1989 units). Here we present the analysis of
an XMM observation of one of these objects, Abell 2028.

2. The XMM observation of Abell 2028

The XMM observation of A 2028 clearly reveals two
merging subclusters, a more luminous South-West com-
ponent and a less luminous North-East one (see Fig.1).
The “cometary” shape of the two subclusters seems
to suggest the direction of the merging, with the SW
main subcluster coming from the NW direction and the
smaller subcluster coming from SE. The temperature
map obtained with a single temperature model reveals
that both subclusters have a cool core with a tempera-
ture of 3 keV for the main subcluster and 2 keV for the
smaller subcluster and they reach a peak temperature of
∼ 5 keV and ∼ 4 keV respectively.

If we focus on the spectrum of the core of the main sub-
cluster, corresponding to the black circle in Fig.1, which
is a circular region of 0.5′ radius, corresponding to 44
kpc. Even in this highest S/N spectrum the Fe-K line
complex is not evident but still a single temperature fit
returns a high metallicity (see Table 1). The 1T model
does not provide a good fit to the data, which clearly in-
dicate the need for a range of temperatures from ∼2 keV
to 4-5 keV, and overestimates the abundance due to the
inverse-Fe bias (see Tab.1 and Fig.2). The inverse-Fe bias
is mainly driven by the behavior of the the Fe-L complex

Fig. 2. MOS 1 spectrum of the core. With the solid green line the
best fit model and residuals of the 1T fit obtained in the broad
0.5-10 keV band are shown; with the red line the fit with 1T
model in the 0.5-3 keV band; with the blue line the fit with the
1T model with the parameters obtained by the 0.5-10 keV fit but
with the abundance value kept fixed at the value obtained in the
0.5-3 keV band.

strength which falls rapidly with increasing temperature
above roughly 3 keV: in a multi-T spectrum where the
average T is near 3 keV, but there are temperature com-
ponents below and above 3 keV, most of the the Fe L
emission of this multi-T spectrum comes from the lower-
T components in the spectrum. However, when one fits
a (wrong) single-T model, the single temperature will be
sufficiently high that the Fe L lines will be weaker, and
thus the model will have to compensate by increasing
the Fe abundance above the true value.

Table 1. Results of the fits using 1T and 2T models in different
energy bands for the EPIC spectra of the core of A 2028.

Model/Band kTh Z kTc χ
2/dof

(keV) (keV) (Z⊙) (keV)
1T 0.5-10 3.0 ± 0.2 0.76 ± 0.15 252/168
1T 0.5-3 2.0 ± 0.2 0.33 ± 0.06 179/148
2T 0.5-10 5.0 (fixed) 0.46 ± 0.07 1.4 ± 0.1 206/167
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Abstract

We report the study of the large-scale temperature structure of the Perseus cluster with Suzaku. We
performed Suzaku observations of the Perseus cluster with four pointings of 30’ offset from the cluster
center, together with the observation of the central region, in order to investigate the temperature of the
outer region, with the Hard X-ray Detector (HXD: 10 - 60 keV). We performed the spectral analysis of
the Perseus cluster with a model of the temperature structure, by considering the collimator response of
the PIN correctly. As a result, we found that the upper limit of the temperature in the outer region is ∼
14 keV, and an extreme hot gas, that was reported for RXJ 1347.5-1145 and A 3667, was not found in the
Perseus cluster. This indicates that the Perseus cluster has not recently experienced a major merger.

Key words: Cluster of Galaxies, X-ray, Suzaku

1. Introduction

In this paper, we report the study of the large-scale tem-
perature structure of the Perseus cluster (Abell 426).
The Perseus cluster is a nearby (z = 0.0183), massive,
largely extended cluster, and is the most luminous clus-
ter in the X-ray band. An X-ray bright active galaxy
NGC 1275, with a radio mini-halo, is located at the
cluster center, and non-thermal power-law emission from
NGC 1275 was confirmed by past observations (e.g.,
Sanders et al, 2005). ASCA found a large fluctuation
of temperature in this cluster, and indicated that a very
hot region with the temperature exceeding ∼ 10 keV ex-
ists in the outer region of the cluster. Information on
cluster merging may have remained in the low-density
outer regions in comparison with the dense central re-
gion. Therefore, it is very valuable to investigate the
temperature structure in the outer region of the cluster
carefully. Combination of the XIS and HXD-PIN gives a
broad band X-ray spectrum, and is important to recog-
nize multi-temperature structure in the Perseus cluster.

2. Observation

We observed the outer regions of the Perseus cluster on
September 2-4, 2006, with Suzaku. Four pointing obser-
vations of 30’ offset regions from the cluster center were
carried out. These observations make use of a narrow
FOV of the PIN, by reducing the contribution of intense

emission from the cluster center. Additionally, we also
analyzed the Suzaku public data of observations of the
Perseus cluster center, on February 1–2, 2006, August 29
– September 2, 2006, and February 5–6, 2007. The FOV
of these obsevations are shown in the Fig 1 (left).

3. Analysis and Results

3.1. Center region

In this subsection, as a preliminary step prior to the de-
tailed analysis, we investigate the temperature structure
in the central region, with the XIS data of the center
observation. We divided the XIS events into 4 annular
regions of 0′ − 2′, 2′ − 4′, 4′ − 6′, 6′ − 8′ in radius from
the cluster center (Fig 1 right). At First, we performed
spectral fitting for the region of 0′−2′, with a single tem-
perature APEC plus POWERLAW model, to take into
account nuclear X-ray emission from NGC 1275, which
is located at the cluster center. The temperature of 3.3
keV is obtained and the estimated power-law luminosity
is ∼ 5.6 × 1043 erg s−1 (0.8-10 keV). For the regions of
2′−4′, 4′−6′, 6′−8′, we performed spectral fitting with
a single temperature APEC model. Here, each region
was assumed to be isothermal. Then, the temperatures
of 4.6 keV (2′ − 4′), 5.9 keV (4′ − 6′), 6.5 keV (6′ − 8′)
are obtaind. As above, the center region of the cluster
shows strong cooling core structure.
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Fig. 1. Definition of six cluster regions. The radii of white circles are 2’, 4’, 6’, 8’, 30’,
60’ from the cluster center. (left) ROSAT-PSPC image, (right) XIS image of the
center observation

Fig. 2. Radial temperature profile of the Perseus
cluster, obtained in this work. Black crosses
are obtained with the XIS in §3.1, red crosses
are obtained with the PIN in §3.2.

3.2. Outer region

Observed PIN spectra contain photons coming from a
large sky area of the cluster, due to its FOV of 34′ × 34′

(FWHM). Therefore, we have to consider the collimator
response of the PIN correctly, to determine the temper-
ature structure of the cluster. For that purpose, we im-
plement the Monte-Carlo simulator that reproduces the
PIN spectra of the Perseus cluster with an assumed tem-
perature structure by considering the collimator angular
response of the PIN. By comparing simulated spectra
with actual observed spectra, we searched the temper-
ature structure that reproduces the observed data the
best. Here, we divide the cluster into six annular re-
gions, region 1 - 6 as shown in Fig 1. The definition
of region 1–4 is the same as the previous XIS analysis
of the center observation. As a first step, assuming the
emission model parameters of region 1–4 to be those as
measured by XIS in the previous subsection, we obtain
the temperature of region 5 (8’ < r < 30’) by using the
PIN data of the center observation. The temperature
of region 5 is tested from 5 keV to 12 keV with a step
of 0.5 keV, with metal abundance fixed to 0.35 solar.
We compare the simulated spectrum with the observed
spectrum by adjusting the model normalization. A χ2

test is performed by varying the model temperature of
region 5. As a result, The best-fit temperature of region
5 is 7.0 keV, and the error range is 6.6–7.4 keV at 90%
confidence level.

Next, assuming the temperature of region 5 to be 7
keV obtained in the first step, as well as the region 1-
4 temperature, we obtain the temperature of region 6
(30’ < r < 60’) by using PIN data of the offset obser-
vations. The temperature of region 6 is tested from 5
keV to 15 keV with a step of 1 keV, with metal abun-
dance fixed to 0.25 solar. We investigated the averaged-
temperature of the four offset regions, by using the PIN
spectrum summed over the four observations and com-
paring it with the simulated spectrum. The best-fit tem-

perature of region 6 is ∼9.0 keV. The upper limit is ∼
14 keV at the 90% confidence level, while the lower limit
is not well constrained.

4. Summary

The radial temperature profile obtained in this work is
shown in Fig 2. Most importantly, we found that the up-
per limit of the temperature of the offset region, where
hot components seem to exist, is approximately at most
14 keV (< 19 keV within the systematic errors). Con-
sidering XIS spectra in the offset region do not require
hot components, it seems that extremely hot gas as re-
ported in RXJ 1347.5-1145 (Ota et al. 2008) or A3667
(Nakazawa et al. 2009) does not exist in the Perseus
cluster. That is, the Perseus cluster has been already re-
laxed, and has not recently experienced a violent cluster
merger, which greatly influences the temperature struc-
ture of the cluster.

Additionally, we estimate the non-thermal emission
hidden by the thermal emission in the cluster. Then,
tight upper limit of 4.4 × 10−12 erg cm−2 s−1 is ob-
tained in the offset region, by subtracting the simulated
central emission models.
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Abstract

We present the results of Suzaku observation of the radio halo cluster Abell 2319. We confirm that the
line-of-sight velocities of the intracluster medium in the observed region are consistent with those of the
member galaxies of entire A2319 and A2319A subgroup for the first time, though any velocity difference
within the region is not detected. On the other hand, we do not find any signs of gas motion relevant
to A2319B subgroup. Hard X-ray emission from the cluster is clearly detected, but its spectrum is likely
thermal. Assuming a simple single temperature model for the thermal component, we find that the upper
limit of the non-thermal inverse Compton component becomes 2.6× 10−11 erg s−1 cm−2 in the 10-40 keV
band, which means that the lower limit of the magnetic field is 0.19 µG with the radio spectral index
0.92. Considering that the lack of a significant amount of very hot (∼ 20 keV) gas and the strong bulk
flow motion, it is more likely that the relativistic non-thermal electrons responsible for the radio halo are
accelerated through the intracluster turbulence rather than the shocks.

Key words: galaxies: clusters: individual (Abell 2319) — X-rays: galaxies: clusters

1. Introduction

Diffuse non-thermal synchrotron radio emission is found
in a significant fraction of galaxy clusters, which indi-
cates that there exist both the relativistic electrons and
magnetic field as well as the thermal intracluster medium
(ICM) in the intracluster space. Although the origin of
these non-thermal electrons is still unclear, some connec-
tions of radio halos and relics with dynamical motion of
ICM are reported. Abell 2319 is one of the most well-
known examples of merging clusters with a giant radio
halo (Feretti et al. 1997). Two subgroups, A2319A and
A2319B, are recognized in radial velocity distribution of
the member galaxies, which suggests that the velocity
difference between them is almost 3000 km s−1 (Oegerle
et al. 1995). Observations in the hard X-ray band are
performed by Beppo-SAX, RXTE, and Swift-BAT, any
of which do not report firm detection of non-thermal
components. In this paper, we present Suzaku observa-
tion of the Abell 2319 cluster to investigate dynamical
status of the ICM and hard X-ray properties (Sugawara
et al. 2009).

2. Observations

We observed the central region of Abell 2319 with Suzaku
on 2006 October 27-30 for an exposure time of 100 ks.

The field of view (FOV) of Suzaku XIS, and that of HXD
PIN in which the throughput of the fine-collimator be-
comes 50 % are shown in a ROSAT PSPC image (figure
1). An approximate position of the A2319B subgroup
is also shown. The observation was performed at HXD
nominal pointing. The XIS was operated in the normal
full-frame clocking mode.

3. Results

We divide XIS FOV into 11 regions shown in figure 2
and perform spectral analysis for each region. We use
Doppler-shifted He like Fe Kα lines (6.679 keV) and H
like Fe Kα line (6.964 keV) to determine ICM line-of-
sight (LOS) velocities. Therefore, if the ICM motion is ∼
1000 km s−1, we should resolve the energy shift of only ∼
22 eV. This is a challenging task considering that energy
resolution of XIS is 130 eV (FWHM). To measure an
energy scale of XIS accurately, we make a gain correction
with Mn Kα lines of the calibration sources on each XIS
sensor. We fit spectra of each XIS sensor with APEC
model. Figure 3 shows LOS velocities of the ICM for the
regions presented in figure 2, where upper , middle, and
lower horizontal lines represent the mean LOS velocities
of the member galaxies for the A2319B subgroup, entire
A2319, and A2319A subgroup, respectively. Basically,
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Fig. 1. ROSAT PSPC image of the Abell 2319 overlaid with field of
view of Suzaku XIS CCDs, and that of HXD PIN in which the
throughput of the fine-collimator becomes 50%. An approximate
position of the subgroup A2319B is also represented by dotted
circle.

Fig. 2. Region numbers used in measurement of the line-of-sight
velocity of the ICM in figure 3.

the obtained ICM velocities lie between those of entire
A2319 and A2319A. No significant velocity difference is
detected within the observed region.

We perform joint spectral analysis of PIN and XIS
to investigate hard X-ray properties. We use a spec-
tral model of single temperature APEC plus power-law
model (1kT + PL). A photon index of the power-law
component is fixed to 1.92 assuming that it is emitted
via inverse Compton process of cosmic microwave back-
ground (CMB) from the same electron population that
radiates synchrotron radio. Figure 4 show the spectral fit
results. In the joint spectrum analysis of PIN and XIS,
non X-ray background (NXB) and cosmic X-ray back-
ground (CXB) components are fluctuated at the 90 %
confidence level of the systematic uncertainty (4.5% and
18% for NXB and CXB, respectively). This causes the
changes of the best-fit parameters in the fits and gives
us the systematic errors. Including both the statistical

Fig. 3. Line-of-sight velocities of the ICM for the regions presented in
figure 2. Upper, middle, and lower horizontal lines show the mean
line-of-sight velocities of the member galaxies for the A2319B
subgroup, entire A2319, and A2319A subgroup, respectively.

Fig. 4. The wide band spectrum of the A2319 fitted with the
1kT +PL model with a photon index 1.92. The best fit model is
presented in dashed histograms. Thermal and power-law compo-
nents are independently presented as dashed histograms for HXD.
Only thermal component is presented for XIS.

errors and systematic ones of CXB and NXB, we derive
an upper limit of a power-law component in 10-40 keV
at the 90 % confidence level. The resultant upper limit
becomes 2.6 × 10−11 erg s−1 cm−2. Assuming that this
hard X-ray component is emitted via inverse Compton
scattering of CMB photons by the electron population re-
sponsible to the synchrotron radio halo, this upper limit
gives us the lower limit of the magnetic field strength of
0.19µG.
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Abstract

Using Suzaku, we detected X-ray emission from the intra cluster medium (ICM) in Abell 1689 out
to its Virial radius (15′.8 = 2.9 Mpc). The ICM temperature gradually decreases from ∼ 9 keV at the
center to ∼ 2 keV at outskirts. Moreover, we found that the temperature of a northeast region at the
Virial radius is higher (∼ 5 keV) than the other azimuth regions at the same distances, and that X-ray
surface brightness at the 5 keV region is ∼ 2 times higher than that of the other regions. Since the
cooling function at 5 keV is ∼ 50% larger than that at 2 keV assuming the metal abundance is 0.1 solar,
the difference of ICM densities between the 5 keV and 2 keV regions is not large, at most ∼ 20%. By
combining the temperature and ICM density, entropy of the 5 keV region becomes ∼ 2 times larger than
those of the other azimuth regions. This suggests that some heating process such as cosmological structure
formation shock or sub-cluster mergers in the northwest region. The Sloan Digital Sky Survey (SDSS)
data, however, shows no significant luminosity excess in i band in this region. Now we are comparing the
temperature profile we obtained with that derived from the mass profile of Abell 1689 which has been
obtained precisely by strong and weak lensing analyses of Subaru/Suprime-Cam and HST/ACS. By this
analysis, the hydrostatic equlibrium around the Virial radius will be tested.

Key words: galaxies: clusters: general — galaxies: clusters: individual (Abell 1689) — intergalactic
medium — X-rays: galaxies: clusters

1. Introduction

Inter cluster medium (ICM) is a major baryon compo-
nent in the universe and has been a fascinating research
object for X-ray astronomy since 1970’s. However, the
detection of X-ray singnals was limited to ∼ 0.6 times
the Virial radius due to low signal-to-noise ratios ob-
tained by observations in cluster outskirts. This means
only ∼ 20% of a cluster volume was observed in X-rays.
Suzaku has improved the situation drastically with excel-
lent sensitivity for low surface brightness X-ray emission
achived by its low and stable background. In fact, several
authors have reported detection of the ICM around the
Virial radius (Reiprich et al. 2009; George et al. 2009;
Bautz et al. 2009; Fujita et al. 2008).

In this paper, we report another detection of the ICM
emission out to the Virial radius from Abell 1689. Since
the mass profile of Abell 1689 was obtained precisely by
strong and weak lensing analyses of Subaru/Suprime-
Cam and HST/ACS (Umetsu & Broadhurst 2008), this

Fig. 1. XIS-0 mosaic image of Abell 1689. Annular Regions for the
spectral analysis are shown in circles.

cluster is an ideal target to test hydrostatic equilibrium
around the Virial radius.

2. Observation and Data Reduction

As shown in Figure 1, we performed four pointing obser-
vations, named Offset1 through Offset4, of Abell 1689
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Fig. 2. XIS-FI (XIS0 + XIS3) surface brightness profiles of the Offset1
through Offset4 observations.

with Suzaku in July 2008, which covered the cluster re-
gion up to the Virial radius (15′.8 = 2.9 Mpc). Exposure
of each pointing was 38 ks. We processed the XIS data
with version 2.2 pipe-line data processing, and extracted
clean events by following the standard event screening
criteria of the XIS.

3. Results

After subtracting background and point sources detected
in XMM-Newton MOS1 image with ewavelet task, we
made X-ray surface brightness profiles. We subtracted
Non X-ray background (NXB) model created by xis-

nxbgen, and estimated X-ray background (XRB) from
nearby two blank-sky observations; one is Q1334-0033
which is 6◦.325 offset from Abell 1689 and the other
is NGC4636 GALACTIC 1 which is 8◦.683 offset from
Abell 1689. The result is shown in Figure 2. The signal
is detected up to the Virial radius. Especially, the emis-
sion in Offset1 region (NE direction) is ∼ 2 times higher
than those in the other regions.

Since X-ray signal was significantly detected around
the Virial radius, we extracted XIS spectra from the 5
annular regions (Fig. 1). After subtracting NXB, specta
were fitted with phabs × apec model. An XRB model
was also added to the model by simultaneously fitting
spectra from the two blank-sky observations with ab-
sorbed power law (representing CXB) and three apec

components ( Galactic foreground emission, see Henley
& Shelton 2008).

Figure 3 shows the temperature profiles. We found
that the temperature decreases from ∼ 9 keV at the
center to ∼ 2 keV at outskirts. In the of outermost
Offset1 region, however, the temperature is ∼ 5 keV,
which is significantly higher than temperatures of other
regions at the same distance.

4. Discussion

Since the cooling function at 5 keV is ∼ 50% larger than
that at 2 keV assuming the metal abundance to be 0.1

Fig. 3. Temperature profiles in the four pointing directions, together
with that when the data of all the pointings is summed.

solar, the difference of ICM densities between the 5 keV
and 2 keV regions is not large, at most ∼ 20%. By
combining the temperature and ICM density, entropy of
the 5 keV region becomes ∼ 2 times larger than those
of the other azimuth regions. This suggests that some
heating process such as cosmological structure formation
shock or sub-cluster mergers in the NE region. In the
NE direction, there is another cluster, MAXBCG 5052,
just outside XIS field-of-view of the Offset1 observation.
However, its redshift (z = 0.09) is totally different from
that of Abell 1689 (z = 0.1832), meaning that these two
clusters are three-dimensionally separated. In addition,
the Sloan Digital Sky Survey (SDSS) data shows no sig-
nificant luminosity excess in i band in this region. There-
fore, the origin of high temperature in the NE direction
is a mystery at present.

5. Future Works

Mass profile of Abell 1689 has been obtained precisely
by strong and weak lensing analyses of Subaru/Suprime-
Cam and HST/ACS (Umetsu & Broadhurst 2008). Now
we are comparing the temperature profile obtained with
Suzaku with that derived from the mass profile of Abell
1689. By this analysis, we are trying to test hydrostatic
equlibrium around the Virial radius with the best preci-
sion ever achieved.
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Abstract

We studied temperature structure of the intracluster medium, possible bulk motions, and Fe and Ni
nucleosynthesis in the Coma cluster with Suzaku. The temperatures derived from observed ratios of H-like
and He-like Fe Kα lines agree well with those from spectral fitting with the single-temperature APEC model
in the 1.0–8.0 keV and 5.0–8.0 keV bands. Since the line ratio is a strong function on plasma temperature,
the observed consistency indicates that single-temperature component dominates the spectrum from each
cell region. The observed values of central energy of the He-like Fe line are constant within 1000 km s−1,
which corresponds to a calibration error. Comparing with the sound velocity of the intracluster medium,
1500 km s−1, we can verify the derived total mass in the cluster based on hydrostatic ICM equilibrium.
These results on temperature and velocity structures suggest that the core of the Coma cluster reached
in a fairly relaxed state after the recent merging. The observed Fe abundance of the intracluster medium
is almost constant at 0.45 solar. Therefore, the gas should have been well mixed during mergings. The
Ni/Fe ratio is found to be close to the solar ratio. In the nucleosynthesis of Ni and Fe, there is no obvious
difference the cluster and the Galaxy.

Key words: galaxies: clusters:individual(The Coma cluster) — X-rays: galaxies— X-rays: ISM

1. Introduction

Thanks to its low background, Suzaku is most sensitive
to Kα lines of Fe. We studied temperature structure of
the intracluster medium, possible bulk-motions, and Fe
and Ni nucleosyntheis in the Coma cluster observed with
Suzaku.

Clusters of galaxies are thought to grow into larger
systems through complex interactions between smaller
systems. Signatures of such merging events may manifest
themselves in temperature and density inhomogeneities
in the intracluster medium (ICM), and bulk motions.

Excess Ni abundances of the ICM are reported by
Beppo-SAX and ASCA observations (de Grandi &
Molendi 2002 ; Baumgartner et al. 2005). In contrast,
fitting with APEC model of XMM-Newton spectra of
the Perseus cluster did not need a excess Ni abundance
(Churazov et al. 2004). In dense cooling core regions,
the effect of resonant scattering of He-like Fe line has
been discussed. Since this effect is negligible in the Coma
cluster, the cluster is suitable to study Ni abundance.

The XMM-Newton observations revealed the pro-
jected temperature distribution around two central

galaxies are remarkably homogeneous, suggesting that
the core is mostly in a relaxed state (Arnaud et al. 2001).
A hot front in the south-west and a cold region in south-
east were found. The Coma cluster has a cluster-wide
synchrotron radio halo, emitted from the relativistic elec-
trons due to merging (Feretti et al. 1998). Non-thermal
emission at Hard X-ray energies in the Coma cluster was
studied with Suzaku HXD and XMM-Newton EPIC-pn
(Wik et al. 2009). Statistically significant evidence were
not found.

2. Observations and Data Analyss

The central region of the Coma cluster was observed with
the XIS onboard the Suzaku satellite in two pointings,
centered on the X-ray peak and 15’ west offset on May
30–June 4, 2006. We devided 18′ × 18′ square XIS field
of view of the central and the offset regions into 4 × 4
and 2 × 2 cells, respectively. The background spectrum
for each cells was derived by integrating over the same
detector region of a blank-sky data, Lockman Hole, ob-
served on May 17-19, 2006. We use the solar abundances
by Lodders (2003). Errors are quoted at 90% confidence.
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3. Results and Discussions

3.1. Gas bulk motions

As shown in Fig. 1, the measured redshifts are consistent
with the optical one, zcl = 0.0231, within the calibration
errors(refer to ±0.002 in the redshift). The dispersion of
gas bulk motions σv < 1000 km s−1, with 90% calibra-
tion errors. This shows the bulk velocity is less than the
thermal velocity of the gas, 1500 km s−1. We can verify
the derived total mass in the cluster based on hydrostatic
ICM equilibrium.

3.2. Temperature Structure

The continuum emission and the ratio of He-like Kα to
H-like Kα line strengths should have different depen-
dence of plasma temperature. Our analysis shows that
the spectral fitting using 1.0–8.0 keV energy range and
the ratio of strengths of Fe Kα lines gave nearly the same
temperatures(Fig. 2, Fig. 3). Thus, we conclude that
a single-temperature component dominates the spectra
accumulated over the each cell region, and the central
region of the Coma cluster is nearly isothermal at 8.0
keV.

3.3. Fe Abundance

The Fe abundance is nearly constant in the observed re-
gion, ∼ 0.45 times than that of the Sun. This result
shows the gas should have been well mixed during merg-
ings and the effect of resonant scattering of He-like Fe
line is negligible. Considering the results of §3.1 and
§3.2, these results indicate that the Coma cluster in the
central region reached nearly relaxed state after the re-
cent merging.

3.4. Ni Abundance

We obtained a normalization of a sum of He-like Fe-
Kβ and Ni-Kα lines in the central field. Subtracting
a theoretical ratio of line strength of Fe Kβ to Fe Kα

depend on temperature, we derived a contribution from
Ni. The Ni/Fe ratio is close to the solar ratio. From this
result, we conclude that in thenucleosynthesis of Ni and
Fe, there is no obvious difference between the cluster and
the Galaxy.
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Fig. 1. Distribution of radial ICM velocity derived from the spectral
fitting over 5.0–8.0 keV energy range with the APEC model in
the 20 cells. The solid and dashed crosses correspond to center
and offfset regions, respectively.
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Fig. 2. Observed Temperature, derived from the spectral fitting over
1.0–8.0 keV energy range, plotted against the right ascension.
The solid and dashed crosses correspond to center and offfset
regions, respectively.
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Fig. 3. Intensity ratio of H-like and He-like Fe Kα lines in each cell
region is plotted against the derived temperatures from spectral
fitting in the 5.0–8.0 keV band. The solid and dashed crosses
correspond to center and offfset regions, respectively.The solid
and dotted lines correspond to theoretical line ratio from the
APEC(solid) and MEKAL(dotted) model, respectively.
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Abstract

We studied the hot gas in the Galactic halo in the direction of a blazer PKS 2155-304 (z =0.117).
This is the second direction for combined analysis using high resolution X-ray absorption/emission data.
Absorption features of OVII and OVIII are measured with Chandra LETGS. Suzaku observations of
the vicinity of PKS 2155-304 allows us to study emission lines (OVII , OVIII , NVII and NeIX ). We
performed a joint analysis of emission and absorption data assuming a vertically exponential galactic disk.
The gas temperature and density at the Galactic plane are determined to be 3.2(+0.7,−0.6)× 106 K and
1.3(+0.4,−0.6)× 10−3 cm−3 and the scale heights of the gas temperature and density 2.2(+4.4,−2.1) kpc
and 5.1(+3.9,−4.7) kpc, respectively.

Key words: Galaxy: halo — ISM: structure

1. Introduction

The sky is uniformly bright in 0.4–1.0 keV energy band.
Emission from the AGNs can only explain about half of
this emission. A microcalorimeter experiment (McCam-
mon et al. 2002) revealed that the origin of the remaining
emission is thin thermal hot plasmas (T∼ 106K).

OVII and OVIII ions are powerful probe to constrain
physical parameters of these hot plasmas because ioniza-
tion fraction and emissivity is very sensitive to temper-
ature. By combining absorption and emission of these
lines, we could even measure the density distribution in
the sight line direction, since absorption depth depends
on integration of the density, while emission intensity
integration depends on square of the density.

The first joint analysis of the absorption lines obtained
by Chandra LETGS and emission lines by Suzaku XIS
was performed toward LMC X-3. This gave us an impor-
tant clue to the density, temperature and scale heights
of the plasma (Yao et al. 2009). With a vertically-
exponential galactic disk assumption, the gas temper-
ature and density at the Galactic plane are estimated to
be 3.6×106 K and 1.4×10−3 cm−3 and the scale heights
of the gas temperature and density are estimated to be
1.4 kpc and 2.8 kpc, respectively. However, since the dis-
tance to LMC X-3 is only 50 kpc, the results also depend
on another assumption of no emission coming behind.

2. Absorption Analysis

We selected PKS 2155-304 as our target because it was
observed by Chandra many times and thus good statis-
tics was obtained. We fitted the LETGS data with mod-
els consisting of neutral hydrogen absorption, PKS 2155-
304 emission and OVII Kα, OVIII Kα and OVII Kβ
absorption lines. Line broadening due to the velocity
dispersion (Vb) is calculated in the model. Broad OVIII

Kα line indicates that velocity dispersion is large. Fit-
ting results are shown in table 1.

3. Emission Analysis

We observed two vicinities of PKS 2155-304 with Suzaku.
We used XIS1 data. After standard GTI selection, we
excluded time intervals contaminated by X-ray emissions
due to geo-coronal solar wind charge exchange (SWCX)
or by fluorescence emissions from sun-lit Earth’s atmo-
sphere. We obtained two ∼50 ks net exposures.

We fitted Suzaku data with models consisting of neu-
tral hydrogen absorption, superposition of extragalac-
tic AGN emission (CXB), thermal emission from galac-
tic hot plasma and emission from SWCX and local hot
bubble (LHB). We fitted emission data of the two ob-
servations linking all parameters but normalization of
the power-law. The resultant temperature (∼0.2 keV),
emission measure and abundance are typical values of
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Table 1. The results of Absorption and Emission analysis

Data log T a Emission Measure b log NH c Vb
d Ne/O Fe/O

Absorption 6.28+0.02
−0.02 - 19.08+0.06

−0.07 290+152
−220 - -

Emission 6.33+0.02
−0.02 0.003+0.0003

−0.0003 - - 3.3+1.2
−0.9 1.7+1.2

−0.7
a in units of log K, b in units of cm−6 pc, c in units of log cm−2, d in units of km s−1

Table 2. The results of Combined analysis

Direction log NH a hn
b log T0

c γ Ne/O Fe/O
PKS 2155-304 19.41+0.18

−0.20 5.1+3.9
−4.7 6.51+0.08

−0.10 0.43+1.15
−0.23 2.3+1.6

−0.5 1.0+0.8
−0.5

LMC X-3 19.36+0.22
−0.21 2.8+3.6

−1.8 6.56+0.11
−0.10 0.5+1.2

−0.4 1.7+0.6
−0.4 0.9+0.2

−0.2
a in units of log cm−2, b in units of kpc, c in units of K

Fig. 1. 68%, 90% and 99% confidence contours of hn, T0 and NH

vs. γ, obtained in a joint fit to the X-ray absorption and emission
data. Thick lines are from PKS 2155-304 data and thin lines are
from LMC X-3 data.

the galactic hot plasma (Yoshino et al. 2009). Fitting
results are shown in table 1.

4. Combined Analysis using Exponential Model

The density and temperature distribution of the hot gas
toward PKS 2155-304 was studied by a combined anal-
ysis of absorption and emission lines of OVII and OVIII

. We assumed that the distribution of hydrogen density
and temperature is an exponentially decaying function of
vertical distance from galactic plane z, since some obser-
vations toward edge-on galaxies indicate the distribution.

It can be characterized as

n = n0e
−z/hnξ, T = T0e

−z/hT ξ, γ = hT /hn, (1)

where n0 and T0 are the midplane density and temper-
ature, respectively, and hn and hT are the scale heights,
and ξ is the volume filling factor that is assumed to be
1 in this work. We also assumed a plane-parallel con-
figuration. By fitting the spectra with this model, T0,
column density and scale heights are determined so that
the model represents both absorption and emission spec-
tra. Note that the emission measure is calculated by the
column density and density scale height.

Fitting results are summarized in table 2 and confi-
dence contours are shown in figure 1. For comparison,
results of LMC X-3 direction are also shown.

The midplane temperature and density (T0=3.2×106

K; n0= 1.3×10−3 cm−3) are typical values of those in
the galactic plane.

5. Discussion

We compared the results with that of LMC X-3(table 2).
LMC X-3 is located at 50 kpc away, while PKS 2155-
304 is an extragalactic object. If the hot gas around
our Galaxy extends beyond LMC X-3, the results would
show a significant difference. However, they show good
consistency. This suggests that the hot halo is confined
in ∼ 10 kpc region around our galaxy.

Directions of the LMC X-3 and PKS 2155-304 are
(273.6,-32.1) and (17.7,-52.2) in galactic coordinate re-
spectively. The fact that we obtained similar values for
the two directions indicate that the hot halo is isotropic
in a big picture and can be explained with the exponen-
tial model. The density, the scale height and tempera-
ture of the hot gas are ∼ 2 × 1019 cm−2, a few kpc and
∼ 2 × 106 K, respectively.
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Abstract

The Shapley supercluster was observed with Suzaku to search for emission from a warm-hot intergalactic
medium. An excess was suggested in the energy spectrum, compared to the spectrum of an offset pointing
that is 4 degrees away from the supercluster. A similar excess was also observed in a nearby (1 degree
away) field. This excess can be represented by a thermal plasma of kT ∼1 keV, at a redshift of either 0 or
that of the supercluster. The excess does not contain redshifted O emission lines, and an upper limit for
the O VIII line intensity is 5.6 ×10−8 photons s−1 cm−2 arcmin−2, which corresponds to an overdensity
of 204 for WHIM emission.

Key words: X-rays:galaxies:clusters, Xrays:individual:Shapley Supercluster , Cosmolofy:large-scale
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1. Introduction

The Universe consists of dark energy (73 %), dark mat-
ter (23 %) and baryons (4 %). However, more than half
of the local baryons are not yet observationally detected
(Fukugita et al. 1998). These hidden baryons are called
”missing baryons”. Cosmic numerical simulations pre-
dict that most of them hide as a hot filamentary inter-
glactic medium whose temperature range is 105-107 K,
termed the warm-hot intergalactic medium (WHIM; e.g.,
Cen & Ostriker 1999). The WHIM is also thought to be
a good tracer of cosmic large-scale structure defined by
the dark matter distribution (Yoshikawa et al. 2001).

2. Shapley Supercluster

The Shapley supercluster (z = 0.048) is one of the
biggest and densest superclusters in the local Universe.
Previously, ROSAT detected excess emission between 0.5
and 2 keV in the Shapley supercluster compared to back-
ground regions (Kull et al. 1999). One interpretation is
that the emission is from the WHIM.

We observed a region between A3556 and A3558, near
the center of the Shapley supercluster. In addition,
we observed two offset regions at ∼1 (OFFSET1) and
∼ 4 (OFFSET2) degrees from A3558. Table 1 gives the

pointing positions and their net exposure time. OFF-
SET2 was observed to obtain a template spectrum of
the foreground emission, including the local structure of
the soft X-ray diffuse emission.

3. Analysis and Results

We extracted and analysed spectra from XIS1 data us-
ing HEAsoft version 6.5.1 and XSPEC 12.4.0ad. We
estimated the non X-ray background (NXB) using a
dark Earth database and the ”xisnxbgen” ftools task
(Tawa et al. 2008). The NXB level was normalized in
the 10 to 15 keV band for each of the three observed
specta. We removed point sources detected in the 0.5 to
2 keV band whose 2 to 10 keV fluxes are above 2×10−14

ergs cm−2 s−1. Then we evaluated the cosmic X-ray
background (CXB) level by fitting a power-law model
between 2 to 5 keV.

After subtracting the NXB component, we fitted each
spectrum using a typical Galactic emission model, that
is apec1 + phabs×(apec2 + power-law), where ”apec”
is a thin thermal plasma emission in collisionally ioniza-
tion equilibrium with metals of Solar abundances (see
details in Yoshino et al. 2009). While the spectrum in
OFFSET2 region can be well represented by that model,
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Shapley and OFFSET1 regions cannot be fitted well, es-
pecially in 0.4–0.5 keV band where the data are in excess
of the model, as shown in Figure 1. The excess can be
fit if we allow a high Ne/O ratio (∼2 solar) or if we add
one more ”apec” component whose temperature is 0.8 or
0.9 keV, respectively for the two regions. We did not de-
tect statistically significant redshifted Oxygen emission
lines. We show the fitted spectrum of the supercluster
with three thermal emission components and the best-fit
parameters in Figure 2 and Table 2, respectively. The
present data do not constrain the redshift of the excess.

4. Discussion

Since the temperature of the third apec component is
higher than that of typical Galactic emission, there re-
mains a possibility that it has a supercluster origin. Al-
though we can not distinguish between a local (z = 0)
or supercluster (z = 0.048) origin within the statistical
and systematic uncertainties, we placed an upper limit
on the emission measure of any plasma in the super-
cluster assuming that all of the third component comes
from the supercluster. The 2 σ upper limit corresponds

to an overdensity of δ < 255
(

L
4 Mpc

)−1/2

with respect
to the mean density of the Universe, according to the
method of Takei et al. (2007). Similarly, we constrained
the overdensity of the WHIM from the intensities of red-
shifted O VII and O VIII emission lines. The upper
limit of O VIII line intensity at z = 0.048 is 5.6 × 10−8

photon s−1 cm−2 arcmin−2. This is the tightest limit
in comparison with past observations as shown in Fig-
ure 3. If we assume T = 3×106 K, the temperature for
the maximum emissivity of O VIII, the overdensity is

δ < 204
(

Z
0.1 Z⊙

)−1/2 (
L

4 Mpc

)−1/2

.

Fig. 1. Obtained spectrum of Shapley supercluster region. Models:
apec1 + phabs×(apec2 + power-law)

Table 1. Observation logs.

parameters\region Shapley OFFSET1 OFFSET2
Obs time 2008-07-10 2008-07-18 2008-07-19
(RA, DEC) J2000 (201.4, -31.6) (201.1, -30.6) (204.9, -29.9)
exposure [ks] 82 143 41

Fig. 2. Obtained spectrum of Shapley supercluster region. Models:
apec1 + phabs×(apec2 + apec3 (z=0.048) + power-law)

Fig. 3. Obtained intensity of O VIII emission line from this work with
previous work.

Table 2. Obtained fitting parameters.

model Galactic ∗ +apec (z=0.048)
kT1 [keV] 0.16+0.01

−0.01 0.052+0.024
−0.028

kT2 [keV] 0.64+0.06
−0.05 0.19+0.06

−0.02

kT3 [keV] 0.78+1.7
−0.10

χ2/d.o.f 340 / 254 255 / 255
Line intensity (O VIII)† < 5.6 × 10−8

δ (O VIII) < 204
∗ Galactic model means apec1 (z=0, Z=1) + phabs×(apec2 (z=0,
Z=1) + power-law)
† The unit is [photon/s/cm2/arcmin2]
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Abstract

We report the discovery of a ∼0.8 keV emission component from the Galactic disk with Suzaku. Using
two Suzaku observations and re-analysis of ROSAT All Sky map, we conclude that the emission component
exists over the entire galactic plane. This is likely an answer to the long standing mystery of the ”M-band
problem” identified in the early 1980’s. Since high pressure is required to explain the 0.8 keV emission,
diffuse gas is unlikely an explanation of the emission. Instead, we constructed a model which assumes
that the emission originates from unresolved faint M dwarf (dM) stars in the Suzaku field of view. This
model successfully represents the energy spectrum, the absolute intensity, and the latitude dependence of
the emission.

Key words: X-rays: diffuse background, stars: early-type

1. Introduction

1.1. M-band problem

The Soft X-ray Diffuse Background (SXDB) is spatially
smooth except for local Galactic structures, such as Loop
I. About 40 % of the emission in the 0.4 – 1 keV band
(= ROSAT R45 band) is totally blocked by the Galactic
disk in midplane. This is of extragalactic origin (CXB).
Nevertheless, the SXDB brightness at midplane is ap-
proximately 80 % of the high latitude value. This is
called the ”M-band problem” (e.g. Cox et al. 2005) and
it indicates that unknown ”excess emissions” exist in the
Galactic disk within ∼1 kpc (absorption length of a 0.9
keV photon) from the Earth.

1.2. The answer from Suzaku

Masui et al. (2009) observed a midplane direction which
has no special features (ℓ = 235◦, b = 0◦), in order to
study the X-ray spectrum of the ”excess emission”. They
found that a narrow bump-like emission, which peaked
at ∼ 0.9 keV, was compensating the decrease of the CXB
by absorption. The emission was well represented by a
thin thermal plasma model of kT = 0.8 keV.

If the 0.8 keV emission is from diffuse hot gas, its pres-
sure must exceed the total pressure of the Galaxy (Cox
et al. 2005). Thus Masui et al. (2009) considered point
source origins. Faint dM stars were Thought to be the
most likely source of emission because of its spectrum,
X-ray brightness, and high spatial density. Masui et al.

(2009) constructed a dM star emission model. They suc-
cessfully reproduce both the X-ray spectral shape and
the absolute flux.

Does the 0.8 keV emission exist over the entire Galac-
tic disk? This is an essential question to examine
whether if the 0.8 keV component is the answer of the M-
band problem, and to determine the origin of the emis-
sion. In this paper, we try to answer the question by
two means; a new Suzaku observation and a re-analysis
of the ROSAT All Sky Survey data.

2. Observation and Analysis

2.1. New Suzaku observation

We observed another midplane direction in which there
is also no special features; (ℓ = 123◦, b = 0◦). We clearly
detected bump-like emission features (fig.1) that can be
represented by a thin-thermal emission of kT ∼ 0.8 keV.
The best fit parameters are shown in Table.1.

2.2. Re-analysis of ROSAT All Sky Survey

The midplane spectrum at (ℓ = 235◦, b = 0◦) is harder
than the high latitude spectrum in North Ecliptic Pole
in 0.4–1 keV (= R45) band (See figure 2 in Yoshino et al.
2009). Such a difference is also noticeable in the ROSAT
All Sky Map. There has been no analysis of ROSAT data
to evaluate this difference so far. We thus re-analyzed the
ROSAT R4 and R5 map. First we calculated the con-
tribution of the extragalactic component assuming the
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Fig. 1. Spectrum of (ℓ, b) = (123◦, 0◦) and the best-fit model func-
tion convolved with the telescope and the detector response func-
tions.

Table 1. Best fit spectral parameters

Parameter New observation Masui et al. (2009)
(ℓ, b) (123.0◦, 0.0◦) (235.0◦, 0.0◦)
Exposure 59.3 ksec 89.6 ksec
Cosmic X-ray Backgound (Powerlow)
N∗

H 0.74 0.90
Γ 1.4 (fixed) 1.4 (fixed)
Norm† 13.7+0.7

−0.6 11.1 ± 0.9
LHB+Heliospheric SWCX (Apec)
kT [keV] 0.07 ± 0.021 0.11+0.05

−0.03

Norm‡ 82+420
−64 14+6

−10

Bump-like feature (Apec)
kT [keV] 0.75 ± 0.03 0.77 ± 0.04
O abund♮ 3.1 ± 0.1 3.1+1.3

−1.2

Norm‡ 5.8+0.3
−0.4 3.8 ± 0.4

χ/d.o.f 132/90 77/84
∗ The unit is [1022 cm−2].
† The unit is photons s−1 cm2 keV−1 sr−1@ 1 keV.
‡ (1/4π)

∫
nenHdℓ in units of 1014 cm−5 sr−1.

♮ Solar abundance by Anders and Grevesse (1989).

surface brightness corrected for the galactic absorption
is constant. Then we subtracted the extragalactic emis-
sion from the R4 and R5 band, respectively. Then the
hardness ratio was calculated as R5/R4. It is shown in
Figure 2. Even though the map is contaminated by the
long-term enhancement (Snowden et al. 1994), we can
see that the emission is harder in midplane than in high
latitude.

3. Discussion – Latitude Dependence

In Figure 3, we plot the residuals of R45 band flux lati-
tude profile and CXB profile of a constant surface bright-
ness was absorbed by NH for ℓ = 235◦. Yoshino et al.
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Masui et al. (2008) New observation

Fig. 2. All sky map of the ratio, (R5 band - extragalactic) / (R4
band - extragalactic). Notice the anti Galactic center direction is
at the center of the map.

(2009) detected a 0.8 keV emission component in the
spectrum of (ℓ = 96.6◦, b = 10.4◦). The intensity of
the 0.8 keV component in this direction is comparable
to the residuals in the ℓ = 235◦. Masui et al. (2009)
showed that a latitude profile of the dM star emission
did not reproduce the latitude dependency of the resid-
uals. However, by using a more updated star density
profile along the Galactic vertical direction (Robin et al.
2003), we obtained a good fit to the data. Therefore,
we concluded that the emission from dM stars is likely
the origin of 0.8 keV emission that solves the M-band
problem.
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Fig. 3. Residuals of R45 band surface brightness from the CXB
and unabsorbed constant emission (blue), the 0.8 keV compo-
nent (red) and expected X-ray fluxes from faint dM stars (black)
as functions of the galactic latitude, |b|, along ℓ = 235◦.
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Abstract

The Suzaku X-ray satellite observed the nearby spiral galaxy NGC 4258 for a total good exposure time
of 100 ks. We present an analysis of the Suzaku XIS data, in which we confirm that the 0.5–2 keV spectra
of the interstellar medium (ISM) are well-represented by a two-temperature model. The cool and hot
ISM temperatures are 0.23±0.01 and 0.58 ±0.01 keV, respectively. Suzaku’s excellent spectral sensitivity
enables us to measure the metal abundances of O, Ne, Mg, Si and Fe of the ISM for the first time. The
resultant abundance pattern of O, Mg, Si, and Fe is consistent with that of the new solar abundance table
of Lodders (2003), rather than Anders and Grevesse (1989). This suggests that the metal enrichment
processes of NGC 4258 and of our Galaxy are similar.

Key words: galaxies: abundances — galaxies: interstellar medium

1. Introduction and Observation

Metal abundances in the hot X-ray emitting interstel-
lar medium (ISM) are important for understanding the
star formation history and evolution of galaxies. A large
fraction of metals in the ISM are synthesized by type Ia
and type II supernovae (SNe Ia/II). O and Mg are pre-
dominantly synthesized by SNe II, while Fe is mainly
produced by SNe Ia. Therefore, the abundance ra-
tios provide useful information on the contribution of
both types of SNe enriching the metals. Suzaku carried
out an observation of NGC 4258 in 2006 June for 100
ksec. NGC 4258 is a non-starburst spiral galaxy and
hosts an obscured low luminosity active galactic nucleus
(LLAGN).

2. Spectral Analysis

We extracted spectra from the following two regions.
The one is an ellipse region, with semimajor and semimi-
nor axes of 8.3′ and 3.6′. This region is NGC 4258 com-
ponents. The other is the entire XIS field of view was
used, after excluding the above NGC 4258 component
and three additional 1.5′ radius circular point source re-
gions. This is background components.

We simultaneous fit for NGC 4258 and background

regions. We fitted the galaxy spectra with the model:
phabsG×(vapec1Tor2T + bremss) + phabsAGN× power-
lawAGN + phabsG× (power-lawCXB + apecMWH) +
apecLHB, where the last term represents the background
model. In the model, phabsG means the Galactic ab-
sorption in the direction of NGC 4258. The term
(phabsAGN× power-lawAGN) shows the LLAGN contri-
bution; its absorbing column was fixed at 1.07×1020

cm−2, and the power-lawAGN slope and normalization
at Γ = 1.86 and Norm = 4.22 × 10−3 photons keV−1

cm−2 s−1 at 1 keV, both after Yamada et al. (2009).
The term (phabsG× (power-lawCXB + apecMWH) +
apecLHB) represents the background component. We as-
sumed a power-law model for the CXB component, and
a two temperature model for the Galaxy to represent
emission from local hot bubble (LHB) and Milky Way
halo (MWH).

The ISM emission of NGC 4258 was modeled with
one or two-temperature models, as indicated by the sub-
scripts 1T or 2T. respectively, employing the vapec code
(Smith et al. 2001). The abundances of He, C, and
N were fixed to the solar value. We also divided the
other metals into five groups as O, Ne, (Mg & Al), (Si,
S, Ar, Ca), and (Fe & Ni), based on the metal synthe-
sis mechanism of SNe, and allowed them to vary. The
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abundances were constrained to be common all temper-
ature components. The bremss model, with kT = 10
keV, represents the integrated LMXB component (Mak-
ishima et al. 1994; Yamada et al. 2009). In order to
constrain the background component contained in the
above fitting model, we simultaneously fitted the source
and background spectra, over the 0.5–2 keV and 0.5–5
keV regions, respectively. When fitting the background
spectra, the normalizations of vapec, bremss, and power-
lawAGN were all fixed to be 0. The fit statistics shown in
table 1 clearly favor the two-temperature model, which
gives the two temperatures as 0.23 and 0.59 keV. The
derived parameters are summarized in table 1.

3. Discussion

The present Suzaku observation has clearly revealed
emission line features from the ISM in the spiral galaxy
NGC 4258. We successfully measured the metal abun-
dances of O, Ne, Mg, Si and Fe for the first time. Figure
1 shows our metal-to-Fe ratios, which were derived from
the two-parameter confidence contours. The ISM emis-
sion is here modeled with two temperatures.

In figure 1, the abundance pattern of NGC 4258 is
compared with those indicated by the solar abundance
table of Anders and Grevesse (1989) and the new solar
abundance table of Lodders (2003). Thus, the abun-
dance pattern of the ISM of NGC 4258 measured with
Suzaku agrees better with that of Lodders (2003), rather
than that of Anders and Grevesse (1989).

In order to investigate differences between spiral and
starburst galaxies, we also plot in figure 1 the abundance
pattern of the hot ISM in disk and halo regions of the
starburst galaxy NGC 4631 (Yamasaki et al. 2008), and
that of the “cap” region of the extreme starburst galaxy
M 82 (Tsuru et al. 2007). The results of NGC 4631
disk are consistent with those of Lodders (2003) as is

Table 1. Summary of the best-fit parameters

Parameters 1T for ISM 2T for ISM
ΓCXB 1.42±0.04 1.41±0.04
kTMWH (keV) 0.3 (fix) 0.3 (fix)
kTLHB (keV) 0.1 (fix) 0.1 (fix)
kT1T (keV) 0.38±0.01 0.23±0.01
kT2T (keV) - 0.58±0.01
O (solar) 0.36+0.10

−0.07
0.56+0.17

−0.08

Ne (solar) 1.20+0.29

−0.20
1.28+0.62

−0.20

Mg, Al (solar) 0.79+0.21

−0.15
0.99+0.47

−0.15

Si, S, Ar, Ca (solar) 1.59+0.54

−0.39
1.11+0.50

−0.18

Fe, Ni (solar) 0.49+0.12

−0.08
0.64+0.29

−0.09

χ2/d.o.f. 1333/740 993/738

Fig. 1. Number ratios of O, Ne, Mg, Si and S to Fe for the two model
of the ISM in NGC 4258. Solid and dashed lines indicate the
number ratios of metals to Fe due to Lodders (2003) and Anders
and Grevesse (1989), respectively. Dot-Dashed and dotted lines
represent the number ratios of metals to Fe for the SN II and SN
Ia products (Iwamoto et al. 1999; Nomoto et al. 2006).

the case of NGC 4258, while the respective patterns of
M 82 “cap” and the halo region of NGC 4631 are close
to those expected from SN II yields. We may conclude
that solar abundance pattern are common in normal spi-
ral galaxies, including NGC 4258 and our Galaxy. The
fact that the disk region of NGC 4631 also has a sim-
ilar abundance pattern to normal spirals, suggests that
the metallicity of the ISM after its starburst era may
look quite similar. In contrast, in starburst galaxies, SN
II products such as O effectively escape into the halo
region as a result of the energetic explosions. Thus, ob-
servations of abundance patterns such as ours play a key
role in investigating the processes of galaxy evolution and
enrichment of the intergalactic medium.
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Abstract

The main results from a deep X-ray observation of M82 are summarised: spatially-dependent chemical
abundances, temperature structure of the gas, charge-exchange emission lines in the spectrum. We also
present an update of the chemical abundances, based on a more refined extraction of spectra.
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1. Main results

We performed a very deep (100 ks) observation of the
starburst galaxy M82 with the EPIC and RGS instru-
ments on-board the X-ray telescope XMM-Newton. The
analysis has been published in Ranalli et al. (2008); we
refer for any detail to that paper. A brief summary of
the main results is presented in the following.

At least three spectral components are present in the
broad-band spectrum: i) continuum emission from point
sources; ii) thermal plasma emission from hot gas; iii)
charge exchange emission from neutral metals (Mg and
Si). The plasma emission has a double-peaked differen-
tial emission measure.

The chemical absolute abundances depend on the dis-
tance from the galactic plane, being larger in the out-
skirts and smaller close to the galaxy centre. The abun-
dance ratios also show spatial variations. This might be
due to the dependence of supernova (SN) yields on the
progenitor mass, if the matter expelled by the first SN in
a burst of star formation is also the first one to travel out
of the galactic plane. It may also represent a clear exam-
ple of metals being pushed in the inter-galactic medium.

The X-ray derived Oxygen abundance is lower than
that measured in the atmospheres of red supergiant
stars, leading to the hypothesis that a significant frac-
tion of Oxygen ions has already cooled off and no longer
emits at energies >∼ 0.5 keV.

2. Spatially-dependent chemical abundances

The gaseous outflow was divided in eleven slices, each
one being parallel to the galactic plane, and spectra were
extracted and analysed for each slice, deriving the tem-
perature structure, abundances, and physical parameters
of the plasma. We discovered that the regions used for
spectral extractions in Ranalli et al. (2008) were actually
larger than intended. However, no significant change in
any conclusion or derived value has occurred. Nonethe-

less, here we publish the corrected figures and table.
The slices were numbered from N1 to N5, and from S1

to S5 with increasing height above the galactic plane; in
the figures, negative heights are assigned to the north-
ern regions. The spectral model was a multi-temperature
APEC plasma, with components ranging from 0.1 to 10
keV. Point sources were excluded from all spectral re-
gions except the galaxy centre, where their contribute
was added to the model in the form of an absorbed
power-law. The best-fitting abundances are shown in
Fig. 1 (left panel) along with results from infrared obser-
vations for the central regions (Origlia et al. 2004) which
show the abundances of stars born before the start of the
current burst. Lighter α-elements are more concentrated
in the outflow than in the centre. This effect is larger for
elements with lower atomic mass, becomes less evident
for Si and reverses for S. The centre/outskirt abundance
ratio in the centre is about ∼ 1/10 for O and Ne. Fe is
also more concentrated in the outflow.

The abundances ratios (Fig. 1 right panel) have
smaller variations, and present different trends for light
and massive elements: while the O/Fe and Ne/Fe ratios
are lower in the centre than in the outskirts, the opposite
holds for Si/Fe and S/Fe, with Mg/Fe being an interme-
diate case showing no variation. The scatter between
values for centre and outskirts is a factor <∼ 3.

The physical parameters of the plasma may be ob-
tained from the best-fitting temperature and normali-
sation of the model, with some assumptions about the
volume and filling factor. From Table 1, one may see
that the gas density and pressure decrease by a factor of
∼ 10 from the centre to the outskirts, while the cooling
time increases.
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N5 N4 N3 N2 N1 centre S1 S2 S3 S4 S5
Normalisation (10−5) 0.079 0.24 0.50 0.41 0.85 27 1.7 0.92 0.20 0.099 0.047
Volume (kpc3) 0.61 1.2 1.1 0.43 0.41 1.4 0.24 0.35 0.26 0.21 0.22

Density (10−3 cm−3) 2.6f
−

1

2 3.3 4.8 7.1 10 32 20 12 6.4 5.1 3.3

Pressure (10−12 dine cm−2) 2.8f
−

1

2 3.5 5.7 10 18 54 32 19 9.2 6.1 3.6

Mass (105 M⊙) 0.40f
+

1

2 0.99 1.3 0.76 1.1 11 1.1 1.0 0.42 0.26 0.19

Energy (1053 erg) 0.75f
+

1

2 1.9 2.9 1.9 3.2 33 3.3 2.9 1.1 0.56 0.36

Energy density (10−12 erg cm−3) 4.1f
+

1

2 5.3 8.6 15 27 81 48 28 14 9.2 5.4

Cooling time (Myr) 600f
+

1

2 500 380 360 300 100 150 250 400 380 490

Table 1. Physical parameters of the plasma across the different regions of the outflow. The dependencies on the filling factor f have been
explicited for simplicity only in the first column, but they apply to all columns.

Fig. 1. Left panels: Variation of chemical abundances with increasing height on the galactic plane. Black: abundances from X-ray MOS
and pn data. Blue: abundances from X-ray RGS data (due to the characteristics of the RGS spectrometer, they represent space-averaged
values). Red: abundances from infrared data (corresponding to red supergiant stars in the galaxy central region). Negative values of
distance refer to the north direction, positive values to south.
Right panel: Abundance ratios (X/Fe) observed in EPIC spectra of the outflow. Negative values of height refer to the north direction,
positive values to south.
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Abstract

We report on the results of the Suzaku observation in the Sgr C region, vicinity of the Galactic Center
where there are giant MCs. We detected four diffuse clumps with strong line emission at 6.4 keV, Kalpha
from neutral or low-ionized Fe. The X-ray spectra of the two bright clumps, exhibit strong Kalpha line from
FeI with large equivalent widths (EWs) of 2.0–2.2 keV and clear Kbeta of FeI. The GCDX in the Sgr C
region is composed of the 6.4 keV- and 6.7 keV-associated components. These are phenomenologically
decomposed by taking relations between EWs of the 6.4 keV and 6.7 keV lines. Then the former EWs
against the associated continuum in the bright clump regions are estimated to be 2.4+2.3

−0.7 keV. Since the
two different approaches give similar large EWs of 2 keV, we strongly suggest that the 6.4 keV clumps in
the Sgr C region are due to X-ray reflection/fluorescence (the X-ray reflection nebulae).

Key words: Galaxy: center — ISM: clouds — ISM: molecules — X-rays: ISM

1. Introduction

For the origin of 6.4 keV emission line from molec-
ular clouds (MCs) in the Galactic center (GC), two
models have been proposed. One is the impact of
low-energy cosmic-ray electrons (LECRe) followed by
bremsstrahlung and 6.4 keV line emission, proposed for
the origin of the Galactic Ridge X-ray Emission (Valinia
et al. 2000). Yusef-Zadeh et al. 2002 proved that this
model can be applied to G0.13−0.13 assuming the Fe
abundance of two solar. The other is that the hard X-
rays and 6.4 keV lines are due to reflection/fluorescence
from MCs irradiated by external hard X-ray sources (X-
ray reflection Nebulae; XRNe) (Sunyaev et al. 1993,
Markevitch et al. 1993, Koyama et al. 1996, Sun-
yaev & Churazov 1998, Park et al. 2004). Some ob-
servational results supporting the XRN rather than the
LECRe model have been accumulating for Sgr B2 (Mu-
rakami et al. 2001a, Revnivtsev et al. 2004, Muno et al.
2007, Koyama et al. 2008, Inui et al. 2008). However,
for the other regions, in particular Sgr C, observations
have been limited and hence the 6.4 keV line origin is
still open issue.

The Sgr C region consists of giant MCs and large HII

regions. From the 13CO observations, Liszt & Spiker
(1995) estimated 6.1 × 105 solar mass for the molecular
gas. Murakami et al. (2001b) discovered a 6.4 keV clump
with ASCA, and interpreted that the clump is an XRN
because it showed a large equivalent width (EW) of the
6.4 keV line with a strong absorption like that in Sgr B2.
On the other hand, Yusef-Zadeh et al. (2007) discussed
possible association of the 6.4 keV emission lines with
some radio non-thermal filaments based on the Chandra
observation, and argued that the 6.4 keV line is due to
the impact of LECRe. In order to fix the above debates,
we, therefore, made a long Suzaku observation on the
Sgr C region.

2. Analyses

Figure 1 is the narrow band image of the 6.4 keV-line
(6.28–6.42 keV; Kα of FeI). Four 6.4 keV-line clumps are
found and designated as M359.43−0.07, M359.47−0.15,
M359.43−0.12, and M359.38−0.00. A bright 2.45 keV-
line clump is also found at (l,b)=(359.407, -0.119), hence
designated as G359.41−0.12 and shown with an ellipse.

The Galactic center diffuse X-ray emission (GCDX)
in the Sgr A region is phenomenologically decomposed
into the 6.7-keV line plus associated continuum (6.7-
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Fig. 1. The 6.4 keV-line (Kα of FeI) image in the 6.28–6.42 keV
band. The source and background regions for the spectral anal-
ysis are shown with the solid and dashed ellipses, where the data
within the ellipse (G 359.41−0.12) were excluded to minimize the
contamination from the strong 2.45 keV emission line and its as-
sociated continuum.

component) and the 6.4-keV line plus associated con-
tinuum (6.4-component) (Koyama et al. 2009). Using
the data of GCDX-unsubtracted spectra, we derived the
relation between EW6.4 and EW6.7. The best-fit linear
relations for the Sgr C region is; EW6.7 + 0.22(±0.12)×
EW6.4 = 0.53(±0.06)[keV]. This indicates that EW6.7

in the 6.7-component is 0.53±0.06 keV (at EW6.4 → 0).
On the other hand, EW6.4 in the 6.4-component is
2.4+2.3

−0.7 keV (at EW6.7 → 0), which is larger than those
in the Sgr A region (Koyama et al. 2009).
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Fig. 2. GCDX-subtracted spectrum of M 359.43−0.07. The Kα and
Kβ lines of FeI and power-law are shown by dot-dashed, dotted,
and dashed lines, respectively. The spectrum of BI was simulta-
neously analyzed, but the figure is not shown here, for brevity.

These large EWs are also found in GCDX-subtracted
spectra of these 6.4 keV clumps as shown in figure 2.
We simultaneously fit a model of a power-law and a nar-
row Gaussian lines with absorption (table 1) to the FIs
and BI spectra. The center energy of the second narrow

Gaussian for the FeI Kβ line was fixed to 1.103 times of
that of Kα. The best-fit parameters are listed in table 1.

Table 1. The best-fit parameters of the spectral fittings to the GCDX–
subtracted spectra of M 359.43−0.07 and M 359.47−0.15.

Parameter M359.43−0.07 M359.47−0.15
Absorbed power-law model:

NH (1023cm−2) 0.92 (0.48-1.41) 0.82 (0.65-1.18)
Photon index 1.67 (1.51-1.82) 1.61 (1.52-1.86)

Gaussian 1 (FeI Kα):
Line energy (keV) 6.41 (6.39-6.42) 6.41 (6.40-6.42)
Line flux (10−6 ph cm−2 s−1) 6.43 (5.27-7.39) 8.82 (7.87-10.0)
Equivalent width (keV) 2.18 (1.79-2.51) 1.96 (1.75-2.23)

Gaussian 2 (FeI Kβ):
Line energy (keV) 7.07 7.07
Line flux (10−6 ph cm−2 s−1) 1.05 (0.43-2.14) 1.91 (1.22-3.00)

Flux (10−13erg cm−2 s−1) 2.70 4.11
χ2/d.o.f. 27.92/41 49.67/46

3. Discussions

The LECRe scenario expects EW6.4 of ∼ 300 eV for the
solar abundance Fe (Tatischeff et al. 2003, Yusef-Zadeh
et al. 2007), and hence is difficult to explain the observed
large EW6.4 of ∼ 2 keV, unless Fe is extremely over-
abundant by a factor of 6–7. We found no observational
evidence for such over-abundance. On the other hand,
XRN scenario naturally explain the large EW6.4 of the
two clumps and hence is more likely.

The mass of M359.43−0.07 and M359.47−0.15 are es-
timated from the absorption columns to be ≤ 4 × 104

and ≤ 3 × 104 solar mass, respectively. From these
masses and fluxes of the 6.4 keV lines, the luminosity
of photo-ionizing source can be estimated following Sun-
yaev & Churazov (1998) as ≥ 1 × 1038 erg s−1 and
≥ 2 × 1038 erg s−1. There is no X-ray object bright
enough inside or nearby Sgr C region. Even the bright-
est near-by sources, KS 1741−293 and the Great Anni-
hilator (1E 1740.7–2943) are impossible to explain this
luminosity. Thus we arrive to the same conclusion for
the 6.4 keV clumps origin near Sgr B2, a past Sgr A∗

activity of ≥ 1 × 1038 erg s−1 at 240 yr ago.
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weak in contrast to the strong 6.4 keV emission from the
MCs. We confirmed this in profiles along the Galactic
longitude at 0.7-0.85 deg (see figure 1). Since X-rays in
2.5-3.5 keV band is sensitive to absorption in NH ranges
of 1022-1024 H cm−2, the weak GCPE flux would be due
to the absorption by MCs (NH > 1023 H cm−2) over-
lapped in the line of sight.

The phenomenal anti-correlation gives a hint that the
Sgr B MCs is located in foreground to the GCPE. In
detail, we noticed that the GCPE flux drops in 2.5-3.5
keV band is only about 15%, indicating that not all but
only a part of the GCPE in the line of sight is absorbed
by the MCs.

3.2. Spectra
To study more quantitatively, we constructed a universal
spectra model for the GCDX:

Abs1 × Abs2 × ((1 − R) × GCPE + XRNE)

+Abs2×(R × GCPE) + Foreground Emission · · · (1)

The details of the model construction and its justifi-
cation is explained in Ryu et al. 2009.

The model in equation (1) nicely fits the observed
spectra near the GC region (figure 2: right). The GCPE
is divided into two parts by different absorption of Abs1
and Abs2. The part suffers Abs1 of NH > 1023 H cm−2

is the GCPE beyond the MC in the line of sight, while
the part suffers Abs2 of NH ∼ 6 × 1022 H cm−2 is the
GCPE in foreground to the MC. Thus the parameter R
in equation (1) represents the emission-measure ratio of
the GCPE in foreground to the MC (figure2: left). We fit
the spectra of the Sgr B and Sgr C regions and obtained
the values of R for each MC.

X
-r

a
y

 F
lu

x

Fig. 2. Schematic view along the line of sight (left) and the typical
spectrum (right).

4. Results

We made an assumption that the GCPE is a sphere of
uniform volume emissivity around Sgr A* and take the
boundary radius at l =1.25◦ or 175 pc@8kpc, following
the observation results of the 6.7 keV-line (Fe XXVI) by
Yamauchi et al. (1990). In this case, the values of R
obtained in the spectra fittings (section 3.2) technically

Edge-On View of MCs near GC in 6.4 keV

Fig. 3. 3-D view of MCs near the Sgr B and Sgr C regions.

indicate the relative line-of-sight position of MCs inside
the GCPE (Ryu et al. 2009). We then drew the face-
on view of the MCs perpendicular to the Galactic plane
(figure 3: bottom).

As demonstrated in the figure 3, the Sgr B MCs are
generally located on the nearer side, while Sgr C MCs
are on the farther side, with respect to Sgr A*. If all
of these MCs re-emitting the 6.4 keV-line are the con-
stituent parts of the CMZ, the results demonstrate that
the CMZ has a inclined bar-like distribution.

We have developed a new methodology to directly de-
rive the positions of the MCs along the line of sight:
a correlation study between the 6.4 keV-line from the
MCs (i.e. XRNE) and the line-of-sight absorption of the
GCPE by utilising the X-ray band images and spectra.
We applied this method to the Sgr B and Sgr C MCs
and successfully obtained the 3-D view (see figure 3).
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Abstract

From the Suzaku observation of the Galactic center region, we successfully detected two peculiar objects,
the Tornado and the Chimney, with spatially outflowing structures. Both of the objects have the spectra
described by a thin-thermal plasma model with the temperature and thermal energy consistent with an
SNR. However, their outflowing structures are very unusual as a galactic SNR. The mechanism forming
the structures is mystery, although it would be related with the high energy activities of the Galactic
center region.

Key words: workshop: the Galactic center region — SNR — Tornado — Sgr C

1. The Tornado

The Tornado is an unusual highly polarized non-thermal
radio object consisting of an extended (35pc × 18pc)
bizarre head-tail structure (tornado) and its eye (eg.
Manchester 1987; Shull et al. 1989; Stewart et al. 1994;
Brogan et al. 2003). It has been suggested that the
source is extragalactic, an exotic SNR, a pulsar wind
nebula, results from precessing jets from an X-ray bi-
nary. However, no satisfactory explanation has yet been
found.

Gaensler et al. (2003) detected three sources of X-ray
emission from the Tornado with Chandra: a relatively
bright region of 2′×1′ coincident with the brightest radio















Fig. 1. The 2.45 keV-line (He-like S Kα) image of the Tornado with
Suzaku. Diffuse X-ray emission of the whole head region and the
tail-tip is successfully detected for the first time.

emission at the head of the Tornado, and two fainter
extended regions possibly associated with the Tornado’s
tail. No X-ray point source associated with the Tornado
was detected.

We made a 50 ksec exposure with Suzaku for the Tor-
nado. We successfully detected the head-tail structure in
X-ray for the first time (Fig. 1). The spectra of the head
center and the head surroundings are well described by a
thin-thermal plasma model with kT ∼ 0.5 keV (Fig. 2).
The absorption column of NH ∼ 7× 1022 cm−2 suggests
the Tornado is located in the Galactic center region. The
total thermal energy of the head (center plus surround-
ings) is estimated ∼ (1 − 2) × 1050 ergs. The results
suggest that the Tornado is an SNR candidate.

Fig. 2. The Suzaku spectra of the head center (left) and surroundings
(right) of the Tornado with the best-fit thin thermal models. They
show strong ionized He-like Si and S K lines.
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Fig. 3. The 2.45 keV-line (He-like S Kα) image of the Sgr C re-
gion (gray). Contours of 13CO at -84 to -24 km s−1 (red)
and the schematic diagram of the radio continuum sources of
G359.45-0.06 and G359.43-0.09 (blue) are overlaid on the 2.45
keV-line image (Liszt et al. 1995). MC1, 2, 3, and 4 indicate
molecular clouds.

2. Outflowing SNR in the Sgr C region

Sgr C is one of the brightest radio complexes in the
Galactic center region. There are well-defined non-
thermal radio filaments (NTFs), some compact and
evolved HII regions, far-IR and submillimeter sources,
and giant molecular clouds (Liszt 1985; Tsuboi et al.
1991; Lis et al. 1994; Liszt et al. 1995). Accordingly, a
rich variety of X-ray features may be expected. However,
the X-ray studies have been concentrated on the diffuse
6.4 keV line emission (Fe I Kα) (Murakami et al. 2001;
Yusef-Zadeh et al. 2007; Nakajima et al. 2008). Few re-
sults on thermal diffuse emissions have been reported so
far. Thus, we conducted the studies of thermal emissions
from the Sgr C region with Suzaku. The results given
here has been already published as Tsuru et al. (2009).
We here describe them in short.

We discovered an elongated chimney-like structure.
the Chimney, with the dimension of 20pc × 7.4pc, and
an elliptical shape object, G359.41-0.12, in the Sgr C re-
gion (Fig. 3). One-dimensional profile at the He-like S
Kα band shows that the Chimney is emanating smoothly
from G359.41-0.12 (Fig. 4). The spectra of the both of
the Chimney and G359.41-0.12 can be fitted with a thin
thermal plasma model of kT ∼ 1 keV (Fig. 5). There-
fore these two objects are physically connected with each
other. The sum of thermal energies of the two objects is
∼ 1.4 × 1050 ergs, typical for a Galactic SNR. G359.41-
0.12 is likely a new SNR candidate and the Chimney is
an associated outflow.

The molecular clouds of MC3 and MC4 can block the
plasma from expanding except in the northern direction.
Then, the outflow in the direction of the north may be
formed. In any case, the morphology of single SNR plus
a chimney-like thermal outflow with the dimension of
∼ 8pc × 8pc × 34pc is very unusual as a SNR.
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Fig. 4. The one-dimensional profile at 2.45 keV along the red dashed
line given in the Fig. 3. “MC1” and “MC2” show the positions
of ridges of the molecular clouds crossing the Chimney shown in
Fig. 3. The dips would be due to absorption by the molecular
clouds and the unabsorbed one-dimensional profile in the Chim-
ney would decrease monotonically from G359.41-0.12 without a
significant dip.
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Fig. 5. The background subtracted FIs spectra of the Chimney (left)
and G359.41-0.12 (right) with the best-fit model spectra. We in-
cluded the best-fit model spectrum of M359.43-0.12, which is the
contaminating source for G359.41-0.12 (Nakajima et al. 2009).
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Abstract

We observed the south-east (SE) limb (P26, P27, and P28) of the Cygnus Loop supernova remnant
(SNR) with Suzaku. The X-ray morphologies of P26 and P28 show concaved structures relative to the
other shell regions of the Loop. Levenson et al. (2005) insisted that the concave seen in P26 is due to the
interaction of the supernova blast wave with a large scale interstellar cloud from their Chandra observation.
We perform spatially resolved spectroscopy for the Suzaku data. Applying a single temperature NEI model,
we generate maps of the electron temperature, the ionization time scale, the emission measure, and metal
abundances. Based on the maps, we propose that the blast wave is hitting interstellar clouds in P28 as
well as P26, while the blast wave is propagating into a relatively uniform ambient medium in P26.

Key words: ISM: abundances — ISM: individual (Cygnus Loop) — ISM: supernova remnants —
X-rays: ISM

1. Introduction

The supernova explosion of the Cygnus Loop is generally
considered to have occurred in a preexisting cavity, and
the blast wave recently encountered a rigid wall of the
cavity. On the other hand, in some limb regions, the
blast wave seems to have overrun the cavity wall and now
is proceeding into the surrounding interstellar medium
(ISM).

We observed the SE limb (P26, P27, and P28; see
Fig. 1) of the Cygnus Loop with Suzaku on 2008 May 13–
14. The image obtained with the X-ray Imaging Spec-
trometer (XIS) is shown in Fig. 2, from which we can
see knotty structures in P26 and P28. Levenson et al.
(2005) observed the SE limb (shown in Fig. 1) by Chan-
dra, and concluded that the SE knot is the result of the
blast wave hitting a large scale interstellar cloud.

2. Spatially Resolved Spectral Analysis and Results

In order to investigate the shell structure in detail, we
divided the entire field of view (FOV) into a number of
small cells as shown in Fig. 2, such that each cell has
similar statistics (5000–10000 counts) for XIS1.

We applied an absorbed non-equilibrium ionization
(NEI) model with a single temperature for all the
spectra. The free parameters were foreground neutral
hydrogen column density, NH; electron temperature,
kTe; ionization time scale, τ ; emission measure, EM
(EM=

∫

nenHdl, where ne and nH are the number densi-
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Fig. 1. ROSAT HRI image of the entire Cygnus Loop. The Suzaku
and Chandra FOV are shown as solid line and dashed line, respec-
tively.

ties of electrons and protons, respectively and dl is the
plasma depth); and abundances of C, N, O, Ne, Mg, Si,
S, Fe, and Ni. We set the abundance of Si and S equal
to that of O, and Ni equal to Fe. The other elemental
abundances were fixed to the solar values. This model
gave us fairly good fits for all the spectra. Fig. 3 shows
an example spectrum extracted from region-A indicated
in Fig. 2 left.

Maps of the best-fit parameter values are presented in
Fig. 4. We calculated ne and the time elapsed since the
shock passage (t), assuming the spherical structure and
uniform density of the plasma in the SE limb.

The spatial distribution of ne shows higher value
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region-A

Fig. 2. Suzaku XIS0,1,3 image(0.2-10keV band). Left: A small
white rectangles are the cells where we extracted spectra. Right:
9 annuli regions are shown which is employed for detailed spectral
analysis.

(∼2cm−3) around knots than other SE limb regions
(∼0.5cm−3). The value of t decreases towards the edge
of the Loop. The value of kTe in P27 increases towards
the center of the Loop, while those of P26 and P28 do
not show this trend.

Since the kTe-variation is seen in radial direction
rather than azimuthal direction, we re-divided the FOV
into 9 annular regions shown in Fig. 2 right, and then
performed the detailed spectral analysis employing the
same model described before. The derived values of kTe

as a function of the distance from the blast wave are
shown in Fig. 5. We can see that the value of kTe clearly
increases toward the center in P27, but those in P26 and
P28 seem to decrease in the same direction.

Fig. 3. X-ray spectrum of XIS1 extracted from region-A in Fig. 2.
The best-fit curve is shown with the solid line.

Table 1. Spectral-fit parameters for region-A.

NH[1021cm−2] . <0.12
kTe . . . . . . . . . . . 0.337 ±0.003
C . . . . . . . . . . . . . 0.9 ±0.1
N . . . . . . . . . . . . . 0.70±0.06
O(=S=Si). . . . . 0.31 ±0.01
Ne . . . . . . . . . . . . 0.57±0.02
Mg. . . . . . . . . . . . 0.23±0.06
Fe(=Ni) . . . . . . . 0.21±0.02
log(τ/cm−3sec) 10.60±0.02
EM[1019cm−5] 0.84 ±0.01
χ2/d.o.f. . . . . . . 405/298

Fig. 4. Maps of best-fit parameters, ne, and t.

Fig. 5. kTe is shown as a function of angular distance from the shock
front.

3. Discussion and Conclusion

We observed the SE limb of the Cygnus Loop with
Suzaku in three pointings, i.e., P26, P27, and P28. We
performed spatially resolved spectral analysis for the XIS
spectra. By applying a NEI model with a single temper-
ature to the spectra, we revealed that the value of kTe

in P27 shows an increase towards inner regions of the
Loop, while those in P26 and P28 seem to be higher in
the outer regions where we can see knotty features in the
X-ray surface brightness map. Also, we found that the
values of τ and ne in knots of P26 and P28 are higher
than those of the rest of the region.

These facts suggest that in P27 the blast wave is prop-
agating into a uniform ISM, while in P26 and P28 the
blast is hitting the interstellar cloud.
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Abstract

Suzaku observed the supernova remnant G344.7−0.1. An extended X-ray emission with a diameter
of 6′–8′ was clearly found. In addition to emission lines from highly ionized Si, S, Ar, and Ca, the X-
ray spectrum exhibited a strong emission line at an energy of 6.465 keV from low-ionized Fe. The Fe
K-line was represented by a broad Gaussian line model. The overall spectra in the 1–10 keV band were
well represented by a two-component non-equilibrium ionization model. The results of a spectral fitting
indicate that Si, S, Ca, and Fe are overabundant relative to the solar values.

Key words: ISM: supernova remnants — X-rays: ISM — X-rays: spectra

1. Introduction

Supernova and supernova remnants (SNRs) are very im-
portant objects, because they are the main site of heavy
element production in galaxies. X-ray observations are
useful for performing plasma diagnostics. However, since
X-rays in the low-energy band are absorbed by the inter-
stellar medium and there are many bright X-ray sources
containing a compact object, our knowledge of the X-ray
properties of faint (distant) SNRs is still limited.

G344.7−0.1 is an SNR with a size of 8′–10′ (Green
2009, references therein). Based on the radio flux den-
sity and the Σ-D relation, a diameter and a distance to
G344.7−0.1 are estimated to be ∼33 pc and ∼14 kpc, re-
spectively (Dubner et al. 1993). The large size suggests
that G344.7−0.1 is a middle-aged SNR.

X-ray emission from G344.7−0.1 was discovered in the
ASCA Galactic plane survey for the first time (Yamauchi
et al. 1998, 2005). The X-ray emission with a diameter
of 6′–8′ coincides with the bright western part in the ra-
dio band image. The spectral fitting revealed the metal
enhancement and the existence of a strong low-ionized
Fe K-line (∼6.4 keV) even in the middle-aged SNR (Ya-
mauchi et al. 2005), and hence G344.7−0.1 is an unique
SNR.

In order to study the X-ray emitting plasma of
G344.7−0.1 in detail, we observed G344.7−0.1 with the
Suzaku satellite (Mitsuda et al. 2007). In this paper,
the results are presented.

2. Observations and Results

The Suzaku observation of G344.7−0.1 was carried out
with X-ray CCD cameras (XIS) on 2007 February 21–22.
The exposure time after data screening was 42.1 ks.

Figure 1 shows an X-ray image obtained in the 1–

10 keV energy band overlaid with the radio band image
(843 MHz, Whiteoak & Green 1996). An extended X-ray
emission with a diameter of 6′–8′ was clearly found. The
X-ray image is consistent with that of the ASCA results
(Yamauchi et al. 2005).

Figure 2 shows X-ray spectra extracted from a re-
gion with a radius of 4′.2 from the center of the ex-
tended X-ray emission. The background counts ex-
tracted from an annular region between 4′.2 and 6′.8
were subtracted. The spectra exhibited several emission
line features. Based on results of a spectral fitting with
a bremsstrahlung and Gaussian line model, these lines
were identified with K-lines from Si, S, Ar, Ca, and Fe.
The line energies of Mg, Si, S, Ar, and Ca K-lines are
consistent with those expected in the thin hot plasma
with a temperature of ∼1 keV, but that of a Fe K-line
(E=6.465 keV) is significantly lower than ∼6.7 keV ex-
pected in the hot plasma. Moreover, emission lines from
Mg, Si, S, Ar, and Ca are narrow, but only the Fe line is
represented by a broad Gaussian line model. These in-
dicate that the X-ray spectra cannot be represented by
a single component model and another emission compo-
nent with a strong emission line from Fe is required.

Both the line energy and the line width are consis-
tent with those expected from Fe ions in a hot plasma
in non-equilibrium ionization (NEI) state with an ion-
ization time scale of ∼1010 cm−3 s and a temperature
of several keV. Therefore, the X-ray spectra were fit-
ted with a two-component NEI model (vnei model in
XSPEC). The used NEI model (vnei version 1.1) did not
reproduce line features at ∼1.6 keV and ∼3.1 keV. To re-
produce the line features, two narrow emission lines were
added at ∼1.6 keV and ∼3.1 keV. Since the temperature
of the hard component, kThard, could not be constrained
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Fig. 1. X-ray image obtained in the 1–10 keV energy band (gray
scale). The background subtraction and the vignetting correction
are not made. The contour shows the radio intensity map (843
MHz: Whiteoak & Green 1996).

well, kThard was assumed to be 5 keV. The abundance
tables were taken from Anders & Grevesse (1989), while
the cross sections of the photoelectric absorption were
taken from Morrison & McCammon (1983). The abun-
dances of Si, S, and Ca for the soft component and Fe
for the hard component were free parameters, but those
of other elements were fixed to the solar values. The
two-component NEI model well represented the overall
spectra in the 1–10 keV energy band. The tempera-
ture of the soft component is ∼1 keV, while the ioniza-
tion timescales of the soft and the hard components are
∼ 2 × 1011 cm−3 s and ∼ 1 × 1010 cm−3 s, respectively.
The abundances of Si, S, and Ca of the soft component
(the 1 keV plasma) are larger than the solar values (1.6–
3.0 solar), while the Fe in the hard component is also
significantly overabundant (∼20 solar).

3. Discussion

A diameter of G344.7−0.1 is estimated to be ∼33 pc
(Dubner et al. 1993), while the plasma temperature of
the soft component derived from the present analysis is
lower than those of young SNRs such as Tycho’s SNR
and Kepler’s SNR (kT=2–4 keV, e.g., Hwang & Got-
thelf 1997, Kinugasa & Tsunemi 1999), but is consistent
with those of middle-aged SNRs. In the case of middle-
aged SNRs, the X-ray emitting matter mainly consists
of an ambient matter. Thus, the overabundance derived
from the Suzaku observation suggests that G344.7−0.1
appeared in a locally metal-enhanced region.

The obtained energy of the Fe K-line is significantly
higher than that of neutral Fe (6.4 keV) and the Fe line
is represented by a broad Gaussian line model. These re-
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Fig. 2. XIS spectra obtained in the 1–10 keV energy band. The
crosses and the histogram in the upper panel show the spec-
tral data and the best-fit two-component NEI model, respectively.
The lower panel shows the residuals from the best-fit model.

sults indicate that a scenario of a fluorescence line from
cold matter is unlikely. A scenario that a shell of a Fe-
emitting plasma is expanding is also unlikely. In the ex-
panding shell scenario, the line width in the central por-
tion is expected to be larger than that in the outer region.
However, the line widths are very similar. The broad Fe
line is reproduced by the NEI model with an ionization
time scale of ∼1010 cm−3 s and the two-component NEI
model represents the overall spectra well, which suggests
that a scenario of a Fe-rich low-ionized plasma is likely.
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Abstract

The X-ray spectrum of the Galactic supernova remnant (SNR) IC 443 exhibits extremely strong ra-
diative recombination continua (RRC). In order to study the spectrum quantitatively, we construct a
semi-phenomenological model with bremsstrahlung, emission lines, and RRC. We fit the spectrum with
this model and obtain reasonable agreement. By using this new model fitting, electron temperatures are
obtained in three independent ways: the line flux ratios of Kβ–Kδ to Kα, the bremsstrahlung shape,
and the RRC width. On the other hand, the ionization temperature is obtained by the flux ratio of H-
like to He-like Kα lines. The fact that ionization temperature (1.1–1.4 keV) is higher than the electron
temperature (0.4–1.0 keV) indicates the plasma is in an overionized state, which is very unusual for SNRs.

Key words: ISM: individual (IC 443) — supernova remnants — radiation mechanisms: thermal

1. Introduction

IC 443 (G189.1+3.0) is one of the mixed-morphology
supernova remnants. Kawasaki et al. (2002) claimed
the presence of ”overionized” plasma using ASCA data.
They measured intensity ratios of the H-like Kα (here-
after Lyα) to He-like Kα (Heα) lines of S to obtain
the ionization temperature (kTz). They found that
kTz (∼1.5 keV) is significantly higher than the electron
temperature (kTe) determined from the bremsstrahlung
shape (∼1.0 keV).

Yamaguchi et al. (2009) have recently discovered the
strong radiative recombination continua (RRC: X-ray
emissions due to the free-bound transition of electrons)
of Si and S from IC 443. They fitted the spectrum with
the thin-thermal plasma code (APEC: Smith et al. 2001)
in the collisional ionization equilibrium (CIE) state, ad-
ditional Gaussians to reproduce Lyα intensities, and the
RRC. In this paper, we introduce the new fitting model
to study the spectrum quantitatively with the X-ray
Imaging Spectrometers (XIS) onboard the Suzaku satel-
lite. The details of the observation and data reduction
are found in Yamaguchi et al. (2009).

2. Analysis

Figure 1 shows an XIS image of the observed fields. We
extract the spectra from a circular region with radius of
7.5 arcmin. The non–X-ray background (NXB) spectra
from the same region on the detector are constructed us-
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Fig. 1. Vignetting-corrected and NXB subtracted XIS image of IC 443
shown on logarithmic intensity scale (grey scale: 0.7–3 keV, con-
tours: 3–5.5 keV). Black squares and a white circle are the XIS
field of views and a region used in our spectral analysis, respec-
tively. The coordinates (R.A. and Dec.) refer to epoch J2000.0.
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Fig. 2. 1.8–8 keV XIS-FI spectra fitted with a semi-phenomenological
model consisting of bremsstrahlung, Gaussians, and RRC.

ing xisnxbgen software, and subtracted from the source
spectra. The resultant spectra exhibit the K-shell emis-
sion lines from He- and/or H-like ions of O, Ne, Mg, Si,
S, Ar, and Ca, as well as L-shell emission blends of Fe
(Yamaguchi et al. 2009). Furthermore, we resolve the
Fe-Kα line for the first time (see Figure 2). Kβ lines of
Ne, Mg, Si, and S are also resolved. The firm detection
of these lines enables us to obtain precise electron and
ionization temperatures.

We here focus on the 1.8–8 keV spectral fitting. We fix
the interstellar extinction to NH = 7×1021cm−2, follow-
ing Kawasaki et al. (2002). The cosmic X-ray back-
ground which is still included in the NXB-subtracted
spectra is modeled following Kushino et al. (2002).

2.1. Construction of a semi-phenomenological model

We construct the model with bremsstrahlung, emission
lines, and RRC. We use Gaussians to represent the emis-
sion lines, and take account of Kα–Kδ emission lines for
Si and S, Kα–Kβ lines for Ar, Ca, and Fe. For all Gaus-
sians, we fix center energies to that of the APEC code,
and the widths to zero. Using the APEC code, we re-
strict the individual flux ratios of Kβ–Kδ to Kα for He-
like and H-like atoms as a function of kTe, which is com-
mon among all the elements. We also restrict Lyα/Heα
ratio as a function of kTz. We link kTz of S, Ar, and
Ca, because Lyα intensities of Ar and Ca are not strong
enough.

For RRC structures, we use the REDGE model which
is built into XSPEC. We consider RRC from fully-ionized
and H-like atoms of Si and S. We fix edge energies to the
K-shell binding potentials and link all the RRC widths.
All the normalizations of the RRC components are free
parameters.

kTz[S]

kTz[Si]

kTe[Brems]
kTe[Ratio]
kTe[RRC]

kTe=kTz

Fig. 3. Temperatures derived from the spectral fitting. kTe[Ratio],
kTe[Brems], and kTe[RRC] are electron temperatures derived
from the Kβ–Kδ to Kα flux ratios, the bremsstrahlung shape,
and the RRC width, respectively. kTz[Si] and kTz[S] are ioniza-
tion temperatures derived from the Lyα/Heα ratio of Si, and that
of S, Ar, and Ca, respectively.

2.2. Fitting results

Figure 2 shows the fitting result of the phenomenological
model with an acceptable χ2/dof of 306/280. If we ex-
clude the RRC, the fit leaves large residuals around 2.7
and 3.5 keV, and rejected with large χ2/dof of 845/285.

From the fitting results, we obtain kTe in three inde-
pendent ways: 1) the line flux ratios of Kβ–Kδ to Kα, 2)
the bremsstrahlung shape, and 3) the RRC width. On
the other hand, kTz is obtained by the Lyα/Heα flux
ratio. The results are shown in Figure 3. All kTz are
significantly higher than kTe, indicating the existence of
overionized plasma in IC 443. Note that these temper-
atures are derived based on the APEC code in the CIE
state. In a precise sense, we should use an overioniza-
tion code such as Masai (1994). Detailed treatments and
discussions are found in Yamaguchi et al. (2009).

We appreciate Kuniaki Masai for his dedicated support.
M.Ozawa is a Research Fellow of Japan Society for Pro-
motion of Science (JSPS).
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Abstract

The X-ray emission from the supernova remnant N23 are studied using the X-ray Imaging Spectrometer
(XIS) onboard Suzaku. Owing to superior energy resolution of the XIS, we obtained a H-like and He-like
Kα emission line spectrum of Oxygen with unprecedentedly high quality. As a result, we identified a new
thin thermal spectra component which can be represented with Non-Equilibrium Ionization model with a
temperature ∼0.2 keV, as well as that with a temperature of ∼0.5 keV so far as known. This alters the
estimate of the ionization timescale net from ∼ 1011 cm−3 s to ∼ 1013 cm−3s, thereby identifying N23 as
an old SNR, rather than a young SNR(∼3800 yr) as believed so far.

Key words: supernova remnants, X-ray

1. Introduction

Chemical evolution of the universe has been one of the
major issues in the modern astronomy. Heavy elements,
or metals, have been generated and accumulated in the
universe since its begining mainly through supernova ex-
plosions. In X-ray observations, we can obtain informa-
tion on parameters on the optically thin thermal plasma
which include plasma temperatures, metal abundance,
kinematic energy, ionization ages, and so on. These
pieces of information will lead us to understand galactic
chemical evolution and star formation history. A system-
atic study of supernova remnant in the Large Magellanic
Cloud (LMC) suits well for this purpose, because of its
well-known distance of 50 kpc, small interstellar absorp-
tion to LMC. N23 is one of the SNRs in the LMC. It is
classified by its morphology as a middle-aged (∼3800 yr)
and an irregular-shaped SNR in Huges et al. 1998.

2. Observation and Data Reduction

The Suzaku XIS image of N23 (South) and DEM L71
(North) below 2 keV are shown in Fig.1 N23 is ex-
tended with ∼45”×90”. Data reduction and analysis
of the present data were carried out using the HEADAS
software package version 6.5.1. The data processed by
Suzaku pipeline processing software (ver 2.0) were an-
alyzed. In Screening the data, we removed time inter-
vals while the elevation angle from the night earth is
less than 5◦. We discarded the data while the spacecraft

passes through the South Atlantic Anomaly and the cut-
off rigidity is less than 6GV/c. In the standard data
screening procedure, the time inversals during which the
elevation angle from the day earth is less than 20◦ are
discarded. These result in, however only ∼5.6 ksec data
available. We thus reduce the day-earth elevation angle
by degrees by closely comparing resulting spectra and
have finally found that the solar X-ray contamination
dose not raise any spectral modification even if we reduce
the day earth elevation down to 5◦ (DYE ELV> 5◦) for
XIS data. Owing to this study, the total exposure time
has increased to 7.5 ksec.

3. Spectral Analysis

In spectral analysis, we use xspec version 11.3.2aj for
spectral fitting. The XIS response matrix (RMF) and
auxiliary response file (ARF) are calculated using xis-
rmfgen (version 2007-05-14) and xissimarfgen (version
2008-04-05), respectively. In evaluating the spectrum
of N23 through spectral fitting, we begin with a sin-
gle component vnei model attenuated by photoelectric
absorption due to the interstellar matter in our galaxy
and LMC, whose thickness is represented by the hy-
drogen column densities NG

H and NL
H, respectively. We

have fixed NG
H at the value of our galaxy in the direc-

tion to N23 1.98×1021cm−2, whereas NL
H is set free to

vary. The result is summarize in the second column of
table 1 labelled ’1kT1nt’. Since the carbon abundance
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cannot be constrained because of the large interstellar
absorption at carbon Kα line energies, we fixed it to
the LMC value (Russell & Dopita 1992). In the course
of the fitting, we noticed that the central energies of
hydrogenic and He-like Kα lines from O, Ne, and Mg
show discrepancies between the model and the data. We
therefore allowed energy offset to be floated. As a re-
sult, the energy offset is converged to −11eV and −2eV,
for the FI and BI spectra, respectively. The tempera-
ture and the inonization timescale are consistent to the
ASCA measurement, which are kTe = 0.53 ± 0.10 keV
and log(net) = 10.9 ± 0.3cm−3s (Huges et al. 1998).
As noticed from this table, however the single compo-
nent vnei model no longer provides an acceptable fit
(χ2

ν = 2.1). We thus decided to append another vnei
model. To reduce the number of model parameters as
much as possible, however, we constrained either kTe or
net common between the two vnei component, and fit
them to the data separately. The improvement of the
2kT1nt model is more remarkable, and it provides an
acceptable fit at the 90% confidence level. The result of
the fit is shown graphically in Fig2. This result indicates
that there exists indeed another optically thin thermal
plasma component with a temperature of ∼0.2 keV, in
addition to the 0.5–0.6keV component so far known. It is
very important to note that the best-fit value of the ion-
ization timescale now becomes log(net) > 1013 cm−3s,
which alters the age estimation of N23 larger by a few
orders of magnitude. N23 should now be regarded as an
old SNR, rather than a young SNR as considered so far
based on the single vnei model.

Fig. 1. Suzaku XIS X-ray images of the N23 and the DEM L71 in the
bands 0.2–2 keV. The images from all the four XIS modules are
combined. The circles with a radius of 3. 3 is integration regions
of the source photons from N23. The background photons were
extracted a source free region. The calibration sources at the
corners are masked.
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Fig. 2. The data and the best-fit ’2kT1nt’ model of N23. In the
0.45–2.0keV band. The crosseses show the data points from the
FI and BI CCDs, respectively. The solid line histograms with same
colow are best-fit model. The blue and green broken histograms
show the components with kTe=0.55 and 0.21keV, respectively.
The lower panels show the residual of the fit.

4. Discussion

We obtained the H-like and He-like Oxygen emission line
spectrum with unprecedentedly high quality, thereby dis-
cover a new NEI emission component with a temper-
ature ∼ 0.2 keV, in addition to the 0.5 keV compo-
nent known so far. This alters the estimation of the
ionization timescale net significantly, from 1010cm−3s to
1013cm−3s, and N23 is found to be an old SNR, not a
young SNR as believed so far. Our observation on N23
throws out a caveat that similar oversight of the low
temperature component may have taken place in other
SNRs.

Table 1. Best-Fit Parameter for N23

Parameter 1kT, 1nt 2kT, 1nt

NG
H 0.198(fix) 0.198 (fix)

NHL 9.2+1.2
−0.8 < 1.0 × 10−2

kT1 0.54+0.6
−0.3 0.56+0.1

−0.3

kT2 - 0.208+0.02
−0.04

log(net) 10.39+0.09
−0.05 13.68+0.02

−0.32

Norm1 1.9+1.0
−1.0 × 10−2 7.2+1.7

−0.5 × 10−3

Norm2 - 3.3+0.1
−0.4 × 10−2

C 0.51(fix) 0.51(fix)
N < 6.4 × 10−2 0.33+0.27

−0.12

O 0.21+0.06
−0.01 0.45+0.04

−0.12

Ne 0.23+0.01
−0.02 0.61+0.05

−0.14

Mg 0.19 ± 0.03 0.50+0.08
−0.10

Si 0.38+0.07
−1.4 0.55+0.13

−0.14

Fe 0.19+0.04
−0.01 0.38+0.02

−0.11

χ2
ν(dof) 2.09(99) 1.08(97)

offset FI (eV) -11 -8.9
offset BI (eV) -2 -1.0
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Abstract

We report a 3-dimensional numerical study of the gas dynamics around Sgr A*, the super-massive
black hole at the centre of our Galaxy. We follow the gas from its origin as stellar winds, until its capture
by the black hole. Compared with previous investigations, we allow the stars to be on realistic orbits,
include the recently discovered slow wind sources, and allow for optically thin radiative cooling. We find
that the slow winds shock and rapidly cool, forming cold gas clumps and filaments that coexist with the
hot X-ray emitting gas. The accretion rate is on average consistent with the Bondi estimate, but highly
variable on time-scales of tens to hundreds of years. Such variability could lead to a strongly non-linear
response through accretion flow physics not resolved in our simulations, and it could even make Sgr A*’s
X-ray luminosity reach the high values implied by the observation of nearby X-ray reflection nebulae.

Key words: Galaxy: centre – accretion: accretion discs – galaxies: active – stars: winds, outflows

1. Introduction

Sgr A* is identified with the MBH ∼ 3.5×106 M⊙ super-
massive black hole (SMBH) at the centre of our Galaxy
(e.g., Schödel et al. 2002). By virtue of its proximity,
Sgr A* plays a key role in the understanding of Active
Galactic Nuclei (AGN). Indeed, this is the only SMBH
for which observations reveal the origin of the gas in its
vicinity. This information is absolutely necessary for the
accretion problem to be modelled self-consistently.

One of Sgr A* puzzles is its low luminosity with respect
to estimates of the accretion rate. Young massive stars
in the inner parsec of the Galaxy fill this region with
hot gas. From Chandra observations, one can measure
the gas properties around the inner arcsecond1 and then
estimate the Bondi accretion rate (Baganoff et al. 2003).
The expected luminosity is orders of magnitude higher
than the measured ∼ 1036 erg s−1.

The hot gas, however, is continuously created in
shocked winds expelled by the stars near Sgr A*, and the
stars themselves are distributed in discs (e.g., Paumard
et al. 2006). The situation then is far more complex than
in the idealised Bondi model. An alternative approach
to study the accretion is to model the gas dynamics of
stellar winds, using the measured properties of the wind
sources (e.g., Coker & Melia 1997). Here we present our
numerical modelling of wind accretion onto Sgr A*, the
first to allow the wind-producing stars to be on realistic
orbits.

*1 One arcsecond (1′′) corresponds to ∼ 0.04 pc, ∼ 1017cm, or
∼ 105RSch for Sgr A*.

2. Numerical approach and initial conditions

We use the SPH code gadget-2 (Springel 2005) to sim-
ulate the dynamics of stars and gas in the gravitational
field of the SMBH (Cuadra et al. 2005, 2006, 2008). To
model the emission of stellar winds, new gas particles
are continuously created around the stars. The SMBH
is modelled as a ‘sink’ particle, with all the gas pass-
ing within 0.05′′ from it disappearing from the computa-
tional domain. As this ‘sink radius’ is ∼ 20 times smaller
than the Bondi radius, we can study the accretion onto
Sgr A*.

To test the importance of the stellar dynamics, we first
performed several simulations with different configura-
tions for the stellar orbits. We found that the angular
momentum of the gas has a strong dependence on the
orbital motions. Moreover, only the fraction of the gas
with the ‘right’ low angular momentum goes to the in-
ner region and can be accreted. Therefore, when the
stars are rotating in a disc, the gas has more angular
momentum and the accretion rate is lower than in the
case where stars orbit the central black hole isotropically
(Cuadra et al. 2006). This result highlights the neces-
sity of using realistic orbits to model the accretion onto
Sgr A*.

For our latest simulations (Cuadra et al. 2008), we in-
clude in our calculations the 30 stars identified as Wolf–
Rayet, with their measured positions and velocities (Pau-
mard et al. 2006). For the initial conditions of the stel-
lar winds, we use the wind velocities and mass loss rates
calculated from the analysis of individual stellar spectra

This document is provided by JAXA.



The Energetic Cosmos : from Suzaku to ASTRO-H 131

(Martins et al. 2007).

3. Two-phase gas

Figure 1 shows the resulting morphology of the gas at
the end of a simulation. Cool dense regions in the gas
distribution are mainly produced by winds from stars
with relatively slow winds, ∼ 500 km s−1. When shocked,
these slow winds attain a temperature of only around
106 K, and, given the high pressure environment of the
inner parsec of the Galactic Centre, quickly cool radia-
tively (Cuadra et al. 2005). The cooled gas forms bound
clouds, often flattened into filaments due to the SMBH
potential. On the other hand, stars with faster winds do
not produce much structure. The winds they emit have
temperatures > 107 K after shocking, and do not cool
fast enough to form clumps. This temperature is com-
parable to that producing the X-ray emission detected
by Chandra.

4. Accretion onto Sgr A*

From the simulations we can obtain the accretion history
onto Sgr A*. Accretion is here defined by the quantity
of gas entering the inner boundary (0.05′′) of our com-
putational domain.

The accretion rate is of the order of a few
×10−6 M⊙yr−1 and very variable, changing by factors
of a few on time-scales as short as the chosen time res-
olution of 30 yr. The variability is caused by the eccen-
tricity of the stellar orbits and the stochastic infall of
cold clumps (Fig. 2, left).

We attempt to model the emission of the accretion flow
inside our inner boundary with a crude approximation
in which the X-ray luminosity efficiency is a power of the
accretion rate. The obtained luminosity is quite variable
and can reach very high values (Fig. 2, top right). This
seems to be a promising way of explaining the higher
luminosity of Sgr A* in the recent past, as implied by the
X-ray reflection nebulae detected by Suzaku and other
satellites (e.g., Revnivtsev et al. 2004, Koyama et al.
2008, Nobukawa et al. 2008, Nakajima et al. 2009).2

Despite the low resolution of our calculations in this
region, we try to quantify the angular momentum of the
accretion flow close to our inner boundary. We find that
the angular momentum profile is quite flat (Fig. 2, bot-
tom right), and interpret this as a signature that the flow
is well mixed and simply advects to the inner boundary.
We expect the flow to circularise at R ∼ 5000RSch.

5. Discussion

We studied numerically the present day dynamics of the
stellar winds around Sgr A*. We found that they cre-

*2 See also the contributions of Koyama, Nobukawa, and Naka-
jima in these proceedings.

ate a complicated two-phase medium, with cold clumps
immersed in the hot X-ray gas. The resulting accre-
tion rate is variable on time-scales of tens to hundreds of
years. This variability implies that Sgr A*’s luminosity
could have been much higher just a few hundred years
ago, as implied by the X-ray echoes observed in molecu-
lar clouds.

Despite the complexity, the average accretion rate is of
the order of the Bondi estimate. The reason for Sgr A*
dimness lies then inside our inner boundary. Future stud-
ies should focus in this region and include the magnetic
processes that are likely important at this distance from
the black hole. As a first step, we are running hydrody-
namical simulations of the inner accretion flow, using as
boundary condition the physical properties of the gas at
the inner boundary of the larger scale simulations pre-
sented here (M.C. Wu et al., in prep.).
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Fig. 1. Gas morphology at the present time (t = 0) from a stellar wind simulation. Left: Column density of gas in the inner 6′′ of the
computational domain. Stars are shown with green symbols, with labels indicating their names. Right: Averaged temperature of the same
region. Notice the dense cold clumps forming around the slow-wind-emitting star 33E. Clumps also form in the region around the 13E
group, where the slow winds from 13E2 collide with the faster ones coming from its neighbour 13E4. On the other hand, winds from the
powerful WR star 9W have not collided yet with any other winds and remain cold but diffuse. Figures from Cuadra et al. (2008).
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Fig. 2. Characteristic of the accretion from one of our simulations. Top left: Accretion rate as a function of time. Different lines show the
contribution from different stars. Bottom left: Distance from the close stars to the black hole as a function of time. Notice how the
contribution to the accretion rate from some stars correlates with their proximity to the black hole. Top right: Expected X-ray luminosity
of the accretion flow calculated with two different efficiency assumptions. Bottom right: Angular momentum profile of the gas in the
inner region. Figures from Cuadra et al. (2008).
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Abstract

The most pronounced features of the Galactic center diffuse X-ray (GCDX) are the K-shell transition
lines from neutral (Fe i), He-like (Fexxv) and H-like (Fexxvi) irons at energies of 6.4 keV, 6.7 keV and
7.0 keV, respectively. With the high energy-resolution and the low background, particularly in the hard
X-ray band of Suzaku, we obtained accurate fluxes of these lines. We constrain the GCDX region using
the longitude and latitude distribution of the 6.7keV lines; The GCDX is extended ±0.42◦ and ±0.16◦ in
the longitude and latitude e-folding scales from Sgr A*. Neither the 6.4 keV nor 6.7 keV line flux shows
close proportionality to the continuum flux (5–10 keV band); the 6.4 keV line shows excess in the high
flux side, and vice versa for the 6.7 keV line. On the other hand, the sum of the 6.4 keV plus 6.7 keV line
fluxes with the ratio of 1:2 shows good proportionality to the continuum flux, hence we phenomenologically
decompose the continuum flux of the GCDX into the 6.4 keV- and 6.7 keV-associated continuums with the
flux ratio of 1:2. The GC spectrum is also fit by a 6.5 keV-temperature plasma and a power-law continuum
of the photon index 1.4 plus Gaussian lines at 6.4 keV and 7.05 keV. The fluxes of these two components
are nearly the same with each others. Based on these facts, we estimate the flux ratio due to the diffuse
and the integrated point sources as 6: 1, consistent with that derived from the scale-height analysis of 7:1.
We also determine the line-of-sight positions of the molecular clouds (MC) from the analysis of absorption
and 6.4 keV flux relation of the GCDX spectra, and find that the MCs lie on the parabola with the focus
at Sgr A*. This is an equi-delay-time locus of about 300 light years for the X-ray originated from Sgr
A* and reflected by the MC into our line of sight. The bright 6.4 keV clumps (MCs) of the Sgr B region
exhibit time variability over about 10 years. Accordingly, we suspect that Sgr A* exhibited a large flare
about 300 years ago with the variability time scale of about 10 years.

Key words: Galaxy: center—ISM: supernova remnant —X-ray spectra

1. Introduction

The Galactic center diffuse X-ray (GCDX) exhibits many
K-shell lines from highly ionized atoms, and hence is
due to high temperature plasmas. The key lines are K-
shell transitions of He-like (Fexxv) and H-like (Fexxvi)
irons at the center energies of 6.7, 7.0 keV and 7.9 keV,
respectively.

The electron and ionization temperatures of the hot
plasma are constrained by the line flux ratio of Fexxv-
Kβ to Fexxv-Kα and that of Fexxvi-Lyα (Lyman-α
line) to Fexxv-Kα, respectively.

In addition to these highly ionized atomic lines, the
Kα and Kβ lines from neutral irons (Fe i) and the Kα
line from neutral nickels (Ni i) are also discovered. Likely
origin of these neutral K-shell lines is due to fluorescence
irradiated by external X-ray sources (e.g. Koyama et al.
1996). However alternative scenarios, such as a bom-
barding of energetic electrons, have been also proposed
(e.g. Valinia et al. 2000; Yusef-Zadeh et al. 2002).

The 5–11.5 keV band spectrum of the GCDX is natu-
rally explained by a 6.5 keV-temperature plasma in col-
lisional ionization equilibrium (CIE) and a power-law
component with a photon index Γ=1.4 plus Gaussian
lines at 6.4 keV and 7.05 keV. The flux ratio of the for-
mer component to that from the latter component is 1:1
(Koyama et al. 2007). On the other hand, the proper
combination of the equivalent width of the 6.4 keV
line (EW6.4) and that of the 6.7 keV line (EW6.7) as
0.5×EW6.4 + EW6.7 = 0.62(keV) shows good propor-
tionality to the 5–10 keV band flux, the GCDX may be
decomposed into the 6.4 keV- and 6.7 keV-associated
continuums with the flux ratio of 1:2 (Koyama et l.
2009). One plausible answer to solve this apparent in-
consistency is proposed in this paper in relation to the
origin of GCDX.

The Galactic center (GC) region is complex with many
molecular clouds (MCs), called as the central molecu-
lar zone (CMZ). The Sgr B complex is one of the most
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well-known and massive molecular clouds complex lying
in the GCDX plasma, but the position in the GCDX
plasma has been unclear. In this paper, I present a new
metrology to derive a face-on view and show the results.
A time variability of the 6.4 keV-line was discovered from
the Sgr B2 clouds (Koyama et al. 2008; Inui et al. 2009).

Based on these Suzaku results of imaging spectro-
scopic observations on the GCDX region. I discuss the
origins of the 6.7 keV, 7.0 keV and 6.4 keV lines. The
distance to the GC is assumed to be 8 kpc, and quoted
errors are 90% confidence level unless otherwise men-
tioned. I use the Galactic coordinates, hence the east
means the positive Galactic longitude side and vice versa
for the west.

2. High Temperature Plasma

Suzaku obtained very nice GCDX spectra above 7 keV,
and discovered Kδ and Kγ of Fexxv as well as the
Kα and Kβ of neutral nickel (Ni i) and Kα of He-like
nickel(Nixxvii). Then, we can precisely estimate the
continuum shape. The continuum below 6 keV does not
fit the slope above 7.5 keV with a clear energy jump at
around 7 keV, which is the iron K-shell absorption edge.
If we miss-understand that the continuum slope should
be smooth at the edge energy, then we may miss-estimate
the line fluxes of important lines such as Lyα of Fexxvi
and Kβ of Fexxv. Another word, we reliably estimate
the Lyα and Kβ lines of Fexxv, which leads us to the
reliable plasma diagnostic for the first time.

To make spatial distribution of the iron lines, I di-
vided the GC region into many small areas, and fit the
individual spectra with a power-law + Gaussian lines.
Hereafter, we designate the line fluxes of Fe i-Kα at 6.4
keV, Fexxv-Kα at 6.7 keV and Fexxvi-Lyα at 7.0 keV
as F6.4, F6.7 and F7.0, respectively.

The Galactic longitude (l)-distributions of F7.0 and
F6.7, and the flux ratio of F7.0/F6.7 are shown by
Uchiyama et al. in this Proceedings. Although there
is a clear asymmetry of F6.7 between the East and West
side, global structure is well fitted with a two-exponential
function of,

A1 × exp(−l/h1) + A2 × exp(−l/h2) .
The best-fit parameters are A1 = 2.7×10−6, A2 = 1.6×
10−7 , h1 = 0.42◦, and h2 = 33◦ (see Uchiyama et al. in
this Proceedings).

The e-folding scale of the small width component is
0.42◦, which can be called as the GCDX, while the large
width component of 33◦ should be the Galactic ridge
diffuse X-ray(GRDX).

The flux ratio (F7.0/F6.7) is a good indicator of the
plasma temperature. The l-distribution of this flux ratio
is not constant, but shows a gradual decrease as a func-
tion of the longitude distance from the Galactic center
at Sgr A*; the ratio is 0.4 at the GC and decreases to 0.2

at fur-off from the GC. This indicates the plasma tem-
perature of the GCDX is ∼7 keV, which is higher than
that of the GRDX of ∼ 5.5 keV. Thus the major origin
of the GCDX may differ from that of the GRDX.

The Galactic latitude (b) distribution of F6.7 near at
the GC is also given by a two-exponential function as,

A1 × exp(−b/h1) + A2 × exp(−b/h2).
The best-fit parameters are A1 = 2.1×10−6, A2 = 3.3×
10−7 , h1 = 0.16◦, and h2 = 1.1◦ (see Uchiyama et al. in
this Proceedings).

The small scale height component (h1 = 0.16◦) would
be high mass origin such as SNe, while the large scale
height component (h1 = 1.1◦) would be low mass star
origin such as white dwarf and/or active stars. Thus
we can define the former component (h1 = 0.16◦) to be
GCDX and the later (h1 = 1.1◦) to be the Galactic bulge
diffuse X-ray (GBDX).

3. Decomposition of the 6.7 keV and 6.4 keV Components

We have divided the 2-field of the GC into 2 × 16 seg-
ments, then fit the individual spectra with a power-law
continuum plus Gaussian lines. Using the best fit power-
law index Γ, fluxes (F ) and equivalent width (EW ), we
made correlation plots. The power-law index Γ is nearly
constant at ∼1.9 in the wide range of the flux ratio of
F6.4/F6.7.

The line fluxes (F6.4 and F6.7) show deviations from
proportionality relations to the continuum band (5–10
keV band) flux at the high flux regions; F6.4 shows ex-
cesses in the high flux side, and vice versa for F6.7. How-
ever the value F6.7+0.5×F6.4 is nicely proportional to
the continuum flux. In other word, the equivalent widths
of the 6.4 keV (EW6.4) and 6.7 keV (EW6.7) line are
given by the equation;

0.5 × EW6.4 + EW6.7 = 0.62(keV).
These are illustrated in figure 2 of Koyama et al.(2009).
Thus, phenomenologically, about 2/3 (1/1.5) of the 5–
10 keV flux is associated to the 6.7 keV line and the
other 1/3 (0.5/1.5) is associated to the 6.4 keV line.
On the other hand, Koyama et al.(2007) reported that
the GC spectra can be fitted by a 6.5 keV-temperature
plasma and a power-law of index 1.4 plus Gaussian lines
at 6.4 keV(Fe i-Kα) and 7.05 keV (Fe i-Kβ). The 6.5
keV-plasma is approximated by a power-law slope with
the photon index of Γ=2.4. The fluxes of the both com-
ponents are nearly equal with each other (see figure 7 of
Koyama et al. 2007).

The results pf these two decompositions are shown in
figure 1. We see inconsistent results; the fraction of the
6.7 keV domain is 2/3 in the former decomposition, while
that of the latter is 1/2. This apparent inconsistency can
be solved if 1/6 of the total GCDX is due the point source
contribution, and the point source spectrum has strong
6.7 keV line.
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Fig. 1. The schematic diagram of the two decomposition results.
(left) About 2/3 (1/1.5) of the 5–10 keV flux is associated to the
6.7 keV line and the other 1/3 (0.5/1.5) is associated to the 6.4
keV line. (right) The spectrum analysis by Koyama et al.(2007)
shows that a half of the GC flux is explained by a 6.5 keV plasma
and the other half is due to a power-law continuum of the photon
index 1.4 plus 6.4 keV and 7.05 keV lines. (see text).

In fact, Muno et al. (2004) reported the Chandra re-
sult that a significant fraction of the GCDX is due to
point sources with a flat continuum of Γ=0.9 and strong
6.7 keV line. Then from a simple calculation of

(2 × 2.4＋ 0.9)/3 = 1.9,
we can obtain consistent decomposition results not only
in the flux ratio but also in the values of the photon index
in the 6.4 and 6.7 keV domains.

I will move back to the scale height analysis. As I said,
about 1/6 of GCDX is due to point sources. Revnivt-
sev at al. (2009) found most of the diffuse emission
at (l, b) = (0◦,−1.4◦) is due to point sources and the
spectrum is dominated by the 6.7 keV line. The X-ray
flux at (l, b) = (0◦,−1.4◦) is mainly due to the large
scale height component of h1 = 1.1◦ (GRDX) (see the
figure in Uchiyama et al. in this Proceedings). The
flux of this component at b = 0◦ is A2 = 3.3 × 10−7,
while that of the small scale height component on the
plane is A2 = 2.1 × 10−6. Thus, we conclude that
∼ 1/7(= 3.3 × 10−7/2.1 × 10−6) of the GCDX is due
to point sources, consistent with the other decomposi-
tion result of ∼ 1/6 by Koyama et al. (2009).

4. The 6.4 keV Line Clumps

The Galactic center (GC) region is complex with many
molecular clouds (MCs), emission nebulae, supernova
remnants (SNR), non-thermal radio emission and so
on. The major component is the central molecular zone
(CMZ) which contains mass of 3×107M⊙, approximately
corresponds to 10% of the whole molecular gas in the
Galaxy.

We found an over-all trend of the GCDX that the ab-
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Fig. 2. The face-on view of the Sgr B molecular cloud complex. The
molecular clouds are located on the parabola curve with the focus
at Sgr A* by the equation x2 + y2 = (300 − y)2 (see text).

sorption NH value shows larger values in the Galactic
east side compare to that of the west side. If a molecu-
lar cloud is near side of the GCDX, then the absorption
may be large due to the molecular cloud. We, therefore,
tried a new methodology to derive the positions of the
Sgr B molecular clouds (MCs) along the line of sight,
as an application study of the Galactic center diffuse X-
ray (GCDX). The GCDX spectrum is composed of a hot
plasma emission of about 7 keV plus 1 keV temperatures,
and a non-thermal continuum emission including the 6.4
keV line from neutral irons. The former is uniformly
distributed with the e-fluxing scale of ∼ ±0.42◦ in longi-
tude, while the latter is more clumpy. We examined the
correlation of the absorption in the GCDX and 6.4 keV
features near to the Sgr B MC complex. The results are;

1. The GCDX spectra suffer from two different absorp-
tions (Abs1 and Abs2).

2. Abs1 is given by NH ≥ 1023 H cm−2, and is propor-
tional to F6.4, hence due to the MCs in front of the
GCDX.

3. Abs2 is almost constant at NH ≅ 6×1022 H cm−2,
which is typical to the interstellar absorption toward
the Galactic center.

Assuming that the GCDX plasma is a uniform den-
sity oblate around Sgr A* and the same flux ratio be-
tween the two temperature components, we determine
the line-of-sight positions of the MCs from the flux ratio
of the GCDX spectrum components, which are suffered
by Abs1 and that free from Abs1. The results suggest
that the Sgr B MCs are located at the near side of Sgr
A* in the GCDX.
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The schematic view of the 6.4 keV clump distribution
is given in figure 2 (see also Ryu et al. in this Proceed-
ings); molecular clouds (MC) distribution is bar-like with
the inclination angle of 20–30◦. On these MCs, we can
plot a parabola-line given as;

x2 + y2 = (300 − y)2,
where x and y are the face-on coordinate in the unit of
light-years and the position of (x, y) = (0, 0) is at Sgr
A*. This is an equi-delay-time locus of about 300 years
for the X-rays originated from Sgr A* and reflected in
the line of our sight.

We found time variability of F6.4 from the Sgr B2
region with the time scale of about 10 years as are shown
in figure 1 of Koyama et al. (2008) and figure 5 of Inui et
al. (2009). From these results, we propose the scenario
that about 300 years ago, Sgr A* exhibited large flare
of 10-years time-scale variability in the following time
sequence;

1. In 1994, the X-ray front coming form Sgr A* hit
the cloud and produced the 6.4 keV line, which was
observed with ASCA.

2. In 2000, the clouds were in a peak phase of the X-
ray flare as was observed with Chandra and XMM-
Newton.

3. In 2001, the clouds were suspected to enter in a
declined phase.

4. In 2004, with the XMM-Newton observation, the
clouds surely entered in a declined phase.

5. The declining phase has been continued at the epoch
of the Suzaku Observation in 2005, then has been
largely declined until now.
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Fig. 3. The light curve of the 6.4 keV-lines in the Sgr B2 cloud
complex, from the ASCA observation in 1994, the Chandra and
XMM observations in 2000 and 2001, the XMM observation in
2004, to the Suzaku Observation in 2005.

5. Summary

I summarize the results of the Suzaku observation of the
Galactic diffuse X-rays:

1. We separate the Galactic diffuse X-ray emission into
the Galactic center diffuse X-ray(GCDX) and the
Galactic ridge diffuse X-ray (GRDX) using the lon-
gitude distribution of the 6.7 keV line flux and the
flux ratio of the 7.0 keV and 6.7 keV lines.

2. We also separate the Galactic diffuse X-ray emission
into the GCDX and the Galactic bulge diffuse X-
ray (GBDX) using the latitude distribution of the
6.7 keV line flux.

3. The GCDX is concentrated in the central region of
±0.43◦ in longitude and ±0.16◦ in latitude.

4. The plasma temperature of the GCDX is higher
than GRDX, and hence the origins may be differ-
ent.

5. The major fraction of the GCDX is diffuse emission.
Integrated flux of point sources contributes ∼ 1/6–
1/7 of the total GCDX.

6. We determined 3-Dimensional distribution of the
6.4 keV line clumps (molecular clouds). The Sgr
B cloud complex lies on an equi-delay-time locus of
about 300 years with the focus point at Sgr A*.

7. The 6.4 keV line clumps are time variable, The ori-
gin is the past (∼300 years) activity of Sgr A*.

This work has been carried out with the collaboration
of H. Uchiyama, S. Ryu, S. Nobukawa and the other
members of the Cosmic Ray Group of Kyoto University,
Department of Physics. I would like to express my deep
thanks to all of my colleagues.
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Abstract

The K-shell emission line of neutral iron from the Galactic center region was firstly discovered with
ASCA. Since then, the origin is one of the key issues for the structure and activity of the Galactic cen-
ter. Two possible origins have so far been proposed; fluorescence due either to an X-ray or an electron
irradiations. Since the cross sections of these two processes depend differently on the atomic number,
detections of neutral Kα lines from other elements such as sulfur, argon, calcium, chrome and manganese
atoms would provide key information for the origin. We report the Suzaku discovery of Kα lines of neutral
sulfur, argon, calcium, chrome, and manganese atoms from the molecular cloud which emits the brightest
neutral iron line. New constrains on the origin of the neutral K-shell lines are given with the combination
of these neutral Kα lines.

Key words: Galaxy: Center — X-rays: fluorescence — ISM: Molecular Cloud

1. Introduction

Kα line of neutral Fe at 6.4 keV is one of the myster-
ies remaining among the high energy phenomena in the
Galactic center (GC) region. The 6.4 keV neutral Fe
line emission from the GC region was firstly discovered
with ASCA (Koyama et al. 1996). They found clumpy
emissions correlating with giant molecular clouds in the
Sagittarius (Sgr) B2 and the Radio Arc regions (here
after, we call such a molecular cloud a ”neutral clump”).

The X-ray spectrum of the Sgr B2 neutral clump
has the prominent 6.4 keV line on the continuum emis-
sion with deep absorption of ∼ 1024 cm−2 (Murakami
et al. 2000). Recently, many new neutral clumps,
M0.74−0.09, M 0.51−0.10 (Sgr B1), G 0.174−0.233,
M359.47−0.15, M 359.43−0.07, M359.43−0.12,
M359.38−0.00 have been discovered (Koyama et al.
2007a, Yusef-Zadeh et al. 2007, Nobukawa et al. 2008,
Fukuoka et al. 2009, Nakajima et al. 2009).

Koyama et al. (1996) and Murakami et al. (2000) sug-
gested that the 6.4 keV emission from the neutral clumps
is due to the K-shell ionization of the iron atoms by
external X-rays, possibly from the super-massive black
hole, Sgr A*. Although the present X-ray luminosity of
Sgr A* is ∼ 1033−35 erg s−1 cm−2 (Baganoff et al. 2001,
2003), the luminosity required for the 6.4 keV emission
is 1038−39 erg s−1 cm−2. Therefore Sgr A* in a few hun-
dreds years ago would be 103−6 times brighter than now
(e. g. Koyama et al. 1996).

On the other hand, Yusef-Zadeh et al. (2002, 2007)

proposed that the origin of the 6.4 keV emission would
be low energy cosmic ray electrons (Ee =10–100 keV),
because they found that the X-rays correlated to the
non-thermal radio filaments. The scenario explains not
only the 6.4 keV emission, but also the cosmic-ray heat-
ing of molecular gas and diffuses TeV emission from the
Galactic molecular clouds.

The lighter atoms, such as S, Ar, Ca should exist in
neutral clumps. However only K-shell lines of neutral Fe
and Ni atoms had been discovered so fur, except that
Fukuoka et al. (2009) found a hint of neutral Ca line
from the foot-point of the Radio Arc filament. Since the
cross section to the atomic number is different in the
X-ray and electron scenarios, discovery of the emission
lines of lighter atoms than Fe and Ni would provide a
new method to constrain the origin of the neutral lines
from the GC region

We, accordingly, re-analyzed the X-ray data of the GC
region obtained with the X-ray Imaging Spectrometers
(XIS; Koyama et al. 2007c) aboard Suzaku and found
the emission lines from neutral S, Ar, Ca, Cr, and Mn
atoms. We report the detailed analysis and the result,
and discuss the origin.

2. Analysis and Results

Since the emission lines of lighter atoms are suspected to
be 10–100 times weaker than that of Fe, we extensively
searched for these lines from the GC region, which is on
the ∼ 0.1◦ east side of Sgr A*. Suzaku have deeply ob-
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Fig. 1. The 6.4 keV neutral iron line image, where the underlying
continuum flux was subtracted. The small circle indicates the
position of Sgr A*. We extracted the spectrum from the solid
elliptical region (the brightest neutral clump). The dashed square
is the field of view (FOV) of the XIS. The bright source in the
northeast edge of the FOV is the Arches cluster (Tsujimoto et al.
2007).

served the eastern vicinity of Sgr A* 4 times on Septem-
ber 2005, October 2005, September 2006, and September
2007. The total exposure time is 200 ks.

2.1. 6.4 keV line Image

In order to depict a neutral clump from the GC region,
we made an X-ray image in the 6.4 keV line with the
following procedures. We first made the X-ray images in
the 5–6 keV and in the 6.3–6.5 keV bands, after the sub-
traction the non-X-ray background and correcting the
vignetting effect. We extracted the X-ray spectra from
a 8′ circular region near the field center fit the 5–6 keV
band spectrum with a power-law model. The best-fit
photon index in the 5.0–6.0 keV band was obtained to
be 1.25 ± 0.07. The ratio of the continuum photon flux
in the 6.3–6.5 keV band to that in the 5.0–6.0 keV band
estimated by this power-law index was 0.165. We mul-
tiplied the 5.0–6.0 keV band image by 0.165, and sub-
tracted it from the 6.3–6.5 keV band image. The result
is shown in figure 1.

We see a bright region near the center of the 6.4 keV
line image as is shown with the solid elliptic line. Here-
after we call this region as ”the brightest neutral clump”.

2.2. Spectrum of the Brightest Neutral Clump

Figure 2 is the X-ray spectrum of the brightest neutral
clump. The spectrum has several emission lines of heavy
elements, such as Si, S, Ar, Ca, and Fe. These lines would
come from the hot plasma of Galactic center diffuse X-
rays (GCDX) with the temperature of kT ∼ 6.5 keV
(Koyama et al. 2007b) and possibly ∼1 keV (Ryu et
al. 2009). On the other hand, we see K-shell lines of
neutral Fe and Ni and possibly Ca at ∼3.7 keV. In order

to extract and determine the flux of the neutral lines
quantitatively, we tried model fitting of the spectrum.

2.3. Spectral Fitting

The fit model consists of hot plasma and neutral compo-
nents. According to Koyama et al. (2007b), we fixed the
abundances of Fe and Ni in the plasma component to 1.2
solar and 2.1 solar, respectively. We set the abundances
of Si, S, Ar, and Ca as free parameters.

On the other hand, the X-ray spectrum of the neutral
clump consists of emission lines of neutral atoms and a
continuum absorbed by itself. As a result, we adopted
the following model,

Abs1 × (Plasma + Abs2 × Neutral Component)
+(Abs1 × Abs1) × CXB. (1)

Abs1 and Abs2 are absorption by an inter-stellar medium
toward the GC region and by the molecular cloud of the
neutral clump, respectively. The plasma component con-
sists of two thin thermal plasma models (APEC1 ). Since
the APEC model does not contain Cr and Mn lines, two
gaussian lines were added at 5.68 and 6.17 keV, respec-
tively. The neutral component is a model with gaussian
lines plus a power-law continuum. The CXB component
is the cosmic X-ray background. According to Kushino
et al. (2002), we assumed that the spectrum of the CXB
is a power-law with the photon index of 1.41 and the
flux in the 2–10 keV band is 6.4 × 10−8 erg s−1 cm−2

st−1. Since the CXB is integration of active galactic nu-
clei outside of our galaxy, absorption column density of
the spectrum was assumed to be twice than that of the
plasma component.

Neutral Fe and Ni lines have been already discovered
(e.g. Koyama et al. 1986; 2007b). We first adopted only
the K-shell lines of Fe and Ni for the neutral component
(figure 3a).

After the spectral fitting with the model, some resid-
uals remained (χ2/d.o.f. is 355/208). The energy of the
residuals correspond to that of Kα lines of S, Ar, Ca,
Cr, and Mn atoms (dashed lines in figure 3a). We, then,
added five gaussian lines at theoretical energy of the Kα
line of S, Ar, Ca, Cr, and Mn. As shown in figure 3b,
the residuals remaining in the previous fitting were sig-
nificantly improved (χ2/d.o.f. is 243/204). The best fit
parameters are listed in table 1. We successfully detected
the K-shell lines of neutral S, Ar, Ca, Cr, and Mn from
the brightest neutral clump at the significance levels of
3.5, 3.2, 8.5, 4.5, and 4.6 σ, respectively.

3. Discussion

Two possible scenarios for the origin of the emission lines
of neutral atoms from the GC region have been proposed

*1 http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual
/XSmodelApec.html
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Fig. 2. Spectrum of the brightest neutral clump. (a) the spectrum is fitted with the model of the plasma component (red) plus the neutral
component (blue); the plasma component consists of 2 temperature plasmas and ionized Cr and Mn lines. The neutral component consists
of neutral Fe and Ni lines, and power-law. Residuals are shown in the bottom panel. (b) the same in (a), but we added neutral S, Ar, Ca,
Cr, and Mn lines to the above model. Errors of the data are estimated at the 1σ confidence level.

Fig. 3. Equivalent width of Kα line of various neutral atoms. Black
and red lines show values in the X-ray and electron scenarios cal-
culated by Geant4, respectively. The data points marked with
square are observed value in our work. Errors are estimated at
the 90% confidence level.

so far. One is X-ray fluorescence (e.g. Koyama et al.
1996) and the other is electron collision (Yusef-Zadeh
et al. 2002; 2007). To account for the emission lines,
the neutral atoms in the molecular cloud are ionized by
external radiation of the X-rays and the electrons. In
both of the scenarios, continuum emission is also pro-
duced; by the Thomson scattering of the X-rays, or by
the bremsstrahlung of the electrons.

Since the cross sections of the two processes depent on
the atomic number differently, the two scenarios would
make different X-ray spectra. We calculated the X-ray
spectra produced by the X-ray and electron scenarios
with the Monte Carlo simulator, Geant42 . In this cal-
culation, we assumed that the density of the molecular

*2 http://www.geant4.org/geant4/

cloud is uniform, the absorption column is 1023 cm−2,
and the elemental abundances are solar. In order to
reproduce the observed photon index of ∼2, we also as-
sumed that the incident X-ray photon index and electron
energy index are 2 and 3, respectively.

The result is shown in figure 3. The black and red lines
indicate the X-ray and electron scenarios, respectively.
The equivalent widths in the X-ray scenario are larger
than those in the electron scenario. The ratio of the
equivalent width is ∼4 in Fe, ∼10 in S. It suggests that
light element can constrain the origin more strongly than
heavy element if the statistic is the same.

We also compared the equivalent widths observed
in our work with the calculated values (marked with
squares in figure 3). Equivalent width of each atom may
support the X-ray scenario rather than the electron sce-
nario. If all of the neutral lines are due to the electron
origin, metal abundances in the GC region should be 4
to 10 times larger than that of the sun. On the other
hand, the X-ray scenario is reasonable since the metal
abundances are consistent with that of the sun.

We note that our calculation has some systematical
uncertainties owing to the assumption of metal abun-
dance, geometry of the molecular cloud, or energy in-
dex of the incident radiations. However, the conclusion
might not fatally change because the metal abundances
in the GC region are less than twice to the solar value and
the geometry of the molecular cloud change the equiva-
lent width by 50% even if we estimate it largely.

4. Summary

We firstly detected K-shell lines of neutral S, Ar, Ca,
Cr, and Mn atoms in addition to those of Fe, and Ni,
from the brightest neutral clump in the Galactic center
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Table 1. Fitting result.

Component Unit Value

Abs1 NH 1022 cm−2 7.1 ± 0.3
Abs2 NH 1022 cm−2 17 ± 3

Plasma kT1 keV 0.99 ± 0.02
kT2 keV 7.0 ± 0.3
ZSi solar 1.3 ± 0.1

ZS,Ar,Ca solar 1.6 ± 0.1
ZFe solar 1.2 (fixed)
ZNi solar 2.1 (fixed)

Cr XXIII Kα intensity* 9.2+3.2
−2.7 × 10−6

Mn XXIV Kα intensity* 10.0+2.4
−3.5 × 10−6

Neutral Power-law Γ 1.85 ± 0.15

gaussians energy (keV) intensity* EW** (keV)

S I Kα 2.31 (fixed) 8.0+3.1
−3.6 × 10−6 900+1000

−600

Ar I Kα 2.97 (fixed) 6.9+3.1
−3.6 × 10−6 200+180

−140

Ca I Kα 3.69 (fixed) 1.6+0.3
−0.3 × 10−5 110+50

−80

Cr I Kα 5.41 (fixed) 7.0+2.5
−2.5 × 10−6 40+70

−30

Mn I Kα 5.90 (fixed) 6.9+2.6
−2.4 × 10−6 50+30

−30

Fe I Kα 6.40 (fixed) 2.70+0.03
−0.03 × 10−4 1140+60

−50

Fe I Kβ 7.06 (fixed) 3.7+0.3
−0.3 × 10−5 170+40

−30

Ni I Kα 7.47 (fixed) 9.6+2.7
−2.7 × 10−6 60+30

−40

Errors are estimated at the 90% confidence level.
* unit is photon s−1 cm−2.
** Equivalent width of the emission line respective to the

power-law in the Neutral component.

region. Two possible scenarios, X-ray fluorescence and
electron collision have been proposed for the origin of the
neutral lines (e.g. Koyama et al. 1996; Yusef-Zadeh et al.
2002). We calculated the produced spectra in the both
scenarios by Geant4, and found that equivalent width is
a key to solve the origin. As a result, all of the observed
equivalent widths of the neutral lines might support the
X-ray scenario rather than the electron one.

MN is supported by JSPS Research Fellowship for
Young Scientists.

References

Baganoff, F. K., et al. 2001, Nature, 413, 45, 48
Baganoff, F. K., et al. 2003, ApJ., 591, 891, 915
Fukuoka R., Koyama K., Ryu S. G., & Tsuru T. G. 2009

PASJ., 61, 593, 600
Inui T. et al. 2009 PASJ., 61, S241, S253
Koyama K., Maeda Y., Sonobe T., Takeshima T.,

Tanaka Y., & Yamaichi S. 1996, PASJ., 48, 249, 255
Koyama K. et al. 2007a PASJ., 59, S221, S227
Koyama K. et al. 2007b PASJ., 59, S245, S255
Koyama K. et al. 2007c PASJ., 59, S23, S33
Koyama K., Takikawa Y., Hyodo Y., Inui T., Nobukawa

M., Matsumoto H., & Tsuru G. T. 2009 PASJ., 61,
S255, S262

Kushino A., Ishisaki Y., Morita U., Yamasaki N. Y.,
Ishida M., Ohashi T., & Ueda Y. 2002 PASJ., 54,
327, 352

Murakami H., Koyama K., Sakano M., Tsujimoto M., &
Maeda Y. 2000, ApJ., 534, 283, 290

Nakajima H. et al. 2009 PASJ., 61, S233, S240
Nobukawa M. et al. 2008 PASJ., 60, S191, S199
Tsujimoto M., Hyodo Y., & Koyama K. 2007 PASJ., 59,

S229, S235
Yusef-Zadeh F., Law C., & Wardle M. 2002 ApJ., 568,

L121, L125
Yusef-Zadeh F., Muno M., Wardle M., & Lis D. C. 2007

ApJ., 656, 847, 869

This document is provided by JAXA.



JAXA  Special  Publication     JAXA-SP-09-008E142

Fermi LAT Study of Galactic Cosmic-Rays by Observing Diffuse γ-Rays

from Mid-Latitude Regions

Tsunefumi Mizuno1 on behalf of the Fermi-LAT Collaboration

1 Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima, Hiroshima 739-8526, Japan
E-mail(TM): mizuno@hep01.hepl.hiroshima-u.ac.jp

Abstract

The diffuse γ-ray emission is produced through the interaction of cosmic-rays (CRs) with the interstellar
medium and the interstellar radiation field, and thus can be used as an indirect probe to study the CR
spectral and spatial distribution in distant locations. Here we report the observations of diffuse γ-rays
in two intermediate Galactic latitude regions by the Large Area Telescope (LAT) on the Fermi mission.
The LAT spectrum in a mid/low-latitude region (Galactic latitudes |b| from 10◦ to 20◦) does not confirm
a so-called EGRET GeV-excess. The γ-ray spectrum in a mid/high-latitude region in the third quadrant
(Galactic longitude l from 200◦ to 260◦ and 22◦ ≤ |b| ≤ 60◦) agrees with the model based on directly
measured CR spectra. These results indicate that CR nuclei spectra in the vicinity of the solar system are
close to the local interstellar spectra, providing a solid basis for further studies of diffuse γ-rays and the
CR distribution in our Galaxy.

Key words: cosmic rays – diffuse radiation – gamma rays: observations

1. Introduction

The diffuse high energy γ-ray emission (E ≥ 30 MeV)
has been interpreted to be a superposition of γ-rays pro-
duced via interactions between cosmic rays (CRs) and
interstellar matter, inverse Compton (IC) scattering of
interstellar soft photons off CR electrons, and the ex-
tragalactic diffuse γ-ray emission. The first component,
if distinguished from the others, will enable using high-
energy γ-ray observations for the study of the distribu-
tion of CRs and the interstellar medium. The distribu-
tion of neutral atomic hydrogen (H I) is traced by 21 cm
line surveys and the molecular hydrogen distribution is
derived indirectly using 2.6 mm line observations of car-
bon monoxide (CO). The total gas column density can
also be traced indirectly from extinction and reddening
by dust. Thus the spectrum and the flux of CRs can be
obtained from sufficiently sensitive observations of high
energy γ-rays (e.g., Fichtel et al. 1978; Lebrun et al.
1982).

One of the outstanding questions in the γ-ray astro-
physics since the last century is a so-called ”GeV-excess”,
the excess diffuse emission above 1 GeV seen in the
EGRET data (e.g., Hunter et al. 1997; Strong et al.
2000) relative to that expected from the diffuse γ-ray
model based on the directly measured CR spectra. This
phenomenon led to the proposals such as that this emis-
sion was the long-awaited signature of dark matter an-
nihilation (e.g., de Boer et al. 2005). More conservative

interpretations include the unexpectedly large variations
of CR spectra in the Galaxy (e.g., Strong et al. 2004)
and the instrumental effects (e.g., Hunter et al. 1997).

In this paper, we report the analysis of the diffuse γ-
ray emission seen by the Fermi LAT (Large Area Tele-
scope) in a mid/low-latitude region (Galactic latitude |b|
from 10◦ to 20◦) and that in a mid/high-latitude region
in the third quadrant (22◦ ≤ |b| ≤ 60◦ and Galactic lon-
gitude l from 200◦ to 260◦). The former compares the
LAT data in detail with that of the EGRET obtained
from the same region of the sky and does not confirm
the excess. The latter correlates the γ-ray intensity with
the distribution of the interstellar medium to evaluate
the local CR flux and the spectrum. These two studies
provide a solid basis for future work to understand the
diffuse γ-rays and the CR distribution in larger scale.

2. Diffuse γ-rays in the Mid/Low-Latitude Region

The LAT is the main instrument of the Fermi Gamma-
ray Space Telescope. It consists of 4×4 modules (towers)
built with tungsten foils and silicon microstrip detectors
to measure the arrival directions of incoming γ-rays, and
a hodoscopic cesium iodide calorimeter to determine the
photon energies. They are surrounded by 89 segmented
plastic scintillators serving as an anticoincidence detec-
tor to reject charged particle events. Details of the LAT
instrument and pre-launch expectations of the perfor-
mance can be found in Atwood et al. (2009).
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Routine science operations with the LAT began on
2008 August 4. During this time interval the LAT was
operated in sky survey mode nearly all of the time; in this
observing mode the LAT scans the sky, obtaining com-
plete sky coverage every two orbits and relatively uni-
form exposures over time. We have accumulated events
for about five months to the end of December 2008.
We used the standard LAT analysis software, Science-
Tools. Events having the highest probability of being
photons (so-called diffuse class events; see Atwood et al.
2009) are used in our analysis. In order to reduce the
contamination from Earth albedo γ-rays, zenith-angle
cut is also applied. A post-launch response function
P6 V3 DIFFUSE, which was developed to account for
the γ-ray detection inefficiencies that are correlated with
trigger rate, was used in the analysis.

The photon counts and exposure were processed using
the GaRDiAn package (Ackermann et al. 2008), part of
a suite of tools we have developed to analyze the diffuse
γ-ray emission. γ-ray skymaps with 5 bins per decade
in energy from 100 MeV to 10 GeV were generated, and
the intensity was obtained for each bin by dividing the
in-bin counts by the exposure over the bin.

Figure 1 shows the LAT data averaged over all Galac-
tic longitudes and latitude range 10◦ ≤ |b| ≤ 20◦. Also
shown are the EGRET data for the same region of the
sky derived from count maps and exposure maps avail-
able from the CGRO Science Support Center 1 . The
hatched bands surrounding the LAT and EGRET rep-
resent the systematic uncertainties of these instruments.
Although the contribution by point sources has not been
subtracted for both data sets, the effect on the diffuse
emission is minor.

As shown by the Figure, the LAT-measured spec-
trum is significantly softer than the EGRET measure-
ment with an integrated intensity JLAT(≥ 1 GeV) =
(2.35 ± 0.01) × 10−6 cm−2 s−1 sr−1 compared to the
EGRET integrated intensity JEGRET(≥ 1 GeV) =
(3.16 ± 0.05) × 10−6 cm−2 s−1 sr−1 where the errors are
statistical only. Even if we take account of the system-
atic uncertainties of two instruments, the LAT spectrum
is lower and softer than that measured by the EGRET
above 1 GeV. We thus do not confirm the EGRET GeV-
excess in this region of the sky and give strong con-
straints on the dark matter interpretations proposed to
explain the EGRET data. On the other hand, the LAT
spectrum agrees reasonably with the spectra of an a pri-
ori diffuse γ-ray model based on the pre-Fermi CR mea-
surements. For detail, see Porter et al. (2009) and Abdo
et al. (2009a).

*1 http://fermi.gsfc.nasa.gov/ssc/
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Fig. 1. Diffuse emission spectra averaged over all Galactic longitudes
for latitude range 10◦ ≤ |b| ≤ 20◦ obtained by the Fermi LAT
and the EGRET. Systematic uncertainties are shown by hatched
areas.

3. Fermi LAT View of the Mid/High-Latitude Region

To discuss the CR spectrum close to the solar system in
further detail, we also analyzed the diffuse γ-rays in a
mid/high-latitude region in the third quadrant ( 200◦ ≤
l ≤ 260◦ and 22◦ ≤ |b| ≤ 60◦). The region contains
no known large molecular cloud and thus is suitable for
correlating the γ-ray intensities with the local atomic-gas
column densities.

To distinguish γ-rays produced in the interstellar
medium from others, we referred to the GALPROP (e.g.,
Strong et al. 1998) prediction of the IC emission and an
LAT source list for six month data which is internally
available to the LAT team. We therefore used the six-
month LAT data to extract the diffuse γ-ray emission.
We masked the point sources with circular region of 1◦

radius, and confirmed that the estimated IC and resid-
ual point source contributions are small (less than 15%
of the total diffuse emission) above 100 MeV. Hereafter
we analyze the diffuse γ-rays after masking point sources
and subtracting IC emission and the residual contribu-
tions from point sources. The LAT counts are divided
in 13 logarithmically sliced energy bins from 100 MeV
to 9.05 GeV and divided by the exposure of each bin to
calculate the γ-ray intensity.

The γ-ray intensities, after masking point sources and
subtracting the IC emission and the residual point source
contributions, are correlated with the H I column densi-
ties in each energy band. The H I column densities are
obtained from the Leiden/Argentine/Bonn (LAB) sur-
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vey (Hartmann et al. 1997; Arnal et al.2000; Bajaja et
al. 2005) under the assumption of a uniform spin tem-
perature of 125 K. The maps are then convolved with the
LAT point-spread function for each of our energy bins us-
ing the GaDGET package (Ackermann et al. 2008). We
found a linear relationship between N(H I) and residual
γ-ray intensities for energies from 100 MeV to 10 GeV
as exemplified by Figure 2. The linear correlation in-
dicates that point source contributions are successfully
subtracted and residual γ-rays mostly originate from in-
terstellar atomic gas through interactions with CRs, plus
isotropic diffuse component which includes the residual
particle background in addition to the extragalactic dif-
fuse γ-ray emission.

By fitting the correlation in each energy band with a
linear function, we obtained the intensity of the isotropic
diffuse component and the emissivity of atomic gas as
the offset and the slope, respectively. The emissivity
spectrum is summarized in Figure 3 with the systematic
uncertainty indicated by the shaded area. The integral
emissivity above 100 MeV and 300 MeV is (1.63±0.05)×
10−26 photons s−1 sr−1 H-atom−1 and (0.66 ± 0.02) ×
10−26 photons s−1 sr−1 H-atom−1, respectively, with an
additional systematic uncertainty of ∼ 10 %. While the
early measurements such as Lebrun et al. (1982) and
Digel et al. (2001) are consistent with the LAT data,
the emissivity obtained by the LAT is much improved in
photon statistics and energy range.

We can give constraints on the local CR spectrum by
comparing the obtained emissivity with the model calcu-
lation of interactions between CRs and interstellar mat-
ter, as shown by solid lines in the same figure. Here
we adopted the proton local interstellar spectrum (LIS)
from the GALPROP model with 54 5gXvarh7S and cal-
culated the γ-ray spectrum from nucleon-nucleon inter-
actions using formulae given by Kamae et al. (2006)
under the assumption of a so-called nuclear enhance-
ment factor to be 1.84 as a representative value of
those by Mori (2009). In order to calculate the electron
bremsstrahlung, we fully utilized GALPROP.

As shown by Figure 3, the emissivity measured by the
LAT agrees with the prediction from the assumed LIS
and the recent estimate of the nuclear enhancement fac-
tor at the 10 % level. Although the true LIS is somewhat
uncertain due to solar activity, the effect on our calcu-
lation is small, as discussed in Abdo et al. (2009b). We
thus conclude that CR nuclei in the vicinity of the solar
system in regions observed have spectral distributions
and intensities close to those of the LIS inferred from
measurements at the Earth within ∼ 10 %.

4. Summary and Conclusions

We report two observations of diffuse γ-rays in mid-
latitude regions using data from Fermi LAT science ob-
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calculation of the γ-rays from nucleon-nucleon interactions.

servations. The Fermi LAT data in the mid/low-latitude
region (10◦ ≤ |b| ≤ 20◦) are compared with the EGRET
data in the same region of the sky and does not con-
firm the EGRET GeV excess. It also shows a reason-
able agreement with the spectra of an a priori diffuse
γ-ray model. We also analyzed the mid/high-latitude
region in the third quadrant (200◦ ≤ l ≤ 260◦ and
22◦ ≤ |b| ≤ 60◦) to further constrain the CR spectra
in the vicinity of the solar system. The measured emis-
sivity spectrum of local atomic hydrogen agrees with the
prediction from CR spectra assumed, indicating that the
CR nuclei spectra in the vicinity of the solar system in
regions analyzed are close to the LIS inferred from direct
measurements at the Earth within ∼ 10 %. More details
of the analysis and discussions of these studies can be
found in Porter et al. (2009), Abdo et al. (2009a) and
Abdo et al. (2009b).
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Abstract

The energy spectrum of the Galactic ridge X-ray emission (GRXE) observed with Suzaku is studied in
relation to its origin. The multi-temperature spectrum, characterized by distinct He-like and H-like K-lines
of all abundant elements, is tested whether it is consistent with the stellar origin of GRXE. It is shown
that a combination of a cooling flow model representing cataclysmic variables (CVs) and two-temperature
plasma model representing coronally active binaries can well reproduce the observed GRXE spectrum. The
result shows that the cooling-flow source contribution is dominant in the cumulative flux, which suggests
the presence of many more low-luminosity CVs or sources with CV-like spectrum than currently known.
Besides, significant spectral differences are found between the bulge (near the GC) and away from the GC
in the flux ratio of the H-like to He-like iron K-lines and in the hardness of the continuum. This would
imply that the average properties of CVs or CV-like sources in the bulge are different from those away from
the bulge. Another noticeable feature is that the equivalent width of the iron K-lines diminishes quickly
with the Galactic latitude. This suggests dilution by a hard non-thermal component having a larger scale
height than that of stars.

Key words: Galaxy: disk — X-rays: spectrum — X-rays: stars

1. Introduction

Investigation of the Galactic ridge X-ray emission
(GRXE) has a long history. This work deals with the
energy spectrum of the GRXE with particular interest
in its origin. The GRXE spectrum is similar in shape
all along the Galactic ridge (e.g. Tanaka 2002). For ex-
ample, Fig. 1 shows the spectrum at the Scutum arm
region (lII, bII = 28.46◦, −0.20◦) observed with Suzaku.
Suzaku yields a high-quality spectrum with excellent en-
ergy resolution.

The GRXE spectrum has specific characteristics. As
seen in Fig. 1, both He-like and H-like K-lines of all
abundant elements are distinctly visible on a hard con-
tinuum, as hard as the cosmic X-ray background (CXB).
The intensity ratio of the line pair of each element
yields respectively different plasma temperature. There-
fore, the X-ray emitting plasma is intrinsically of multi-
temperature, and the temperature structure is similar
along the Galactic ridge. This has been one of the puz-
zles for the extended diffuse plasma origin of the GRXE.

A radical development was brought forward in 2006
by Revnivtsev et al. (2006) and Sazonov et al. (2006).
They presented strong evidence that the GRXE is mostly
(if not 100%) of stellar origin. They proposed that cat-
aclysmic variables and coronally active binaries are the
main contributors. Their recent works further support
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Fig. 1. GRXE spectrum in the Scutum arm region observed with
Suzaku. The He-like and H-like lines of various elements are re-
spectively indicated. Note that the peak left-side the He-like Si
line is not a line, but is due to reflection anomaly of the X-ray
telescope. The CXB contribution is as displayed.
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Fig. 2. The mkcflow model fitted to the Scutum ridge spectrum.
The 6.4-keV line is separately added. While the model gives a
good fit to the iron K-lines, it produces too weak He-like lines for
the lower Z elements.

the stellar origin for most of the GRXE (Revnivtsev &
Sazonov 2007; Revnivtsev et al. 2009).

The purpose of this work is to test if the observed spec-
trum is consistent with this interpretation, and also to
examine whether or not any other component of different
origin exists.

2. Modelling Stellar Sources

2.1. Cataclysmic variables

Let us first consider cataclysmic variables (CVs). There
are two classes of CVs, i.e. magnetic CVs (intermedi-
ate polars and polars) and non-magnetic CVs (dwarf
novae). Dwarf novae constitute the majority of CVs.
X-rays of dwarf novae are emitted from cooling plasma
in the boundary layer in the course of settling onto the
white dwarf surface (Pandel et al. 2005). In the case
of magnetic CVs, X-rays come from shock-heated polar
accretion columns. Yet, the property of the cooling flow
may be similar. For simulating the X-ray spectrum of
CVs, we employ XSPEC model of cooling flow mkcflow
following Pandel et al. (2005) who demonstrated suc-
cessful fits of this model to a number of dwarf novae.

Figure 2 shows the fitting result. CXB is included in
the fit as a fixed component. We note that the absorb-
ing column of interstellar matter is not a single value but
distributed along the line of sight. Instead of calculat-
ing distributed column absorption, we adopted a partial
covering model pcfabs (comprising two different absorp-
tion columns) for the fitting purpose only, as it enables
a good fit at low energies.

The iron K-line structure is fairly well reproduced for
a Tmax (the initial temperature) value of approximately
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Fig. 3. Two-temperature mekal model fitted to the Scutum ridge
spectrum. The low- and high-temp. components are respectively
shown. Note that the H-like iron line is deficient.

10 keV. Note that the 6.4-keV line is added separately.
However, for other lower Z elements, the model fails to
reproduce He-like lines (too weak as seen in Fig. 2).

2.2. Coronally active binaries

We then test the spectra of coronally active binaries.
It has been known that their spectra can be approxi-
mated by two thermal emission components of different
plasma temperatures: one at a lower temperature around
0.5 keV and another at around 2 keV. For the thermal
model, we employ mekal. The fit result displayed in
Fig. 3 shows that this two-temperature mekal model
can well reproduce all the K-lines, except for H-like iron
K-line at 6.97 keV which is missing. Also, note that the
model continuum above 7 keV is softer than observed.

2.3. Sum of the contributions of two species

Having seen the preceding results, the next step is
naturally to add the contributions of the two species,
i.e. mkcflow (representing CVs) and two-temperature
mekal (representing coronally active binaries). Indeed,
as shown in Fig. 4, this combination can fit very well to
the observed GRXE spectrum (χ2

r = 0.94 for 315 dof)
with the parameter values listed in Table 1.

When we look at the breakdown of each component
in Fig. 4, the contribution of the mkcflow component
is more than that of the mekal component over the 3-
10 keV range. An immediate question is whether CVs
can account for more than half the GRXE flux. It has
been known that their contribution is far insufficient,
if the local space density of CVs by Patterson (1984)
(∼ 6 × 10−6 pc−3) is used. Yamauchi et al. (2009) esti-
mated the space density of CVs from the observed iron
K-line intensity in the GRXE, and reached the same
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Fig. 4. Sum of the mkcflow component and two-temperature
mekal components. Each component is marked.

Table 1. Parameters of two-temp. mekal and mkcflow

model parameter unit value
mekal-low kTl keV 0.50
mekal-high kTh keV 1.69
mekal common Abund. solar 0.47
mkcflow kTmax keV 15.0
mkcflow Abund. solar 0.74

conclusion. The estimation by Schwope et al. (2002)
suggests a possibility of an order of magnitude higher
space density than that of Patterson (1984). The un-
certainty should be pretty large, since their sample of
low-luminosity (Lx < 1030 erg s−1) CVs is only a few.

Anyway, in order for the observed spectrum to be con-
sistent with the stellar origin, there must exist many
more low-luminosity CVs or other class of sources hav-
ing similar spectral shape to CVs, whose cumulative
flux should amount to more than a half of the observed
GRXE flux.

3. The Spectrum in the Bulge Region Near the GC

Figure 5 is the spectrum at the direction (lII, bII = 0.0◦,
−2.0◦), 2 degrees south of the Galactic Center, observed
with Suzaku. This position is in the region which may
be called the “bulge”. It is noted that this is very close
to the field (lII, bII = 0.08◦, −1.42◦) where Revnivtzev et
al. (2009) conducted a 1 Ms observation with Chandra
X-ray Observatory. They reported to have resolved more
than 80% of the observed flux into discrete sources.

The observed spectrum can also be fitted with a com-
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Fig. 5. Suzaku spectrum in the bulge region fitted with combination
of mkcflow and two-temperature mekal models.

bination of mkcflow and two-temperature mekal. If the
same parameter values (except for the normalization val-
ues which are set free) as obtained for the Scutum ridge
are used, the fit is fair yet not formally acceptable due to
obvious misfits in the H-like iron line (too low intensity)
and in the continuum above 7 keV (too soft). In fact, it
has been known that the intensity ratio of the H-like to
the He-like iron K-lines is significantly higher near the
GC (∼ 0.4: Koyama et al. 2007) than away from the
GC (∼ 0.2 in the Scutum ridge: Ebisawa et al. 2008;
Yamauchi et al. 2009). The reason for this difference
has not yet been understood.

The fit improves significantly by modifying two
mkcflow parameters, i.e. an increase of abundances
from 0.74 solar (for the Scutum ridge, see Table 1) to
∼1.0 solar, and Tmax from 15 keV to 20 keV. (Note that
an increase of Tmax alone does not solve the H-like iron
K-line discrepancy.) The fit result is shown in Fig. 5.

This spectral difference between the Scutum ridge and
the bulge has an important implication. Based on the
stellar origin of the GRXE, the observed spectrum shows
an average property of great many sources over the line
of sight. Therefore, in order to explain the spectral dif-
ferences, one has to invoke different properties of the
bulk of sources in the bulge (or near the GC). For in-
stance, higher Tmax could be interpreted as a deeper
white dwarf potential, hence more massive white dwarfs.
Higher abundances might be due to metal-enriched ac-
creting mass compared to the CVs away from the GC.
However, we emphasize that such interpretation is still
a speculation, although the significant difference in the
spectra is real.
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Fig. 6. The GRXE spectra at four different Galactic latitudes observed with Suzaku. Three iron K-lines (neutral, He-like and H-like lines) are
respectively fitted together with a thermal bremsstrahlung continuum (dashed line) and CXB (dotted line).

4. Possible Hard Component with a Larger Scale Height

It was known from ASCA result that the equivalent
width of the iron K-lines decreases quickly with Galac-
tic latitude (Kaneda et al. 1997). This effect is clearly
noticeable in Fig. 6 derived from the data of Yamauchi
et al. (2009). While the equivalent widths of the iron K-
lines are fairly constant along the Galactic plane (except
the bulge), these diminish to a half within less than a
degree of the Galactic latitude. This effect can be inter-
preted as due to dilution of the GRXE by another contin-
uum having a larger scale height than that of stars or in-
terstellar gas. This component is probably non-thermal
and is roughly estimated to occupy several % of the total
GRXE flux. It is worth studying this component in more
detail and in particular to higher energies above 10 keV.

5. Summary

We tested whether the observed GRXE spectrum is con-
sistent with the stellar origin of the GRXE. The results
are summarized below.
(1) It is shown that combination of a cooling flow model
(mkcflow) representing CVs (and CV-like sources) and
two-temperature plasma model (mekal) representing
coronally active binaries can well reproduce the observed
GRXE spectrum.
(2) The result shows that the cumulative flux contribu-
tion of the cooling-flow sources is dominant, which sug-

gests the presence of many more low-luminosity CVs or
sources with CV-like spectrum than currently known.
(3) Significant spectral differences in the flux ratio of H-
like to He-like iron K-lines and in the hardness of the
continuum are found between the bulge (near the GC)
and away from the GC. This would imply that the av-
erage properties of CVs or CV-like sources in the bulge
are notably different from those away from the bulge.
(4) The equivalent widths of the iron K-lines diminish
quickly with the Galactic latitude. This suggests dilu-
tion by a hard non-thermal component that has a larger
scale height than that of stars.
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Abstract

Spectroscopic study of Oxygen emission/absorption lines is a new tool to investigate the nature of the
soft X-ray background. Base on the Suzaku observations of 14 fields, two components of the Oxygen line
emission are discovered. One component emits within ∼ 300 pc of our neighborhood and most plausible
origin is the solar wind charge exchange with local interstellar materials. The other shows an apparent
temperature of ∼ 0.2 keV with a field-to-field fluctuation of ± 10 %, while the intensity varies about a
factor of 4. By the combination analysis of the emission and the absorption by Oxygens, the size of the
hot plasma is an order of kpc. It suggests that there is a hot halo around our Galaxy which is similar to
X-ray hot haloes around several spiral galaxies.

Key words: Galaxy:disk–Galaxy:halo–X-rays:diffuse background –X-rays:ISM

1. Introduction

The origin of the soft X-ray background (SXB) is not ex-
plained by absorbed Cosmic X-ray Background which is
a sum of faint extragalactic sources as shown by ROSAT
All Sky Survey (RASS) map (Snowden et al. 1997).
Observation with rocket-borne microcalorimeter showed
that there is thermal emission which is characterized by
emission lines of highly ionized materials like Oxygen
(McCammon et al. 2002). The whole Galaxy is trans-
parent at the Galactic latitude b > 20◦ for X-rays above
0.5 keV. If there is an X-ray halo around our Galaxy like
other spirals (see ex. Strickland et al. 2004), it will play
an important role in the energy and material circulation
within the Galaxy and/or toward the intergalactic space.
In this paper, we introduce the recent study of the SXB
with Suzaku mainly based on the results by Yoshino et al.
(2009) and Yao et al. (2009) and their interpretations.

2. Observation and Analysis

Suzaku has high energy resolving power to reveal the
contribution of Oxygen emission lines in the SXB. We

∗ Present Address: NEC corporation, Nisshin-cho 1-10, Fuchu,
183-8551, Japan.

† Present Address: Randox Laboratories Ltd., 55 Diamond Road,
Crumlin, Co. Antrim, United Kingdom, BT294QY.

used 15 observations of 14 fields as shown in Fig. 1 to-
ward which there are no bright point sources or known
diffuse sources in the field of view. An example of the
spectra at the (l, b) = (86◦,−20◦.8) is shown in Fig. 2.
Line emissions from OVII (574 eV) and OVIII (653 eV)
are clearly detected with surface brightness of several
photons cm−2 sec−1str−1 (hereafter refereed as line unit
or LU). From the all fields, we made energy spectra and
measured the surface brightness of both lines. To remove
the short term variability due to the Geocoronal emission
(Fujimoto et al. 2007) and the reflection of Earth albedo,
data reduction required special attention. See details in
Yoshino et al. (2009) about the selection of the observa-
tion fields and the data analysis. Systematic uncertainty
of the surface brightness of the lines is considered to be
∼ 1 LU.

3. Results: Oxygen Emission Lines

3.1. OVII-OVIII correlation

We plotted the surface brightness of OVII and OVIII emis-
sion lines as shown in Fig. 3. The size of the dots indicate
the hydrogen column density toward the observation di-
rection. Remarkable property can be read from this plot.
First, the OVII and OVIII surface brightness positively
correlate very well. Second, all of the OVII intensity
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Fig. 1. Suzaku observations used for the soft X-ray background study
overlaid on the RASS R45 band image (Snowden et al. 1997)
projected as (l, b) = (180◦, 0◦) at the center.

Fig. 2. A sample spectrum of a blank sky field at
(l, b) = (86◦,−20◦.8). Line emissions from OVII (574 eV) and
OVIII (653 eV) are clearly detected.

is above about 2 LU, while OVIII intensity reached to ∼
zero. The simplest interpretationis that there are at least
two components of emission in the SXB. One is called a
”floor” component which emit 2 LU of OVII emission
lines. The other emit both OVII and OVIII lines with a
fixed ratio of about OVII:OVIII=2:1, which might come
from the halo of our Galaxy as shown in later discussion.

3.2. Origin of the ”Floor” component

About the origin of the floor component, absorption col-
umn density gave us a hint. Three out of five fields whose
OVII surface brightness are almost at 2 LU have a large
absorption column density corresponding to an attenu-
ation length < 300 pc. It means that this floor compo-
nent locates within 300 pc from us. Smith et al. (2007)
also showed same level of OVII emission line with an
MBM-12 shadowing observation. If we assume that the
emission comes from a hot plasma, it requires an emis-
sion measure of 0.0075 cm−6 pc for T = 1.7 × 106 K.
The emission measure of the ”Local Bubble” or ”Local
Cavity” (see review by Cox and Reynolds 1987) can be

Fig. 3. Correlation of the surface brightness of OVII and OVIII emis-
sion lines from 15 pointings. Size of dots indicate the absorption
column density toward the observing direction.

estimated from previous observations. EUV observation
by CHIPS gave an upper limit of 0.0004 cm−6 pc for
a hot gas with temperature between 105.6 and 106,3 K.
This discrepancy indicates that the origin of the ”floor”
component is not the hot gas filling the Local Cavity.

Lallement (2004) suggested that the long term en-
hancement of RASS observations are produced by the
heliospheric solar wind charge exchange process with in-
terstellar neutral wind. A simulation predicted that the
intensity of OVII line emission is about 1.5 LU during
the solar minimum, and spatially smooth at high eclip-
tic latitude (β > 25◦ ). In our selected fields, 12 out of 14
have β > 38◦. With these considerations, we conclude
that the most plausible origin of the ”floor” component
is the heliospheric solar wind charge exchange process.

3.3. Origin and nature of the ”Halo” component

As shown in Fig. 2, the line intensity ratio between OVII

and OVIII is almost constant at 2:1. If we assume a thin
thermal plasma of single temperature , it gives a very
narrow range of temperature, as kT = 0.2 keV ± 10%,
even though the surface brightness of OVIII varies from 0
to 3. There could be some physical mechanism to make
a fixed temperature plasma in our Galaxy. In Fig. 4,
we plot the line intensities as a function of the Galactic
latitude b. The negative correlation is clear at b > 20◦.
In case of any plasma distribution whose emissivity is
defined as a function of the distance from the Galactic
plane (”plane-parallel” distribution), the surface bright-
ness will follow ∝ 1/sin(b). It means that the surface
brightness at b = 20◦ is about 3 times larger than that
at b = 90◦. The observational result in Fig. 4 is steeper
than ∝ 1/sin(b) plus the ”floor” component. The trend
can be explained if the scale height of the hot plasma
increase at the outer region of the Galactic disk , which
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Fig. 4. OVII and OVIII emission line intensity as a function of Galac-
tic latitude

is also shown in the scale height of the neutral Hydrogen
(HI) (Nakanishi & Sofue 2003). It could indicate that
X-ray emitting hot plasma is somewhat balanced with
other interstellar materials or Galactic gravitational po-
tential.

3.4. Hot blobs

In the energy spectra in 4 fields out of 14, we found strong
emission of Neon K and Iron L lines. The spectral fits re-
quired an overabundance of Ne/O and Fe/O of about 3–4
times the solar value or another hot plasma component
with kT =0.6–0.7 keV. One of these fields is a Lockman
hole field observed in 2005. While other Lockman hole
observation in 2006 at 0◦.42 degree away from the field
observed in 2005 does not exhibit such hot or overabun-
dant emission. As there is still systematic uncertainty
of ∼ 1 LU in the removal of short term variability due
to the SWCX, it implies existence hot or dense blobs or
patchy structure with some values of filling factor.

4. Combined Analysis of Emission and Absorption Lines

We do not obtain the density and the depth of the
plasma separately only with the emission spectrum and
intensities, because the emission measure is defined as
1
4π

∫
neniΛ(T )ds . Combined analysis of the absorption

line which gives column density
∫

nids with the emis-
sion line can basically solve the question. In Yao et al.
(2009), we used the absorption spectrum of LMC X-3
with Chandra LETG and the emission spectrum taken
by Suzaku from the region at 30’ away from LMC X-
3. An uniform temperature and density model failed
to reproduce the emission and absorption spectra simul-
taneously. We assumed an exponential disk model as
ne = n0e

−z/hn and T = T0e
−z/γhn where z is the height

from the Galactic plane and obtained a scale height of
hn = 2.8(1.0−6.4) kpc and the gas density at the Galac-
tic disk as n0 = 1.4(0.3 − 3.4) × 10−3cm−3. Another
analysis was performed with an extragalactic source of
PKS2155-304 (Hagihara et al. in this proceedings). We
obtained a scale height of hn = 9.6(6.3 − 17.7) kpc and
other parameters are marginally consistent with LMC
X-3 case, even though we assumed a plane-parallel (i.e.
constant scale heights) throughout the disk for simplic-
ity. Although the two scale heights differs each other,
the halo has a scale height of kpc order, or the other
words, it is a Galactic scale phenomena. Total mass and
luminosity estimated from this fit is 108 M� and 1039 erg
s−1 respectively. These are almost same as the hot halo
around a spiral galaxy NGC 4631 whose star forming
ratio is ∼ 3 M�yr−1 (Yamasaki et al. 2009). The emis-
sivity of Oxygen lines as a function of the height from the
Galactic plane is shown in Fig. 5 where we used the best-
fit values by PKS 2155-304, T0 = 106.65 K (kT = 0.37
keV) and hn = 9.6 kpc. The OVIII lines emit almost
within 2 kpc and OVII line arises around 3∼ 4 kpc from
the Galactic plane. The ratio between the integrated
line emissivity is consistent with a single temperature
plasma of kT = 0.21 keV, which is consistent with previ-
ous blanks sky observations. If the parameter γ, which
is defined as the ratio between the scale heights of the
temperature and the density, is constant throughout the
halo, the apparent temperature of the emission spectra
becomes constant. The γ is 0.4(0.2–1.4) and 0.5(0.1–1.7)
for LMC X-3 and PKS2155-304 respectively.

5. Conclusions and Future Prospects

Suzaku observations of Oxygen lines revealed following
at present;

1. ∼ 2 LU of OVII line emission in the SXB comes
within ∼ 300 pc from us. Most of them are likely to
originate from the charge exchange process between
the solar wind and the neutral ISM.

2. A hot halo of our Galaxy is confirmed by Oxygen
emission lines. Apparent temperature determined
by OVII and OVIII line ratio are in very narrow
range, kT ∼ 0.2 keV with a field-to-field fluctua-
tion of 10% for 14 blank fields, though the intensity
varies about a factor of 4.
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Fig. 5. OVII and OVIII emissivity toward PKS 2155-304 as a func-
tion of the height from the Galactic plane based on the best-fit
parameters of combined analysis (Hagihara et al. 2009)

3. The spatial distribution is not plane-parallel. The
larger scale height at the larger Galactic radius is
suggested.

4. Combined analysis of the absorption and the emis-
sion spectra indicate temperature and density gra-
dient of a scale height of kpc. Narrow range of ap-
parent temperature might be caused by an equation
of state of the hot gas in the halo.

5. Hot (kT=0.6–0.8 keV) or overabundant blobs are
suggested in 4 in 14 fields.

These results suggest that there is a hot halo around
our Galaxy same as several spiral galaxies. Dahlem et al.
(1998) showed with ROSAT and ASCA that five normal
galaxies have hot halos and joint spectral fits indicates
two gas phases of kT =0.2–0.4 keV and kT =0.65–0.9
keV. Strickland et al. (2004) presented 10 Chandra ob-
servations of edge-on disk galaxies including starburst
and normal spiral galaxies, and found X-ray halo of 2–
4 kpc scale except two low-mass spiral galaxies. The
mean temperature of the halo varies kT = 0.18–0.36
keV. These phenomena has been interpreted as a results
of star formation activities. Several idea like chimneys
and fountains from star-forming regions have been pro-
posed about disk-halo interaction, which is considered to
have played an important role in chemical evolution of
the intergalactic material in early ”Galactic wind” phase.
Precise study of X-ray hot halo of our Galaxy, such as the
pressure and thermal balance between the hot halo and
other ISM components will improve the understanding
of physical mechanism of this disk-halo interactions.

Systematic research of the emission spectra of the SXB
with Suzaku will be helpful to understand the spatial
structure of the hot halo, but current observation were

not planned for this purpose, and a substantially larger
sampling of blank fields systematically chosen to investi-
gate global diffuse emission is needed. The physical con-
ditions to determine the apparent temperature of keV
is not yet understood in our Galaxy or in other spirals.
In our Galaxy case, correspondence between the tem-
perature (kT = 0.2 keV) and the gravitational potential
which gives a rotation velocity of ∼ 200 km s−1 is sug-
gestive.

The dynamical motion of the hot halo is an essential
in modeling the chemical evolution of galaxies and inter-
galactic material, as it determines whether the materials
in the hot halo will be recycled in or escape from galax-
ies. The SXS onboard ASTRO-H will enables us to know
the velocity of the hot gas with ∼ 100 km s−1 accuracy.
After we understand the halo contribution in the SXB,
we will be ready to study the extragalactic background
in the soft X-ray band.

Acknowledgement: Part of this work was financially sup-
ported by Grant-in-Aid for Scientific Research (Kakenhi)
by MEXT, No. 20340041, 20340068, and 20840051. TH
appreciates the support from the JSPS research fellow-
ship and the Global COE Program ”the Physical Sci-
ences Frontier”, MEXT, Japan

References

Cox D. & Reynolds R. 1987 ARAA., 25, 303
Dahlem M., Kimberly A., & Heckman T. 1998 ApJS.,

118, 401
Fujimoto R. et al. 2007 PASJ., 59, 133
Hagihara T. et al. in this proceedings
Koutroumpa D. et al. 2006 A&A., 460, 289
Lallement R. 2004 A& A., 418, 143
McCammon D. et al. 2002 ApJ., 576, 188
Nakanishi H. & Sofue Y. 2003 PASJ., 55 191
Smith R. et al. 2007 PASJ., 59, 141
Snowden S.L. et al. 1997 ApJ., 485, 125
Strickland D. et al. 2004 ApJS., 151,193
Yamasaki N. Y. et al. 2009 PASJ., 61, 291
Yao Y. et al. 2009 ApJ., 690, 143
Yoshino T. et al. 2009 PASJ., 61, 805

This document is provided by JAXA.



JAXA  Special  Publication     JAXA-SP-09-008E154

Discovery of the X-ray emission from the unidentified TeV object

HESS J1741−302

Hironori Matsumoto1, Hideki Uchiyama, Takeshi Go Tsuru1, Katsuji Koyama1, and Omar Tibolla2,3

1 Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan
2 Max-Planck-Institut für Kernphysik, P.O. Box 103980, D 96029 Heidelberg, Germany
3 Landessternwarte, Universität Heidelberg, Königstuhl, D 69117 Heidelberg, Germany

E-mail(HM): matumoto@cr.scphys.kyoto-u.ac.jp

Abstract

HESS J1741−302 is one of the unidentified TeV gamma-ray objects along the Galactic plane. Because
HESS J1741−302 is extended and very faint, HESS J1741−302 may be related to the diffuse TeV emission
from the Galactic center ridge. This object was observed with the Suzaku XIS, and an X-ray counterpart to
HESS J1741−302 was discovered. Furthermore, a new X-ray object, Suzaku J1740.5−3014, was discovered
in the vicinity of HESS J1741−302. Spectral and temporal analysis suggests that the object is a cataclysmic
variable.

Key words: X-rays: individual (HESS J1741−302) — gamma rays: observations — ISM: cosmic rays

1. Introduction

HESS J1741−302 is one of the unidentified TeV gamma-
ray objects discovered along the Galactic plane with the
H.E.S.S. telescope (Tibolla et al. 2008; Tibolla 2009).
This object is extended and very faint; the preliminary
analysis of the H.E.S.S. data suggests that the energy
flux in the 1—10 TeV energy band is F (1–10 TeV) ∼
2×10−12 erg cm−2 s−1 (∼1% of the Crab nebula) (Ti-
bolla et al. 2009). Thus this object may be phys-
ically related to the diffuse TeV gamma-ray emission
from the Galactic center ridge (Aharonian et al. 2006),
the origin of which has not been clarified. Therefore
HESS J1741−302 was observed with the Suzaku XIS
(Koyama et al. 2007) twice; the observed regions are
shown in Fig. 1 together with the TeV gamma-ray im-
age obtained with the H.E.S.S. telescope. In this paper,
uncertainties are given at the 90% confidence level.

Fig. 1. TeV gamma-ray image of HESS J1741−302. The boxes
marked as A and B show the fields of view of the Suzaku XIS.

2. Suzaku Results

2.1. Region A

The region A in Fig. 1 was observed on Feb. 24, 2009 for
45 ks. X-ray images in the 0.4–2.0 keV band and in the
2.0–10.0 keV band are shown in Fig. 2. An X-ray object
is found at the center of the high-energy band image.
The location of the object is (α, δ)J2000 = (17h41m26s,
-30d06m51s). Fig. 2 (c) shows the X-ray contour in
the 2.0–10.0 keV band with the TeV gamma-ray image.
The X-ray object is spatially coincident with one of the
gamma-ray peaks of HESS J1741−302, and hence the
object is the X-ray counterpart of HESS J1741−302.
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Fig. 2. X-ray images of the region A obtained with the Suzaku XIS
(XIS0+XIS3) in the 0.4–2 keV (a) and in the 2 – 10 keV band
(b). (c) X-ray contour in the 2–10 keV band is overlaid on the
TeV gamma-ray image.

Fig. 3 shows the X-ray spectrum of the X-ray coun-
terpart of HESS J1741−302. The spectrum was fit-
ted with a power-law model modified by an interstel-
lar absorption. Free parameters are the photon in-
dex (Γ) and the normalization of the power-law model,
and the absorption column density (NH). The best-
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fit parameters are Γ = 1.13 ± 0.60 and NH = (3.95 ±
2.70)×1022 cm−2. The large column density suggests
that the object is really at the Galactic center re-
gion. The observed X-ray flux in the 2–10 keV band
is F (2–10 keV) = 3.2×10−13 erg s−1 cm−2. The flux
ratio is F (1–10 TeV)/F (2–10 keV) ∼ 6. The large ratio
may suggest the hadronic origin of the TeV gamma-ray
emission of HESS J1741−302.

Fig. 3. X-ray spectrum of the X-ray counterpart of HESS J1741−302.
The solid line shows the best-fit absorbed power-law model. Al-
though the FI (XIS0+3) and BI (XIS1) spectra are simultaneously
analyzed, only the FI spectrum are shown for esthetic reasons.

2.2. Region B

The region B in Fig. 1 was observed on Oct. 4, 2008
for 54 ks. Fig. 4 shows the X-ray image of the region
B. A bright point source is conspicuous in both the low-
and high-energy images. The location of the object is
(α, δ)J2000 = (17h40m35s, -30d14m16s). Thus this ob-
ject is designated as Suzaku J1740.5−3014. The other
objects in the low-energy image are probably foreground
stars. There is the pulsar PSR B1737−30, the location
of which is 90′′ away from Suzaku J1740.5−3014. Al-
though the pulsar is a candidate for an “engine” of the
TeV emission of HESS J1741−302 (Tibolla et al. 2008),
no significant X-rays were found from the pulsar.
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Fig. 4. X-ray images of the region B obtained with the Suzaku XIS
(XIS0+XIS3) in the 0.4–2.0 keV band (a) and in the 2.0–10.0 keV
band (b).

Fig. 5 is the X-ray spectrum of Suzaku J1740.5−3014.
Three lines at ∼ 6 keV can be seen clearly. Then the
spectrum was fitted with an absorbed power-law model

plus three Gaussian lines. The best-fit parameters are
Γ = 0.83±0.13 and NH = (1.62±0.34)×1022 cm−2. The
observed flux is F (2-10 keV) = 2.2×10−12 erg cm−2 s−1.
The center energies and equivalent widths of the three
lines are 6.39 ± 0.03 keV and 172 eV, 6.66 ± 0.02 keV
and 186 eV, and 6.95 ± 0.03 keV and 172 eV, respec-
tively. Thus these lines are attributed to the Kα lines
from neutral (or low ionized) iron, FeXXV and FeXXVI.

Fig. 5. X-ray spectrum of
Suzaku J1740.5−3014(XIS0+3)
and the best-fit model.
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Fig. 6. Power spectrum of
Suzaku J1740.5−3014in the
1–9 keV band.

The light curve of Suzaku J1740.5−3014in the 1–9 keV
band was analyzed, and the FFT analysis revealed a clear
peak at ∼ 2.3×10−3 Hz (Fig. 6). Then an accurate pe-
riod of 432.1±0.1 s was found with the folding technique.

The spectrum and the light curve suggest that
Suzaku J1740.5−3014 is a magnetic cataclysmic vari-
able, especially an intermediate polar. See Uchiyama et
al. (2009) for more details about Suzaku J1740.5−3014.

3. Conclusions

Two regions of HESS J1741−302 was observed with the
Suzaku XIS. In one region, an X-ray counterpart spa-
tially coincident with one of the TeV gamma-rays emis-
sion peaks was discovered. The ratio of the TeV flux to
the X-ray flux is ∼ 6, and the low value may support
the hadronic origin of the TeV gamma-ray emission. In
the other field, a new object Suzaku J1740.5−3014 was
discovered. The spectrum and the light curve suggest
the object is a cataclysmic variable.
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Abstract

We present the analysis result of the TeV unidentified source HESS J1702–420 with Suzaku. Inspite
of the large flux of FTeV = 3.1 × 10−11 ergs s−1 cm−2 in the 1–10 TeV band, X-ray counterpart was
not detected even with deep exposure. The X-rays in this observation contain cosmic X-ray background
(CXB) and Galactic ridge X-ray emission (GRXE) in addtion to the intrinsic emission of HESS J1702–420.
To separate these components, we searched archive observation data whose Galactic latitude, on which
GRXE depends, is near to that of HESS J1702–420. The data of HESS J1616–508 and its backgdound
region were adopted. We assumued the CXB+GRXE component of HESS J1702–420 data is same as that
of HESS J1616–508 data. We estimated the upper limit of the intrinsic flux from HESS J1702–420 as
FX < 9.8 × 10−13 ergs s−1 cm−2 in the 2–10 keV band for an assumed power-law of Γ = 2.1. If the TeV
emission were originated from the Compton up-scattered cosmic microwave background (CMB) by high
energy electrons, the low X-ray flux indicates weak magnetic field less than ∼ 0.5 µG, which is significantly
smaller than the typical value in the Galactic plane of 3–10 µG. Thus the TeV emission is likely originated
from the high energy protons.

Key words: acceleration of particles — Gamma-rays: individual (HESS J1702–420) — X-rays: ISM

1. Introduction

High-Energy Stereoscopic System (H.E.S.S.) found many
unidentified (unID) TeV Gamma-ray sources through
the Galactic plane survey (Aharonian et al. 2006). Some
of them are associated with pulsar wind nebulae or su-
pernova remnants (SNR), whereas others have no coun-
terpart in other wavelengths. Thus, they are called
”dark particle accelerators”. Possible origins of the TeV
Gamma-ray emission include (1) Inverse Compton scat-
tering of the CMB photons by high energy electrons and
(2) decay of pions produced by collisions of high energy
protons with interstellar medium (ISM). To identify the
origin of the TeV emission, X-ray follow-up observations
are important because X-ray is hardly absorbed by ISM,
and if the emission mechanism is due to electrons, syn-
crotron X-ray emission is expected.
HESS J1702–420 is one of the TeV unID sources. The
TeV Gamma-ray emission is extended to ∼ 18’ and the
observed spectrum is characterized by a power-law with
a photon index of 2.1 (Aharonian et al. 2008). The es-
timated flux is FTeV = 3.1× 10−11 ergs s−1 cm−2 in the

1–10 TeV band. No plausible conterpart is known in the
vicinity of HESS J1702–420.

2. Observation

We observed HESS J1702–420 with Suzaku on 2008
March 25–30. We concentrate on the data of the front-
side illuminated X-ray Imaging Spectrometers (XIS03).
This is because XIS1, which carries the back-illuminated
chip, suffers from high intrinsic background and the
data of Hard X-ray Detector (HXD) is contaminated by
GRXE and bright point sources.

3. Analysis

3.1. Image

Figure 1 shows XIS image in the 2–8 keV band. No new
X-ray bright source was seen in the image. To compare
the intrinsic emission with the background emission, we
used the Suzaku archive data of HESS J1616–508 and its
background observation. These data satisfy two criteria
as below: (1) Galactic latitude is near HESS J1702–420
(b ∼ −0.2) and (2) any bright source does not exist in the
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FOV. We paid special attention to the Galactic latitude,
on which GRXE depends. Table 1 lists the coordinates
and count rates of the data analysed here. Count rates
are not significantly different, therefore the data of HESS
J1616–508 could be regarded as a background.

Table 1. Coordinates and count rates of each observation

Data (l, b) Count Rate#

HESS J1702–420 (344.26, –0.22) 4.9 ± 0.1
HESS J1616–508 (src) (332.40, –0.15) 4.2 ± 0.1
HESS J1616–508 bgd1 (332.00, –0.15) 3.7 ± 0.2
# In unit of 10−2 cnt s−1 in the 4–8 keV.

Fig. 1. XIS image of HESS J1702–420 region in the 2–8 keV band
is shown in gray scale. The contour of TeV emission is overlayed
(Aharonian et al. 2006).

3.2. Spectrum

In order to estimate the upper-limit flux of HESS J1702–
420 in X-rays, we assumed the X-ray emission extends
uniformly in the XIS field of view. Furthermore, we con-
centrated on the 4–8 keV band because the spectrum of
HESS J1616–508 was contaminated by thermal emission
from a SNR below 4 keV. We considered three types of
background: (1) non X-ray background (NXB), (2) the
CXB and (3) the GRXE. NXB was reproduced using
night-earth database (Tawa et al. 2008). To obtain good
statistics, we added source (src) and background (bgd1)
data of HESS J1616–508. Hereafter, we refer these added
data as ”1616 region”. GRXE is characterized by three
iron emission lines (6.40 keV: neutral, 6.67 keV: He-like,
6.95 keV: H-like) (Ebisawa et al. 2008). There was three
lines in the spectrum of both HESS 1702–420 and 1616
region. We fitted each spectrum with three gaussians
and a power-law, and found that line energies and inten-
sities were consistent within the error range each other.

This means that we can model the CXB+GRXE compo-
nent for HESS J1702–420 using the data of 1616 region.
Next, we estimated the upper-limit of the intrinsic flux
of HESS J1702–420. We modeled the CXB and GRXE
components as three gaussians and a power-law. These
components are considered to be same as HESS J1702–
420 data and 1616 region. Furthermore, we added an-
other power-law component to represent the intrinsic
emission for HESS J1702–420 data. The photon in-
dex of this intrinsic power-law is fixed to 2.1, same
as that of the H.E.S.S. observation (Aharonian et al.
2008). To constrain the CXB and GRXE parameters
to be the same value, the fitting was carried out simu-
lataneously. we took account of the reproducibility of
NXB, which is ∼10% (in 3σ) (Tawa et al. 2008) or
2.3 × 10−13 ergs s−1 cm−2. When both the statistical
and systematic errors are considered, the flux from HESS
J1702–420 is not significant. We obtained the 99 % up-
per limit of the flux of FX < 9.8 × 10−13 ergs s−1 cm−2

for an assumed power-law of Γ = 2.1.

4. Discussion

Table 2 compares the fluxes of several X-ray faint HESS
sources. Because of the large flux ratio, HESS J1702–420
can be regarded as one of the ”dark particle accelera-
tors”. If the TeV emission is due to electrons, the upper-
limit of the flux indicates the magnetic field is smaller
than ∼ 0.5 µG. This is much smaller than the typical
value on the Galactic plane (3–10 µG). Therefore, the
TeV emission is likely originated not from electrons but
from protons.

Table 2. Fluxes of X-ray faint HESS sources

F †
TeV F ‡

X FTeV/FX Reference

HESS J1804–216 1.0 8.0 > 13 [1][2]
HESS J1616–508 1.7 3.1 > 55 [1][3]
HESS J1702–420 3.1 9.8 > 32 This work
† In unit of 10−11 ergs s−1 cm−2, 1–10 TeV band.
‡ In unit of 10−13 ergs s−1 cm−2, 2–10 keV band.
[1] Aharonian et al. 2006
[2] Bamba et al. 2007
[3] Matsumoto et al. 2007
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Abstract

Radio non-thermal filaments and diffuse X-ray emission in the 6.4 keV line from neutral irons are
unique structures seen only in the Galactic center (GC) region. These features are sites of high-energy
activity, and hold the clue to clarify the structure of GC. To search for a correlation of radio non-thermal
filaments and 6.4 keV or any other X-ray band emission, Suzaku observed the GC region near the Radio
Arc at ∼ 20′ southeast of Sagittarius A∗. In the 18’×18’ field of view, we found a small clump in a higher
energy band (4–6 keV), and a peculiar clump in the 6.4 keV line band. Both of them are located at the
south end of the Radio Arc. We report on the results, and discuss the origin of these X-ray sources.

Key words: Galaxy: center — ISM: clouds — radio continuum: ISM — X-rays: ISM

1. Introduction

Radio non-thermal filaments (NTFs; e.g. LaRosa et al.
2000) are unique structures seen only in the Galactic
center (GC) region. The most striking and large-scale
NTF is the Radio Arc threading the Galactic plane at
l ∼ 0.2◦ (Yusef-Zadeh et al. 1984). The Radio Arc
may be a site of high-energy activity: acceleration to
relativistic electrons in an enhanced magnetic field.

Another feature of the high-energy activity in the GC
is diffuse X-ray emission in the 6.4 keV line from neutral
irons (FeI). Koyama et al. (1996) proposed that these
6.4 keV clumps are X-ray reflection nebulae (XRNe),
which are molecular clouds irradiated by hard X-ray
from super-massive black-hole Sagittarius A∗ (Sgr A∗) at
the GC. On the other hand, Yusef-Zadeh et al. (2007)
proposed that the 6.4 keV emission comes from low-
energy cosmic-ray electrons (LECRs) bombarding the
clouds. In the latter scenario, a possible correlation of
NTFs and the 6.4 keV or the other X-ray band emissions
should be found, because NTFs may be sites of relativis-
tic electrons, and hence LECRs may also be abundant.

To search for the X-ray emission from the Radio Arc,
we performed a Suzaku observation at the south end of
the Radio Arc.

2. Observation

We conducted a deep Suzaku observation centered at the
southeast direction of the GC by ∼ 20′, which is near
the south end of the Radio Arc. The observation was
performed with the X-ray Imaging Spectrometer.

3. Analysis and Results

3.1. Images
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Fig. 1. The 4.0–6.0 keV energy
band image of G 0.162−0.217.
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Fig. 2. The 6.4 keV-line band im-
age of G 0.174−0.233.

In the hard X-ray band (4–6 keV) image, we can see
an excess emission (G0.162−0.217) as shown in figure 1.
Interestingly, we found another clump (G 0.174−0.233)
in the 6.4 keV-line band image (figure 2).

We examined whether these two sources are point-like
or diffuse. We first checked possible contamination from
faint point sources while referring to Muno et al. (2006).
Point sources were found to explain only ∼ 6% of the
photon flux of G 0.174−0.233 and only ∼ 10% of that
of G 0.162−0.217, respectively. We then fitted the ra-
dial profiles of the sources with the point-spread func-
tion (PSF) plus a constant component model. These
single point-source models are rejected with χ2/d.o.f =
36.4/10 for G 0.174−0.233 and with χ2/d.o.f = 16.9/6 for
G 0.162−0.217. We therefore conclude that the sources
are both diffuse.

1
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3.2. Spectra

Fig. 3. Background-subtracted
spectrum of G 0.174−0.233.
The data and the best–
fit model are shown by the
crosses and the solid line, re-
spectively. The lower panels
show the data residuals from
the best-fit model.

Fig. 4. Same as figure 4, but for
the G 0.162−0.217 spectrum.

We extracted the spectra of G 0.174−0.233. We then
fitted the spectra with a model of absorbed power-law
plus four Gaussians for the Kα lines of FeI, CaI, and
ArI (6.40 3.69 and 2.96 keV) and the Kβ line of FeI

(7.06 keV) in the 2.0–10 keV energy band (figure 3).
The best-fit parameters and the errors at the 90% con-
fidence level are NH (absorbing column) = 7.5+2.0

−1.7 ×
1022 H cm−2, Γ (photon index) = 1.7+0.1

−0.2, EWFe (equiv-
alent width of Fe-Kα line) = 0.95+0.18

−0.19 keV, EWCa

= 0.18+0.10
−0.10 keV. Although the detection of the Ar-Kα

line is marginal (∼ 1σ significance), the Ca-Kα line was
surely detected for the first time with ∼ 3σ significance.

We also obtained the spectra of G 0.162-0.217, and
then fitted with the model of an absorbed power-law plus
two narrow Gaussian lines at 6.4 keV and 7.06 keV in
the 2.0–10 keV energy band (figure 4). The best-fit pa-
rameters and the errors at the 90% confidence level are
NH = 5.5+0.8

−1.0 × 1022 H cm−2, Γ = 2.5+0.2
−0.6, and EWFe

= 0.36+0.26
−0.19 keV. The spectra have weaker emission lines

and steeper continuum than those of G 0.174−0.233, al-
though the interstellar absorption is almost the same.

4. Discussion

4.1. Nature of G 0.174−0.233

The neutral lines (CaI- and FeI-Kα lines) indicate that
the emission comes from a molecular cloud. Two models
for the diffuse X-ray emission from the molecular cloud
have been proposed. One is the irradiation of molecu-
lar clouds by external X-ray sources (the XRN model;
Koyama et al. 1996). The other is the impact of LECRs
on molecular clouds (the LECR model; Yusef-Zadeh et
al. 2007).

To discuss quantitatively, we compare the equivalent
width (EW) of the neutral Kα line with the theoretical
value. With respect to the FeI-Kα line, the observed EW
is ∼ 950 eV, while the XRN model and the LECR model
expect EWs of ∼ 1 keV (e.g. Murakami et al. 2000)

and ∼ 290 eV (Tatischeff 2003), respectively. Thus, the
XRN scenario is more favored because it does not require
any over abundance. With respect to the CaI-Kα line,
the observed EW is 80–280 eV at the 90% confidence
level. The EWs of the XRN model and the LECR model
are estimated to be 50–60 eV and ∼ 10 eV (Tatischeff
2003), respectively. Although it needs the Ca abundance
a factor of more than ∼ 1.5 for the solar one, the XRN
model is more likely for the origin than the LECR model.

4.2. Nature of G 0.162−0.217

The absorbing column of G 0.162−0.217 is consistent
with the typical value of ∼ 6 × 1022 H cm−2 in the GC
region. Therefore, this source is likely to be near the
GC. Since G 0.162−0.217 is only ∼ 1.2′ from the strong
6.4 keV-line source G 0.174−0.233, we estimated 6.4 keV-
line contamination. We then estimated for the real EW
of G 0.162−0.217 to be ∼ 0.2 keV.

Fig. 5. 4.735 GHz radio continuum map from the National Radio
Astronomy Observatory / Very Large Array archive survey image.
The Very Large Array field is shown with the thick solid circle.
The positions of G 0.174−0.233 and G 0.162−0.217 are shown by
the dashed and thin-solid circles on the Radio Arc.

The X-ray origin is uncertain, but, interestingly,
G 0.162−0.217 is located at adjacent to the south end
of the Radio Arc (LaRosa et al. 2000) as shown in fig-
ure 5. Since the Radio Arc is a site of relativistic elec-
trons, which may also include LECR. Thus, it may be
conceivable that the X-rays of G 0.162−0.217 are due to
the LECRs. The observed EW of FeI Kα of ∼ 0.2 keV
is consistent with the LECR model (EW of ∼ 0.3 keV).
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Suzaku identifies the true nature of an old friend in the Galactic center

— SgrD —
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Abstract

SagittariusD (SgrD) is one of the oldest known objects from the dawn of the radio astronomy in the
Galactic center (GC). It has been considered a complex of HII regions. However, recent radio-continuum
and infrared studies indicate that several components at various distances are projected along the same
line of sight. In this presentation, we report the Suzaku discovery of a supernova remnant in the Sgr D
complex, overturning the long-standing view of the object for 30 years (Sawada et al. 2009, PASJ). Our
work is a nice illustration of the Suzaku’s superb sensitivity for faint diffuse sources, which continues to
revise our view of the GC region.

Key words: ISM: HII regions — ISM: individual (Sgr D) — ISM: supernova remnants

1. Introduction

SagittariusD (SgrD; Downes et al. 1979) is a twin of
an HII region (SgrD HII region) and a supernova rem-
nant (SNR; SgrD SNR) in the Galactic center (GC).
Interferometric radio images resolved the HII region into
several substructures (figure 1a; Mehringer et al. 1998).
This complex (SgrD HII complex) had been considered
to be a single HII region and its environment. However,
the latest radio-continuum/infrared studies indicate that
objects at various distances are projected along the same
line of sight (Blum & Damineli 1999; Law et al. 2008).

In order to reveal the true nature of the complex,
we conducted X-ray observations of the SgrD HII com-
plex using X-ray Imaging Spectrometer (XIS) on board
Suzaku (Sawada et al. 2009). Here we report a signif-
icant detection of diffuse X-ray emission, which renews
our understanding of the complex.

2. Results

2.1. Images

The SgrD HII complex is accompanied by both diffuse
and point-like X-ray emission (figure 1a). In the narrow-
band (2.4–2.5 keV) image tracing the SXV Kα emission
line (figure 1b), the diffuse emission emerges. Thus the
diffuse X-ray emission is likely to be thermal emission of
plasma with the temperature of ∼1 keV.

2.2. Spectrum

Figure 2 shows XIS spectrum of the diffuse X-ray emis-
sion. XIS spectrum was characterized by emission lines
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Fig. 1. XIS images of the Sgr D HII complex: (a) 0.7–5.5 keV with
contours of an 18 cm radio map. (b) 2.4–2.5 keV with contours
of 0.7–2.0 keV (black) and 2.0–5.5 keV (gray). Spectral source
region and background region are shown with solid and dashed
ellipses, respectively. Pluses indicate the positions of the point
sources detected with XMM-Newton (Sidoli et al. 2006).

from highly ionized atoms. Observed spectrum was well
reproduced by a thin-thermal plasma model attenuated
by interstellar matter (table 1).

3. Discussion

3.1. Origin of the diffuse X-ray emission

No stellar distributions similar to the morphology of the
diffuse X-ray emission nor bright X-ray point sources
significantly contaminating to the diffuse emission were
found. We therefore conclude that the X-ray emission is
a new X-ray object and truly extended source in nature.
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Fig. 2. XIS spectrum of the diffuse X-ray emission

Table 1. Best-fit parameters of the diffuse X-ray emission

Parameter Value (90% error)
NH (1022 cm−2) 8.5 (7.3–9.7)
kT (keV) 0.91 (0.74–1.08)
ZS (solar) 1.6 (1.2–2.1)
ZAr = ZCa (solar) 1.8 (0.9–2.9)
LX (1035 erg s−1 at 8 kpc)∗ 1.4

∗Absorption corrected value in 0.7–8.0 keV.

The large extinction (NH ∼ 8.5×1022 cm−2) indicates
the X-ray object is located in or beyond the GC region.
The apparent size of the object is about 9 pc × 16 pc at
the GC distance of 8 kpc. The XIS spectrum is akin to
those of SNRs discovered in the GC region (Mori et al.
2008). Thus we conclude that the origin of the diffuse
X-ray emission is a new SNR in the GC region.

Background levels

Fig. 3. Intensity maps of 3.5-cm and 6.0-cm bands and the spectral
indices between the two bands along the slice (figure 4a).

In cm-band, spectra of SNRs are generally nonther-
mal synchrotron emission. We then studied the radio
spectrum around the diffuse X-ray emission using the
100-m Green Bank Telescope (GBT) dataset. The spec-
tral index was derived from background-subtracted in-
tensity maps of 3.5-cm and 6.0-cm emission (figure 3)
along the slice around the diffuse X-ray emission (fig-
ure 4a). We found the spectral index is consistently
about −0.5. Therefore the radio emission across the
diffuse X-ray emission is dominated by nonthermal syn-
chrotron emission. This result provides another evidence
of the diffuse X-ray emission being an SNR.
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Fig. 4. Multiwavelength view of Sgr D: (a) GBT 6.0 cm with black
contours and Spitzer 24 µm with gray ones. The slice for the
radio spectral study is shown with a vector. (b) CO J=3–2 at
100±5 km s−1 with gray contours (Oka et al. 2007) and CS
J=1–0 at −15± 5 km s−1 with black ones (Tsuboi et al. 1999).

3.2. Structure of the SgrD HII complex

The ”tail” is the new SNR and a part of it is bright in
X-ray (figure 4a; G1.2−0.0). We found a 100 km s−1

giant molecular cloud (GMC) at the GC distance anti-
correlates with the diffuse X-rays (figure 4b). This in-
dicates that the lack of X-ray emission in other parts of
the“tail”is due to the absorption by intervening GMC.
Thus, the new SNR is behind the GC. The“core”is as-
sociated with a −15 km s−1 GMC on the near side of the
GC (Blum & Damineli 1999). Therefore the new SNR
is located behind the Sgr D HII region. It is now clear
that an SNR and an HII region are projected along the
same line of sight, not a HII region and its environment.

4. Summary

XIS detected diffuse X-ray emission toward the SgrD HII

complex for the first time. Spectral study of the emission
in X-ray as well as cm-radio revealed its origin as a new
SNR in the GC region. By assembling images across
the wavelengths, we proposed a new view of the SgrD
HII complex: it is a projection of an SNR in or beyond
the GC and an HII region in front of it. This revises a
long-standing view of the object for 30 years.

M.S. acknowledges financial support from the Japan So-
ciety for the Promotion of Science.
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3. Highly Ionized Fe Kα along the Galactic Longitude

To study the intensity profile of highly ionized Fe Kα
along the plane, we extracted spectra from the regions
shown with the rectangles along the Galactic longitude
in figure 1. The circular regions around known bright
sources, such as Sgr A East, were excluded. We fitted the
spectra in the 5–10 keV band with the phenomenological
model of an absorbed power-low plus four gaussians. The
line centers of the gaussians were fixed to 6.40 (neural
Fe Kα), 6.68 (He-like Fe Kα), 6.97 (H-like Fe Kα) and
7.06 (neural Fe Kβ) keV. The intensities of these lines
were free except for Fe I Kβ whose intensity was fixed to
0.125 times that of Fe I Kα (Kaastra & Mewe 1993).

With these model fittings, the line intensities of the
each region were obtained. The obtained intensity profile
of He-like Fe Kα along the longitude is shown in figure 2.
Here the stellar absorption is not corrected. The results
of Yamauchi et al. (2009) are also added there. The
latitudes of the data of Yamauchi et al. were −0◦.05 <
b < 0◦.7 and different from those of our spectra (b =
−0◦.046). So the data of Yamauchi et al. were corrected
assuming the scale height of the intensity profile along
the latitude is 0◦.5 (Kaneda et al. 1997).

We fitted this profile with phenomenological mod-
els to obtain typical scale heights. A one-component
model was tried; A × exp(−l∗/h). The distance along
the longitude from Sgr A∗, which is located at (l, b) =
(−0◦.056,−0◦.046) (Reid & Brunthaler 2004), is l∗. The
line intensity at l∗ = 0◦ is A. The one-component
model cannot explain the profile of l∗ > 0.6◦. Thus
a two-component model was tried; A1 × exp(−l∗/h1) +
A2 × exp(−l∗/h2). The fitting is significantly improved
with this model. The best fit parameters of the two-
component model are the following; A1 and A2 are
(2.7 ± 0.2) × 10−6 and (1.6 ± 0.4) × 10−7 photons s−1

cm−2 arcmin−2, and h1 and h2 are 0◦.42 ± 0◦.04 and
33◦ ± 6◦.

We also derived the intensity ratio of H-like Fe Kα to
He-like Fe Kα from these spectra. The result is shown in
figure 3 where the data points are binned to increase stat-
ical significance. The ratio decreases significantly from
∼ 0.4 to ∼ 0.2 along the distance from Sgr A∗ along
the longitude. The ratio reflects the temperature of the
hot plasma and this result corresponds the plasm tem-
perature changes from kT ∼ 7 keV to ∼ 5.5 keV. Ya-
mauchi et al. (2009) reported the ratio on the regions of
8◦ < |l| < 28◦ is ∼ 0.22. It is quite similar to the ratio
at l∗ ∼ 2◦.5, where the larger scale height component
dominates.

4. Highly Ionized Fe Kα along the Galactic Latitude

To study the intensity profile perpendicular to the plane
near the GC, we extracted spectra from the rectangles
along the Galactic latitude shown in figure 1. We also
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Fig. 2. Intensity profile of He–
like Fe Kα along the longitude.
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ponents respectively.
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Fig. 3. Line intensity ra-
tio of H-like FeKα to He–
like FeKα along the longi-
tude. The averaged ratios
on −0◦.4 < l < 0◦.2 and
8◦ < |l| < 28◦ are also shown
(Koyama et al. 2007, Ya-
mauchi et al. 2009).

extracted a spectrum from the data of b = −2◦.
We analyzed these spectra in the same way as sec-

tion 3. The intensity profile of He-like Fe Kα line along
the latitude is shown in figure 4. The profile also requires
a two-component model like the case of the longitude;
A1×exp(−b∗/h1)+A2×exp(−b∗/h2). The distance from
Sgr A∗ along the latitude is b∗. The definitions of the
other parameters are same as before. The best fit param-
eters are the following; A1 and A2 are (2.1± 0.3)× 10−6

and (3.3± 0.3)× 10−7 photons s−1 cm−2 arcmin−2, and
h1 and h2 are 0◦.16 ± 0◦.04 and 1◦.1 ± 0◦.3.
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The intensity ratio of He-like Fe Kα to H-like Fe Kα
along the latitude is shown in figure 5. The shift of the
ratio is not significant over −2◦ < b < 0◦.7.
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Abstract

Since the first detection of thermal radiation directly from the stellar surface of four pulsars by ROSAT,
number of pulsars with detected thermal radiation has increased significantly. By carefully analyzing the
data and comparing the results with thermal evolution theories, we now have realistic hope for exploring
the composition of ultrahigh density matter. Currently, the data of Vela pulsar already suggest that the
core of high mass neutron stars should include such exotic particles as hyperons and/or pion condensates.
However, to confirm such possibilities, more such data for more pulsars are badly needed. Fortunately,
it was found recently that soft X-ray transients (SXT) in low-mass X-ray binaries (LMXB) can provide
additional such extra data when they are in quiescence. Moreover, these data helped us better understand
the composition of neutron star crusts and atmospheres also. We will summarize these developments, and
emphasize that future observatories such as ASTRO-H and IXO will mean breakthroughs in this exciting
area.

Key words: neutron stars: pulsars

1. General Introduction

Since the discovery of first radio pulsar in 1967, nonther-
mal radiation from numerous pulsars has been detected
over multiple wave bands - in some cases from radio, in-
frared, optical, ultraviolet, EUV, X-ray, and all the way
to gamma rays. Since the first detection of thermal ra-
diation directly from the stellar surface of four pulsars
by ROSAT, number of pulsars with detected thermal ra-
diation has also increased significantly, through most re-
cent observatories such as Chandra and XMM-Newton.
By now, for many pulsars we could decompose thermal
radiation from stellar surface and polar hot spots, and
nonthermal radiation from the magnetosphere.

In this paper we confine our consideration to the ther-
mal component coming directly from the whole stel-
lar surface. By carefully comparing the data of this
radiation with neutron star thermal evolution (cool-
ing/heating) theories, we can constrain various neutron
star properties, such as atmospheric, surface and interior
composition, the equation of state (EOS), etc. We refer
to Romani’s contribution to this volume for the nonther-
mal component of the radiation. We will first compare
the observed temperature/luminosity of isolated neutron
stars with thermal evolution theories. Then our compar-
ison with theories will be extended to recently obtained
data for SXT in LMXB.

2. Basic Equations and Physical Input

We solved standard general relativistic stellar structure-
evolution equations (e.g., Tsuruta 1998 (hereafter T98))
adopting the ‘exact’ evolutionary method (i.e., without
making isothermal approximations). The major micro-
physical input is: various relevant equations of state
(EOS), neutrino emissivity, both standard (e.g., mod-
ified Urca, neutrino bremsstrahling, plasmon neutrino,
etc.) and nonstandard (direct Urca involving hyperons,
pion condensates, etc.), and superfluidity of constituent
particles. Nonstandard cooling is generally very fast.
To be consistent with the data of moderately cool (not
cold) stars, e.g., Vela pulsar, the nonstandard cooling
has to be significantly suppressed. We applied possible
suppression due to superfluidity of constituent particles.
For nucleons, the superfluid models adopted are OPEG-
B (Nishizaki et al. 2002, hereafter N02; Takatsuka et al.
2006, hereafter Ta06) for neutrons and CCY (see, e.g.,
T98) for protons. For nucleons we included additional
neutrino emission, due to Cooper pairing (e.g., Flowers,
Ruderman and Sutherland 1976) which can significantly
enhance cooling. For hyperons and pion condensates, the
recently constructed ND-Soft model (Ta06)) and Tam-
agaki/Takatsuka model (Tamagaki and Takatsuka 2007
(hereafter TT07)), respectively, are adopted. For heat-
ing, the vortex creep heating (e.g., see T98) is used.

The equations of state (EOS) adopted are recently
constructed TNI2 (soft), TNI6 (medium) and TNI3
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(stiff) (Ta06; N02; Takarsuka and Tamagaki 2004 (here-
after TT04)) for neutron matter for less dense, lower
mass stars. When the stellar density exceeds the critical
density for transition to hyperons and pion condensates,
these particles appear. For these particles, the modified
version of these EOS, i.e., TNI2u, TNI6u and TNI3u
(N02; TT04; Ta06) for hyperons and TNI2p, TNI6p and
TNI3p (Tsuruta et al. 2009b) for pion condensates, are
adopted. Other microphysical ingredients, such as opac-
ity/conductivity, specific heats, etc., are similar to those
in T98. Further details are found in Tsututa 2009 and
Tsuruta et al 2009a, b.

3. Results and Discussion

3.1. Isolated Cooling/Heating Pulsars

Thermal evolution of neutron stars with TNI6/TNI6u
EOS, of medium stiffness, is shown in Figure 1. The
upper four solid curves refer to stars with gravitational
mass M = 1.26M⊙, with the maximum vortex creep
heating with the heating parameter K = 1037 ergs−3/2s2

(highest thick solid curve), moderate heating with K =
5 x 1036 ergs−3/2s2 and 1036 ergs−3/2s2 (middle two thin
solid curves), and no heating (lowest thick solid curve),
respectively, in the decreasing order. The uppermost
dashed curve shows a model which is the same as the
lowest thick solid curve (a 1.26M⊙ star with no heating)
but with the crusts contaminated with light elements
such as Hydrogen. Note that the effect of Hydrogen, etc.
in these crusts is to raise the cooling curve because con-
ductivity is higher (e.g., see Tsuruta et al. 2009a). These
are ordinary neutron stars. The rest of the curves (the
lower four curves) represent nonstandard hyperon cool-
ing of stars with gravitational mass of 1.47M⊙, 1.52M⊙,
1.53M⊙ and 1.6M⊙, respectively, all without heating, in
the order of decreasing luminosity. Note that a hyperon-
mixed core appears for stars with mass larger than about
1.4M⊙.

These cooling/heating curves are compared with the
most recently up-dated observational data on tempera-
ture/luminosity of pulsars (e.g., Tsuruta 2009, Tsuruta
et al. 2009a). These data are shown as bars and crosses
for detections and downward arrows for upper limits, re-
spectively. The sources are: (A) RX J0822-4247 (in Pup-
pis A), (B) 1E 1207.45-5209, (C) RX J0002+6246, (D)
PSR 0833-45 (Vela pulsar), (E) PSR 1706-44, (F) PSR
0538+2817, (G) PSR 0656+14, (H) PSR 0630+1748
(Geminga), (I) RX J1856.5-3754, (J) PSR 1055-52,
(K)RX J0720.4-3125, (1) CXO J232327.8 (Cas A),
(2)PSR 0531+21 (Crab pulsar), (3) PSR J0205+6449
(in 3C 58), (4) PSR 1124-5916 (in G292.0+1.8), (5) PSR
1509-58 (in MSH-15-52), (6) RX J0007.0+7302 (in CTA
1), (7) PSR 1046-58 (Vela twin), (8) PSR 1823-13 (Vela-
like), (9) PSR B2334+61, (10) PSR B1951+32 (CTB
80), (11) PSRJ0154+61, (12) PSR 2224+61, (13) PSR

Fig. 1. Thermal evolution of neutron stars with TNI6/TNI6u EOS,
of medium stiffness. See text for the details.

2043+2740, (14) PSR 0628-28, (15) PSR 1929+10, and
(16) PSR B0823+26. (See Tsuruta 2009, Tsuruta et al.
2009a, for the details.)

The effect of stellar mass is that with increasing mass
(and hence the central density), cooling curves decrease
smoothly from the standard cooling of warm, less mas-
sive ordinary neutron stars, down to the non-suppressed
hyperon cooling of coldest most massive stars with a
hyperon-mixed core. This is due to the density depen-
dence of superfluid energy gaps (see, e.g., Tsuruta 2009)
- note that the gaps disappear at sufficiently high den-
sities. Sufficiently low mass stars (with their central
density, ρc, less than the transition density to hyperon-
mixed matter, ρh

crit = 4ρN , where ρN is nuclear density,
∼ 3 x 1014 gm/cm3) cool with standard cooling, while
higher mass stars with the central density exceeding ρh

crit

cool by hyperon cooling. Here we adopted suppression
by the density-dependent, moderate superfluid model of
ND-Soft type for Λ hyperons (Ta06), but other relevant
superfluid models resulted in similar results. This gen-
eral trend is found to be universal, independent of the
EOS and heating.

As to the effect of EOS, we proceeded with similar cal-
culations for other EOS also, with soft TNI2/TNI2u and
stiff TNI3/TNI3u. We find that the overall qualitative
behavior is similar, but the transition from neutron to
hyperon stars takes place for lower mass stars for softer
EOS, and higher mass stars for stiffer EOS. For instance,
it takes place for 1.4M⊙ and 1.25M⊙ stars, respectively,
for medium TNI6u and soft TNI2u EOSs, respectively.

Theoretical thermal evolution models are compared
with the latest observational data. From Figure 1 we
may note that there exist at least three classes of sources,
hot (e.g., (A) RX J0822-4247, (J) PSR 1055-52), warm
(e.g., (C) RX J0002+6246, (G) PSR 0656+14, (H)
Geminga, (I) RXJ 1856-3754), and cool (e.g., (3) 3C58,
(D) the Vela pulsar, (6) CTA 1).
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The hot and warm sources are generally consistent
with standard thermal evolution of lighter stars with ∼

1.1 - 1.4M⊙. Young hot RX J0822-4247 (marked (A))
probably needs contamination of the crusts with light
elements (see Figure 1). For older hot PSR 1055-52
(marked (J)) both age and luminosity uncertainty can
be relatively large, but still it will probably require at
least moderate heating.

For cool stars (Vela pulsar (marked (D)), PSR
J0205+6449 in 3C 58 (marked (3)) and RX J70007+7303
in CTA 1 (marked (6))), nonstandard cooling of massive
stars is probably required, due to the following reasons.
Although theoretical uncertainties allow a wide variety
of possible models, many of them are mutually exclusive.
For instance, if core neutron superfluidity is negligible,
a standard cooling model can be close to the data of
hot PSR 1055-52 because substantial enhancement to
cooling due to the extra Cooper pair process (due to su-
perfluidity) is absent. Then heating may not be needed.
However, in that case the same standard cooling model
(with no superfluidity) is too hot to be consistent with
the data of cool stars such as Vela, 3C 58 and CTA 1
(even with largest mass), and so definitely a nonstan-
dard fast cooling process is required. If core neutron
superfluidity is substantial so that the enhanced Cooper
pair cooling will bring down the standard cooling model
to as low as the data points of these cool stars, then the
same model (even with smallest mass) will be too cold to
be consistent with the hot PSR 1055-52. In that case too
strong heating (beyond the maximum allowable heating
limit) is required to bring the curve up to the PSR 1055-
52 data. We cannot have both ways. The conclusion is
that for a cooling/heating model to be consistent with
the data of both hot PSR 1055-52 pulsar and cool stars,
nonstandard cooling is required.

For Vela pulsar, since the data is detection, not just
an upper limit, significant superfluid suppression is re-
quired for nonstandard cooling to be consistent with its
data. Then, definitely a nonstandard cooling scenario
involving ‘exotic’ particles is required. This is because
with nucleon direct Urca process, the only nonstandard
cooling scenario where the presence of ‘exotic’ particles
is not required, superfluid suppression is too weak to
prevent very fast cooling, to be consistent with the Vela
detection data (see Section 6 of Tsuruta et al. 2009a for
further details, and also Tsuruta 2009; Takatsuka and
Tamagaki 1997).

Our results show that hot and warm stars are consis-
tent with standard cooling if such factors as the crust
contamination and heating are taken into account for
some of these sources. On the other hand, some form of
nonstandard cooling is required for cooler sources. More-
over, to be consistent with the Vela detection data, we
find that the presence of exotic particles such as hyper-

ons and/or pion condensates, where nonstandard cooling
can be suppressed substantially, is definitely required.

Recently TT07 reinvestigated the problem of dense
matter consisting of pion condensates. A major new
finding is that the transition from neutron star mat-
ter to pion condensates takes place at lower density,
ρ

π
crit ∼ 2ρN ∼ 6 x 1014 gm/cm3. The implication is

that a typical neutron star (e.g., with moderate EOS,
e.g., TNI6) with ∼ 1.26M⊙, will have a core with pion
condensates. Pion cooling is very fast (see, e.g., T98)
without significant superfluid suppression. However, the
same authors also found that for pion condensates the su-
perfluid energy gaps are very large. We found that the
consequent superfluid suppression is strong enough so
that cooling rates become comparable to standard cool-
ing. The result, we find, is that pion cooling of 1.26M⊙

stars is essentially similar to those of ordinary neutron
stars (e.g., the 1.26M⊙ star curves in Figure 1). However,
critical superfluid temperatures for pion condensates de-
crease with density (due to decrease of effective mass).
Therefore, for higher mass, denser stars superfluid sup-
pression is expected to become weaker and then the star
will cool faster. Consequently, pion cooling curves for
lower to higher mass stars will be qualitatively somewhat
similar to Figure 1 shown for hyperon cooling (Tsuruta
et al. 2009b).

Various nonstandard cooling scenarios have been sug-
gested (see, e.g., T98) - e.g., direct Urca cooling involving
such ‘exotic’ states as pion condensation, hyperon con-
tamination, and quark matter. The direct Urca process
does not take place for stars consisting of normal neu-
tron star matter, where ∼ 95% are neutrons (with only
small amount of protons). However, if the proton frac-
tion is exceptionally high, >∼ 15%, nucleon direct Urca
can take place (Lattimer et al. 1991). The qualitative
behavior of all nonstandard scenarios is similar if their
transition density is the same (see, e.g., Umeda, Tsuruta
and Nomoto 1995 (hereafter UTN95); T98). However,
here we try to demonstrate that it is still possible to of-
fer comprehensive assessment of at least which options
are more likely while which are less likely. First of all, we
note that all of the nonstandard mechanisms are too fast
to be consistent with any observed detection data, even
with heating (see, e.g., UTN95; Tsuruta 2009). Most
importantly, significant suppression of nonstandard neu-
trino emissivity due to superfluidity is required, to be
consistent with the detection data of cool stars such as
the Vela pulsar. Among these options, we have found
that the direct Urca cooling involving both hyperons and
pion condensates is valid (Tsuruta et al. 2009a, b). As
to quark direct Urca cooling, it may be possible, but the
kind of studies as detailed as carried out for hyperon and
pion options is yet to exist. As to nucleon direct Urca
cooling, it should be excluded for cool Vela pulsar, be-
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cause superfluid suppression should be negligible for this
mechanism. However, in hyperon-mixed matter proton
concentration increases with density, and so when the
density is so high that proton concentration exceeds ∼

15% nucleon direct Urca opens within a hyperon-mixed
core. Therefore, the consequence is that coldest pulsars,
if discovered, could cool predominantly with nucleon di-
rect Urca within a hyperon-mixed core, if this process
turns out to be the fastest1.

It may be emphasized that we can estimate the compo-
sition of, not only the stellar cores and crusts, but also of
the atmospheres. For instance, for younger Vela pulsar
where detailed spectral data are available the best spec-
tral fits require Hydrogen atmospheres. On the other
hand the best fits to equally detailed spectral data of
older NGC 1055-52 require near blackbody spectra which
are consistent with atmospheres consisting of heavy ele-
ments such as Fe.

3.2. Soft X-ray Transients in Low-Mass X-Ray Binaries

Soft X-ray transients (SXT) are transient X-ray sources
in low mass X-ray binaries (LMXB), where the neu-
tron stars go through transient short outburst activi-
ties caused by accreting gas from the surrounding disk,
with long quiescent periods. Soft thermal X-rays emit-
ted during the quiescent periods are thought to be from
the stellar surface which is kept warm by crust heating
caused by nuclear reactions of accreting matter sinking
into the stellar crusts (e.g., see Brown, Bildsten, and
Rutledge 1998). The quiescent X-ray flux in the steady
equilibrium state can be related to the average mass ac-
cretion rates (e.g. Brown, Bildsten and Chang 2002).
This relation strongly depends on neutron star cooling
mechanisms. By comparing this relation from theories
with the observed data, we can strongly constrain neu-
tron star cooling theories. The observed data, until re-
cently, have been rather scarce. However, recently better
data (e.g., see Heinke et al 2007) became available. We
are currently in the process of comparing our neutron
star thermal evolution models with these improved data
(Unver and Tsuruta 2009).

From isolated pulsar thermal evolution studies we have
noted that the existence of exotic particles may be re-
quired (see Section 3.1). However, this conclusion is
based on the data of only one source, Vela, and hence it
may be still tentative. The strength of the SXT project
is that it offers additional powerful constraints on this
issue, e.g., in the following sense. There are several SXT
sources, e.g., NGC 6440 and MXB 1659-29, intermedi-

*1 A possibility for very cold neutron stars in at least four super-
nova remnants (SNRs) was reported by Kaplan et al (2004),
from the upper limits obtained from non-detection. However
the luminosity given refers to the X-ray luminosity, which is
less than bolometric luminosity. Also non-detection can mean
no neutron stars in these SNRs.

ate temperature cool stars, which lie between the hot
and cold sources (see Figure 2 of Heinke et al 2007).
These sources, just as the Vela pulsar, therefore, do re-
quire a nonstandard scenario with substantial superfluid
suppression. They can not be explained either by low
mass ordinary neutron stars undergoing standard cool-
ing, nor by high mass stars with fast nonstandard cool-
ing without significant suppression. However, we have
already emphasized that nucleon direct Urca (without ex-
otic particles) can not be suppressed (see, e.g., Tsuruta
et al. 2009a; Takatsuka and Tamagaki 1997). Then,
for these sources we do definitely require nonstandard
cooling with exotic particles where suppression can work
(e.g., hyperon stars) - meaning that the presence of ‘ex-
otic’ particles is indeed required!

We acknowledge many of our collaborators for their
contributions and useful discussions.
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Abstract

The presenting paper summarizes the Suzaku observation of the low-mass X-ray binaries 4U 1626−67
showing 7.7 s pulsation. Thanks to the high sensitivity of the Hard X-ray Detector (HXD), are clearly
detected the Cyclotron resonance scattering features (CRSFs) at 37 keV with 88 ks exposure in March
2006. The feature is consistent with the value measured by BeppoSAX (Orlandini et al.1998), and
an emission line feature at the cyclotron resonance energy is possibly detected in a dim phase. the bright
phases, obtained spectra above 3 keV are well reproduced by Negative and Positive power-law times
exponential cutoff (NPEX) model multiplied by a fundamental CRSF. On the other hand, the phase-
resolved spectra in the dim phase does not show Wien peak, and the CRSFs can be reproduced by either
emission line model or absorption model. The spectrul properties in the dim phase in comparison with
these in other phases and theoritical spectrum, imply that the CRSF is an emission feature rather than
an absorption feature.

Key words: CRSFs,Wien peak,Emission feature

1. Introduction

The Cyclotron Resonance Scattering Features (CRSFs)
were first discovered in the hard X-ray spectrum of Her
X-1 (Trümper et al.1978). The effects are caused by
resonant scatterings of photons by electrons in Landau
level under a storng magnetic field near the neutron
star surface. Recently, CRSFs have been observed in
more than 16 X-ray pulsars (Mihara 1995; Coburn et
al.2002), only with absorption features. Their line en-
ergies, profiles and width all depend on the details of
emission, electron temperature, optical depth and view-
ing geometries, therefore CRSFs carry a infomation of
plasma emissions and their radiative transfer in the ac-
cretion column on the magnetic pole.
4U 1626−67 is a low-mass X-ray binary consisting a neu-
tron star with a spin period of 7.7 s. The CRSFs from
this object discovered at 37 keV as an absorption fea-
ture by BeppoSAX (Orlandini et al.1998). The X-
ray continuum has strong phase dependence as reported
by HEAO-1 (Pravdo et al.1979), and RXTE (Coburn

et al.2002). In addition, RXTE has shows a hint of a
variability of CRSFs. In order to study the variability
of the X-ray spectra, including the continuum and the
CRSFs, we performed the high sensitive X-ray observa-
tion of 4U 1626−67 with Suzaku in 2006. Here, in this
paper, we summraize the results of this observation.

2. Observation and data reduction

2.1. Suzaku observation of 4U1626-67

The fifth Japanese X-ray satellite Suzaku (Mitsuda
et al.2007) which carries on board the two instru-
ments. The first is the X-ray Imaging Spectrometer
(XIS; Koyama et al.2007) covering energy range of 0.2
- 12 keV. Three (XIS0, XIS2 and XIS3) of the XIS chips
are front-illuminated (FI) CCDs, while XIS1 utilizes a
back-illuminated (BI) one. The second is the Hard X-ray
Detector (HXD; Takahashi et al.2007) which covers
the 10 - 70 keV with p-i-n types silicon diodes (HXD-
PIN) and the 50 - 600 keV with Gd2SiO5Ce (GSO) scin-
tillators. We observed 4U1626−67 with Suzaku on 2006
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March 9 UT 01:18 through March 11 19:38. The observa-
tion carried out at the “XIS nominal” pointing position,
for a net exposure of 102.7 ks with the XIS and 87.6 ks
with the HXD. The XIS operated in normal mode with
the “1/8 window” option to improve the time resolution
to 1 s, without charge injection function.

2.2. Data reduction

We used the datasets produced by the Suzaku pipeline
processing version 2.0.6.13 with the calibration version
of hxd-20090515, xis-20090403 and xrt-20080709, us-
ing tools in the HEADAS package 6.5.1. We used the
XSPEC version 12.4.0 to fit spectra with models.
In the XIS analysis, we screened the data by the stan-
dared criteria; we discarded the events when the eleva-
tion above Earth’s limb was below 5◦, Earth’s day-night
boundary was less than 25◦, or the spacecraft was in, and
436 s after, leaving the South Atrantic Anormaly (SAA).
Then we selected events within 6 mm (4’.3) of the image
centroid. The intensity of XIS in the 0.4 - 10.0 keV band
is about 5 c s−1 per sensor. The XIS backgrounds were
taken from a source free region of the corresponding sen-
sor. The derived background, exhibiting a rate of 0.02
c s−1per sensor in 0.4 - 10.0 keV, is generally negligible.
The HXD data was also screened by the standard crite-
ria; we discaded the data within the same time interval
an that of the XIS, but within 500 s after the passage
of SAA.The non X-ray background (NXB) of HXD-PIN
was calculated as simulated photon data, whose model
parameters were continuously tuned using the Earth oc-
cultation data (LCFITDT in Fukazawa et al.2009 and
version of METHODV = 2.0). This NXB was reported
to have a systematic reproducibility error of 2.31% with
10 ks exposure, respectively, in the 15 - 40 keV. We faked
the cosmic X-ray background (CXB) spectra as following
the HEAO-1 results (Boldt 1987). Then, we employed
the PIN-background which is added NXB and CXB.

3. Analysis and Results

3.1. Timing Analysis

To determine the pulse period of the Suzaku observa-
tion, we correct the arrival times of the XIS and PIN
events of orbital motion effect of the Earth around the
sun, and that of the satellite around the Earth using
aebarycen (Terada et al.2008). After the barycen-
tric correction, the pulse period has been determined as
P(suzaku)=7.67795(9) sec. The result is roughly consis-
tent with a spin-down trend started in 1990.
Fig.1 shows energy sorted, background-inclusive pulse
profiles of 4U1626-67, folded at the spin period, P(suzaku).
The bottom panel shows the hardness ratio between 10
- 30 keV and 30 - 50 keV. Thus, the spectra get harder
at the dim phase.

3.2. Phase-Averaged Spectra

To check the X-ray spectral shape without artificial ef-
fects of the response of instruments, we first divided
them to the X-ray spectra of Crab Observation. The
results of Crab ratio, shown in Fig.2 (a), indicates that
the source intensity is about 30 mCrab at 20 keV. The ra-
tio rise up with power-law shape from 3 keV to 20 keV,
then falls steeply like a Wien peak into harder band.
Moreover, dip features, which should be caused by cy-

Fig. 1. Energy-sorted and background-inclusive pulse profiles of 4U
1626-67. The data were folded by the barycentric corrected pulse
period, P=7.67795 s.

Fig. 2. Phase-averaged and back ground-subtracted spectra of
4U1626-67 obtained with the Suzaku XIS (black and grey) and
HXD (light grey). They are presented without removing instru-
mental responses, and error bars show statistical only. (a) Same
spectra divided by those of Crab nebula. (b) Residuals from a
blackbody plus NPEX and Gaussian-absorption model with the
photo electric absorption.
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clotron resonance scattering around 35 keV, are clearly
seen. Since the continuum shape is similar to an unsat-
urated thermal Comptonization (e.g., Mészáros 1992;
Sunyaev Titarchuk 1980), we employed the Nega-
tive and Positive power-law times EXponetial model
(so called NPEX model; Mihara 1995; Makishima et
al.1999) in the model fitting of the spectra;

f(E) = (AnE−α + ApE
+β) × exp

(
− E

kT

)
. (1)

where E is the energy of incident photon, f(E) is the
photon number spectrum, T is a plasma temperature
(thus, kT is the cutoff energy). The negative term de-
scribes power-law shape at low energy side. As the
energy increases, the positive term, which simulates
the Wien peak in a saturated Comptonization when
β = 2.0, becomes dominant. We fitted the data by a
blackbody plus NPEX and Gaussian-absorption model
(GABS; Kreykenbohm 2004) with the photo electric ab-
sorption. The results are presented in Fig 2. Since the
blackbody component is less than 1 % as compared with
NPEX’s negative term at 3 keV, we fitted the data only
above 3 keV by NPEX mutiplied Gaussian-absorption
model, and got best fit parameters summrized in table
1.

3.3. Phase-Resolved Spectra

As reported by HEAO-1 and RXTE (Pravdo et
al.1979; Coburn et al.2002), the object shows a
strong phase dependence in the continuum emission,
thus we further checked its phase-resolved spectra with
suzaku. We divided events into eight epochs. Fig.3 shows
the phase-resolved Crab ratio in these epochs. The two
facts appear in Fig.3; First, the Wien peak gets weaker
as the flux falls. Second, the resonance feature seems to
be variant in each phase. The second point is strongly
appeared at the dim phase (φ = 0.125 - 0.250). We tried
the NPEX with the Gaussian absorption model, as pre-
sented in the phase-averaged analysis in the previous sec-
tion, to represent the phase-resolved spectra except for
dim phase. The results are summarized table 2. We fit-
ted the dim phase spectra only by NPEX. No finite value
of Ap is required; this fact implies that the spectrum does
not has Wien peak. The fitting is acceptable, however,
still some feature around 30 keV remains as presented
in Fig.4 (a). To describe the feature, we tried two mod-
els; NPEX plus Gaussian emission model or NPEX with
Gaussian absorption, as presented in the phase-averaged
spectal analysis. If we take the former model, the resid-
ual feature dessapered with F-test significance of about
3 sigma. If we take the latter model, the fitting is also
acceptable, however, the value of kT obtained from the
absorption model is not consistent with those in other
phases. On the other hand, in the emission case, the kT
was consistent with the value of the other phases.

4. Discussion

We found a possible cyclotron resonance emission fea-
ture in the X-ray spectrum at the dim phase of 4U
1626−67. Fig.5 shows the unfolded spectra of on-phase
(φ = 0.625 − 0.750) and dim phase (φ = 0.125 − 0.250).
This observational results are similar to the theoritical
spectrum of magnetized slab of Thomson optical depth
between 1 and 10 caluculated by Nagel (Nagel et al.
1981b); the Wien peak disappers with appearrance of
emission like feature. Therefore, we may conclude that
the dim phase feature is caused by cyclotron resonance
scatering rather than absorption. This transition seems
to be appeared as the object rotates. Detailed discussion
will be described in a separate paper.
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Fig. 3. Ratios of the phase-resolved and backgroun-subtrcted XIS
and HXD spectra of 4U 1626-67 to those of the Crab Nebula. (a)
φ = 0.000−0.125. (b) φ = 0.125−0.250. (c) φ = 0.250−0.375.
(d) φ = 0.375 − 0.500. (e) φ = 0.500 − 0.625. (f)
φ = 0.625−0.750. (g) φ = 0.750−0.875. (h) φ = 0.875−1.000.
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Table 1. Best fit parameters of phase averaged spectra of 4U 1626-67 above 3 keV.

α β kT [keV] An(×10−3) Ap(×10−5) Ea[keV] σ [keV] τ χ2 / d.o.f
0.34+0.02

−0.01 -2.00(fix) 6.08+0.19
−0.16 8.09+0.22

−0.22 3.07+0.38
−0.42 36.6+0.9

−0.8 4.37+0.63
−0.56 14.6+3.0

−2.4 580 / 513

Table 2. Best fit parameters of phase resolved spectra of 4U 1626-67 above 3 keV. (a) Fit parameters when only an NPEX (Ap = 0)
continuum is fitted. (b) Fit parameters from the NPEX (Ap = 0) + Gaussian. (c) Fit parameters from the NPEX (Ap = 0) × GABS.

phase α kT [keV] An(×10−3) Ap(×10−5) Ea[keV] σ [keV] τ χ2 / d.o.f

0.125-0.250 (a) 0.28+0.7
−0.07 6.45+0.42

−0.39 6.13+0.38
−0.36 0 133 / 124

0.125-0.250 (b) 0.26+0.07
−0.08 6.22+0.44

−0.49 5.99+0.39
−0.39 0 41.4+14.9

−5.0 7.05+∞
−4.58 5.41+7.16

−2.85 118 / 118
0.125-0.250 (c) 0.56+0.11

−0.14 14.2+4.4
−3.8 7.01+0.81

−0.53 0 26.9+3.7
−3.4 14.2+3.8

−2.9 14.2+36.2
−20.4 111 / 118

0.000-0.125 −0.20+0.05
−0.05 7.27+0.37

−0.33 6.45+0.33
−0.30 0 31.3+2.3

−1.6 0.57+11.16
−0.31 54465.3+∞

−54459.8 102 / 129
0.250-0.375 0.36+0.07

−0.06 8.81+1.10
−0.60 7.96+0.45
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Fig. 4. The upper panel shows the dim phase (φ = 0.125-0.250)
spectra of 4U 1626-67 with the Suzaku XIS (crosses and square)
and HXD (circle). The triangle show the reproducibility of NXB.
The histgrams in the upper panel are NPEX continuum (Ap = 0).
(a) Residuals when only an NPEX (Ap = 0) continuum is fitted.
(b) Fit residuals from the NPEX (Ap = 0) + Gaussian. (c) Fit
residuals from the NPEX (Ap = 0) × GABS.
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Abstract

Results from Suzaku observations on accreting white dwarfs are reviewed comprehensively. Suzaku
identified the nova V458 Vul as an ONe-nova from X-ray spectroscopy with the XIS, which demonstrates
Suzaku capability of understanding the nature of novae. Initial results on detection of a power-law com-
ponent from the polar AM Her in its low state are reported. High spectral resolution and wide energy
band of the XIS and the HXD enable us to determine the mass of white dwarfs in intermediate polars with
unprecedented accuracy. Recently, some 80% of the galactic ridge X-ray emission is resolved into point
sources. Based on luminosity distribution and space density, we consider non-magnetic CVs as the major
contributor to the galactic ridge X-ray emission.

Key words: stars: cataclysmic variables — X-rays: stars

1. Novae

Nova eruption is triggered by thermonuclear flash at the
bottom of accreted matter on a white dwarf. A nova
shows a variety of X-ray emissions at different evolution
stages. In the beginning, optically thin thermal emis-
sion above 1 keV is observed from ∼10 days to a few
hundred days, originating from shock-heated expanding
ejecta shell. Later on, a photospheric soft X-ray emission
from the white dwarf surface appears as the ejecta shell
becomes less opaque as it expands. This phase is called
the Super Soft Source (SSS) phase.

In observing novae in X-rays, a high resolution spec-
troscopy is favorable because the early phases of novae
show a number of emission lines as well as absorption
structures. However, current grating instruments on-
board Chandra and XMM-Newton are useful only for
bright novae due to limited effective area, and only
RS Oph and V382 Vel have been observed so far with
enough statistical quality (Ness et al. 2005, 2009a, Nel-
son et al. 2008). The XIS onboard Suzaku, on the other
hand, has high S/N ratio and narrow line-spread func-
tion, providing moderate resolution spectroscopy for a
larger number of novae in a reasonable exposure time.
This enables us to diagnose temperature, abundances,
and evolution of the expanding plasma shell. Suzaku
so far observed the two novae V2491 Cyg (Takei et al.
2009) and V458 Vul (Tsujimoto et al. 2009), both as
ToO observations. Of them, the result from V458 Vul
are summarized here (see Takei et al. in this volume for
V2491 Sgr).

V458 Vul was found turning into an outburst state on
Aug 8, 2007 at mV = 9.5 (Nakano et al. 2007), which is

as ∼1000 times as bright as pre-outburst phase. H/He
emission lines show a P-Cygni profile with a velocity of
∼2000 km s−1 on the next day (Buil & Fujii 2007), which
is typical for nova outburst. The distance can be esti-
mated by the decay time scale t2, which results in 13 kpc
(Downes & Duerbeck 2000). The Swift XRT has con-
stantly monitored this source, and detected significant
hard X-rays from the day 70 to 140 (Ness et al. 2009b).
Responding to the alert of Swift, Suzaku pointed to V458
Vul as a ToO observation using DDT on November 4th,
2007 for 20ks (Tsujimoto et al. 2009).

The XIS spectra of V458 Vul is shown in Fig. 1. It has

Fig. 1. The XIS spectra of the nova V458 Vul. From Tsujimoto et
al. (2009)

a plenty of emission lines from N, Ne, Mg and especially
strong Si and S lines. Thanks to a moderate spectral
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resolution of the XIS, the plasma, with a temperature
of 0.64keV is found to be in collisional ionization equi-
librium. Abundances of mid-Z elements are about 0.5�.
Depletion of O and enhancement of N with respect to
these mid-Z elements strongly indicate that V458 Vul
is an ONe-nova rather than CO-nova. This observation
demonstrates that the XIS observation is useful to unveil
the nature of novae.

2. Magnetic White Dwarfs as a cosmic-ray accelerator

The origin of the cosmic ray (CR) has been a long-
standing matter for ∼100 years since its discovery. It
is established that particle acceleration of up to the
knee energy (= 1015.5 eV) surely takes place in rotation-
powered pulsars (RPPs) and SNRs (Koyama et al.
1995), although it has been a matter of debate whether
the total energy density can be explained by them or
not. CRs above the knee energy are likely to emanate
from extra galactic sources.

As in RPPs, a magnetized white dwarf can achieve
rotation-induced voltage as

V =
∫

(v × B) · dr ∼
(

2π

P

)
BR2

= 6 × 1015

(
P

103s

)−1 (
B

106G

)(
R

109cm

)2

[V].

Since it is as high as 1015 volts, and the white dwarf pop-
ulation is large, we consider a magnetized white dwarf
as a potential candidate of the cosmic ray accelerator.

As a matter of fact, we discovered a non-thermal pul-
sating emission from the IP AE Aqr whose white dwarf
has the shortest spin period of 33 sec among the known
magnetic CVs. AE Aqr is known to have a sinusoidal
pulse profile in soft X-ray band, which is of thermal
plasma origin. Suzaku discovered a different pulsating
component above ∼4 keV, whose pulse profile is spiky
like RPPs, and it is detected also with the HXD PIN
(Fig. 2). We considered various possibilities to gener-
ate such hard component, like inverse Compton scatter-
ing, curvature radiation along the B field, non-thermal
bremsstrahlung, and finally concluded that synchrotron
radiation from electrons accelerated at least up to GeV is
the only possible interpretation. The synchrotron emis-
sion is highly inhomogeneous which can easily explain
the spiky pulse profile.

As another example shown in Fig. 3 is the XIS spectra
of AM Her in a low accretion state observed during Oc-
tober 29 through November 1, 2007. During this period
mV � 16 whereas mV � 13 in a normal high accre-
tion state. The spectra are successfully explained by a
∼1 keV optically thin thermal emission plus a power law
with Γ � 2.2. From light curves folded at the rotational
period of the white dwarf (�11139 s) is found no evi-
dence of pulsation. These results suggest that particle

Fig. 2. Light curves from the XIS and the HXD PIN of AE Aqr folded
at the spin period of 33 s. From Terada et al. (2008)

acceleration takes place in AM Her, and the acceleration
site locates far enough above the white surface not to
be eclipsed by the white dwarf due to its rotation. See
Terada et al. in this volume for more detail.

3. Intermediate Polars

An intermediate polar (IP) is a semi-detached binary
composed of a magnetized (B = 0.1–10 MG) white dwarf
and a Roche-lobe-filling secondary star. The accreting
matter from the secondary star forms an accretion disc
around the white dwarf, and starts to be funneled to the
two accretion poles at the Alfvén radius. The accreting
matter then forms a steady shock wave close to the sur-
face of the white dwarf, and finally settles down to the
white dwarf via radiative cooling.

Suzaku has observed ∼20 IPs for various scientific pur-
poses such as comparison with the galactic ridge emission
spectra, obtaining mass functions of IP white dwarfs,
and investigating shock geometry. Among them, signif-
icant progress has been made in mass measurement of
the white dwarfs with Suzaku X-ray spectroscopy.

Since the shock wave stands very close to the white
dwarf surface (the shock height is believed to be < 5%
of the white dwarf radius, Aizu 1973), the shock tem-
perature TS, which can be directly measured from X-ray
spectra above ∼10 keV, is related to the gravitational
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Fig. 3. The XIS spectra of AM Her in low accretion state. See Terada
et al. in this volume

potential depth of the white dwarf MWD/RWD as

kTS =
3GMWD

8RWD
µmH

= 16
(

MWD

0.5M�

) (
RWD

109cm

)−1

(keV) (1)

With the aid of a mass-radius relationship of the white
dwarf (Nauenberg 1972, for example), we can obtain the
mass and the radius of the white dwarf from this equa-
tion.

In Fig. 4 shown are the spectra of the XIS and the
HXD-PIN of the IP V1223 Sgr. The spectrum of IPs in

Fig. 4. The XIS and HXD-PIN spectra of V1223 Sgr. See Hayashi et
al. in this volume

general comprises of a multi-temperature plasma emis-
sion in the post-shock accretion column, its reflection
from the white dwarf surface as it manifests itself by a
6.4keV emission line, and a partial-covering absorption

with NH ∼ 1023cm−2 associated with the pre-shock ac-
creting matter. Moderate resolution spectroscopy of the
XIS and high sensitivity of the HXD-PIN above ∼10keV
are a good combination for disentangling these complex-
ity for bright IPs (>1 mC). From the spectra shown in
Fig. 4, Hayashi & Ishida (2009) measured the shock tem-
perature to be kTS = 33.5+7.1

−5.4 keV, thereby obtaining
MWD = 0.76+0.08

−0.07M�. Yuasa et al. (2009) compiled
data of 15 IPs observed with Suzaku and evaluated the
mass of the white dwarf in these IPs. This X-ray method
of mass determination is advantageous in that it only
requires an X-ray spectrum, and hence, it is free from
uncertainty of the orbital inclination on which optical
measurement depends.

4. Contribution of Accreting White Dwarfs to GRXE

The origin of the Galactic Ridge X-ray Emission
(GRXE) has been a matter of debate since its discov-
ery some 25 years ago. Even until recently, two com-
peting interpretations exist. One is proposed by Ebi-
sawa and his colleagues claiming that most of GRXE
is truly a diffuse source, and only 10% of GRXE is at-
tributed to point sources with a flux down to 3×10−15 erg
cm−2s−1 (Ebisawa et al. 2005). The other one is given
by Revnivtsev and his collaborators saying it is ensemble
of point sources, because surface brightness distribution
of GRXE is quite similar to that in near-infrared, which
represents the Galactic stellar distribution (Revnivtsev
et al. 2006).

Recently, Revnivtsev et al. (2009) reported that more
than 80% of GRXE at (�, b) � (0.1◦, −1.4◦) is resolved
into discrete point sources in the 6–7 keV band. If so, ac-
creting white dwarfs are probably the major contributor
to GRXE, because a 6.4keV emission line with an EW of
∼100 eV observed in the spectra of GRXE is typical for
CVs in general. The other potential candidate, coronally
active stars, have no 6.4keV line. Among CVs, however,
an IP is excluded, because the intermediate polars gen-
erally emit H-like iron Kα line as strong as He-like line,
whereas the GRXE spectrum is dominated by a He-like
line.

On the other hand, non-magnetic CV spectra show
close similarity to those of GRXE. A spectrum of GRXE
and that of the non-magnetic CV SS Cyg in outburst
are shown in Fig. 5 for comparison. They both show a
series of emission lines from oxygen to iron, indicating
multi-temperature plasma, negligibly weak H-like line of
Fe, comparable intensities of He-like and H-like lines for
Mg, Si, S, sign of He-like line for Ar, Ca. Note that
GRXE continuum seems harder, but this can be inter-
preted as multiple source contribution to GRXE, each
with different distance (= different Galactic absorption).

Next, the luminosity distribution of non-magnetic CVs
are considered to see if they can really explain the
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Fig. 5. The XIS spectrum of GRXE at (�, b) � (28.5◦, −0.2◦) and that of the dwarf nova SS Cyg in outburst.

GRXE consistently. From the Chandra 1 Ms observa-
tion, the resolved point sources comprise of CVs with
L2−10keV � 1031−32erg s−1 and coronally active stars
with L2−10keV < 1031 erg s−1. Based on the ROSAT
all-sky survey, on the other hand, Verbunt et al. (1997)
derived that the luminosities of DNe and Nova likes dis-
tribute below 1032 erg s−1. The luminosities of 29 non-
magnetic CVs observed with ASCA also distribute below
1032 erg s−1 (Baskill et al. 2005). Thus, the luminos-
ity range of known non-magnetic CVs matches the point
sources resolved by Chandra 1 Ms observation.

Finally, the space density of non-magnetic CVs is con-
sidered. The Chandra 1 Ms observation resolved ∼430
galactic sources in the region with r < 2.56 arcmin.
The emission enhancement of the galactic ridge exists
within 30 degrees in the galactic longitude, correspond-
ing to the 4 kpc arm. If all ∼430 sources distribute
within the 4 kpc arm uniformly, the space density be-
comes 4.5 × 10−4 pc−3, although this is likely to in-
clude coronally active stars. According to Yamauchi et
al. (2009), on the other hand, the iron 6.7 keV line in-
tensity at (�, b) � (28.5◦,−0.2◦) requires a CV space
density of 2.6–21×10−5 pc−3, if the luminosity of each
source is 1032 erg s−1. Now that the luminosity of the
Chandra resolved sources is typically less than 1032 erg
s−1, the space density estimated from the 6.7 keV line is
roughly consistent with that estimated from the Chan-
dra resolved sources. Note that, current best estimate of
CV space density is 3×10−5 pc−3 at the solar neighbor-
hood (Schwope et al. 2002). Hence, there is an order of
magnitude difference between the space densities of the
galactic ridge and of the solar neighborhood. But this
may be attributable to density enhancement within the
4 kpc arm. In conclusion, major contributor to GRXE
is probably non-magnetic CVs.
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Abstract

We report the long-awaited discovery of non-thermal X-ray emission from classical nova explosions with
a target-of-opportunity observation of V2491 Cygni using the Suzaku observatory. Two 20 ks observations
were conducted 9 and 29 days after the outburst on 2008 April 11, yielding wide energy range spectra by
combining the X-ray Imaging Spectrometer and the Hard X-ray Detector onboard Suzaku. As a result,
super-hard continuum emission extending up to 70 keV was detected successfully on day 9, but it was
not present on day 29. This is the highest energy at which X-rays have been detected from classical
novae. The spectrum is well explained by an extremely flat power-law emission with a photon index of
0.1 attenuated by a heavy extinction. The power-law emission indicates the presence of an accelerated
population of electrons with a non-thermal energy distribution. The extremely flat photon index is too
hard for standard diffusive shock acceleration, suggesting that other mechanisms such as acceleration by
multiple shocks or magnetic reconnections might take place.

Key words: stars: novae — X-rays: stars

1. Introduction

Classical novae are caused by sudden thermonuclear run-
away on the surface of white dwarfs in cataclysmic vari-
ables. The released energy and mass propagate through
circumstellar matter, which are expected to form a shock
structure similar to those of supernova remnants but in
much smaller scales both in time and space. Existence
of non-thermal emission is reported in some supernova
remnants, but no clear detection has been made from
classical novae, as it requires observations with suffi-
cient agility and sensitivity in the super-hard X-ray band
(>10 keV). Suzaku has unprecedented sensitivity in the
super-hard X-ray band, and its target-of-opportunity ob-
servation is best-suited to search for a non-thermal X-ray
emission from classical novae.

Successful detection of non-thermal X-rays will make
classical novae another agent of cosmic particle accel-

eration. In addition, as super-hard X-ray photons can
penetrate through an extreme extinction, it will eventu-
ally give a tool to unveil the currently-inaccessible phe-
nomena shielded by thick ejecta in the initial phase of
classical nova explosions.

In this proceedings, we present the results of super-
hard X-ray studies of the classical nova V2491 Cygni
using the Suzaku observatory. Suzaku has taken two
observations during the early phase, and we focus on
the detection of super-hard X-ray emission extending up
to 70 keV, the highest energy X-rays ever reported from
classical novae. The details of these results are described
in Takei et al. (2009).

2. V2491 Cygni

A very good chance occurred in the constellation Cygnus.
The classical nova V2491 Cygni was discovered on 2008
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Fig. 1. Smoothed XIS image on day 9. Events recorded by the three CCDs in the 0.2–12.0 keV were used, excluding those in the 5.0–7.0 keV
range to eliminate the signals from the calibration sources at the corners. The solid and the dashed circles indicate the source and
background accumulation regions, respectively.

April 10.728 UT (Nakano et al., 2008; Samus, 2008).
This nova showed a brightness of 7.7 mag at the discov-
ery and 7.1 mag at the peak one day later (Nakano et
al., 2008). V2491 Cygni was classified as an extremely
fast nova (Tomov et al., 2008a) from a rate of decline
of t2 ∼ 4.6 d (Tomov et al., 2008b). Based on an em-
pirical relation (Della Valle & Livio, 1995), a distance
was estimated as ∼10.5 kpc (Helton et al., 2008). As
a consequence of the rapid evolution, the white dwarf
mass is considered to be high (Hachisu & Kato, 2009).
After the outburst, an intense monitoring campaign was
conducted by Swift for more than half a year (Kuulkers
et al. 2008; Osborne et al. 2008; Page et al. 2008; Page
et al. 2009).

Surprisingly, some distinctive characteristics of classi-
cal novae were found in several observations. In general,
classical novae continue to monotonically decline in the
optical brightness, but V2491 Cygni exhibited a clear
rebrightening around day 15. A sudden release of mag-
netic energy were considered to explain such an unusual
behavior by Hachisu & Kato (2009). In addition, V2491
Cygni is also one of a few examples with X-ray detection

prior to the nova explosion (Ibarra & Kuulkers, 2008;
Ibarra et al., 2008, 2009). The optical rebrightening and
the pre-nova X-ray activity suggest that V2491 Cygni
might host a magnetic white dwarf.

3. Observations

Two observations of V2491 Cygni were performed using
the Suzaku satellite 9 and 29 days after the outburst.
Suzaku provides simultaneous observations with two in-
struments in operation (Mitsuda et al., 2007): the X-ray
Imaging Spectrometer (XIS: Koyama et al. 2007) and
the Hard X-ray Detector (HXD: Takahashi et al. 2007;
Kokubun et al. 2007), which cover the energy range of
0.2–12 keV and 10–600 keV, respectively. The details of
the observations are described in Takei et al. (2009).

XIS is equipped with four X-ray charge coupled de-
vices (CCDs) at the foci of four X-ray telescope mod-
ules (Serlemitsos et al., 2007). Three of them (XIS0, 2,
and 3) are front-illuminated (FI) CCDs sensitive in the
0.4–12 keV energy range; the remaining one (XIS1) is
a back-illuminated (BI) CCD sensitive over 0.2–12 keV.
XIS2 has not been functional since 2006 November, and
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we use the remaining CCDs. XIS was operated in nor-
mal clocking mode with a frame time of 8 s, and the net
exposure time is ∼20 ks in both observations.

In contrast, HXD is a non-imaging X-ray detector con-
sisting of several components sensitive at different energy
ranges. We focus on the PIN detector sensitive in the 10–
70 keV energy range. Passive fine collimators restrict
the Field of View (FoV) to 34′×34′ with a full width at
half maximum. For the narrow FoV and low background
environment in a low earth orbit, the PIN achieves un-
precedented sensitivity in the super-hard X-ray band.

4. Analysis

We extracted the XIS and PIN spectra for both ob-
servations. The procedures are described in Takei et
al. (2009). The resultant XIS image and background-
subtracted spectra on day 9 are shown in figure 1 and
2, respectively. As a results, we found a clear detection
extending up to 70 keV on day 9. Such a detection was
not present on day 29.

In our spectral fitting, an optically-thin thermal
plasma (APEC; Smith et al. 2001) plus power-law model
was well explained the entire spectra on day 9, in which
this model is attenuated by an interstellar extinction
model (TBabs; Wilms et al. 2000). The best-fit power-
law index is ∼0.1, and other best-fit parameters are sum-
marized in Takei et al. (2009).

5. Discussion

We discovered the super-hard X-ray emission extending
up to 70 keV from the classical nova V2491 Cygni. The
spectra are well explained by an extremely flat power-law
emission with a photon index of ∼0.1. Meanwhile, the
super-hard component had decayed to an undetectable
level on day 29, in which the observation was performed
with almost the same exposure time (Takei et al. 2009).

Power-law emission suggests that an accelerated pop-
ulation of electrons has non-thermal power-law energy
distribution. Such non-thermal particles are also sug-
gested in radio observations and theoretical studies of
other classical novae. Evidence of synchrotron emission
was found in a high-resolution radio interferometer ob-
servation of the classical nova RS Oph (Rupen et al.
2008). In addition, the presence of diffusive shock accel-
eration are also argued by Tatischeff & Hernanz (2007).
In this observations, we discovered the evidence of non-
thermal emission from classical novae in the X-ray energy
band for the first time.

Assuming that the dominant radiation is due to com-
mon mechanisms of non-thermal emission (e.g., inverse
Compton, synchrotron, and bremsstrahlung), an ex-
tremely flat power-law emission indicates the injected
electron has quite flat population. Standard diffusive
shock acceleration model cannot make such a flat popu-
lation, suggesting that other mechanisms such as accel-
eration by multiple shocks (Schneider 1993) or magnetic
reconnections would be necessary to explain the nature.
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Abstract

Anomalous X–ray Pulsars (AXPs) and Soft Gamma-ray Repeaters (SGRs) are well explained as
strongly magnetized neutron stars, with field of 1014-1015 G. After reviewing the main properties of the soft
and hard X–ray emission from these sources, I report some recent results obtained on 1E 1547.0−5408 and
SGR 1627−41. These two transient sources present several similarities which support the interpretation
of AXPs and SGRs as a single class of neutron stars.

Key words: Neutron stars; Magnetars; Bursts

1. Introduction

There are now fifteen sources classified as Anomalous
X-ray Pulsars (AXPs) or Soft Gamma-Ray Repeaters
(SGRs), but the distinction between these two classes
is becoming less evident. Many similarities have been
found suggesting that AXPs and SGRs are intrinsically
the same kind of astrophysical objects (see Mereghetti
2008 for a recent review). Although alternative possibil-
ities have been proposed1, the most promising model to
explain their properties involves highly magnetized neu-
tron stars, or “magnetars” (Duncan & Thompson 1992;
Thompson & Duncan 1995, 1996).

Most of the AXPs were discovered as bright pulsars in
soft X-rays (<10 keV). The earlier data were not suffi-
cient to distinguish them from the prevailing population
of accretion-powered X-ray binaries, but later their dif-
ferent nature was recognized (Mereghetti & Stella 1995).
Detailed X–ray studies and deep optical/IR searches for
counterparts showed that their narrow period distribu-
tion, long term spin-down, soft spectra, and lack of
bright optical counterparts distinguished them from the
accretion-powered binaries. Furthermore, it was found
that the X-ray luminosity of the AXPs is larger than
the spin-down power inferred from their timing parame-
ters (assuming they were neutron stars), thus excluding
rotation-powered models. The SGRs were instead dis-
covered in the hard X-rays through the observation of
repeating, bright and short bursts (Laros et al. 1986;

*1 Models based on isolated neutron stars accreting from residual
disks (Chatterjee et al. 2000; Perna et al. 2000; Alpar 2001;
Ertan et al. 2009) can explain some of the AXPs properties,
but they cannot easily account for the bursts and the giant
flares of SGRs. Other proposals involve different kinds of quark
stars (Xu 2007; Horvath 2007; Ouyed et al. 2007; Cea 2006).

Atteia et al. 1987). Their persistent X-ray counterparts
were later found to be very similar to the AXPs.

All the confirmed AXPs and SGRs are X–ray pulsars.
They have spin periods in the narrow range 2–12 s, and
period derivatives from ∼5 10−13 s s−1 to ∼8 10−10 s
s−1 (see Fig.1). Significant variations in Ṗ have been ob-
served in several sources, in some cases up to one order of
magnitude on timescales of weeks to months (Gavriil &
Kaspi 2004; Woods et al. 2007). The variations in Ṗ and
in the pulse profiles indicate that the magnetospheres of
these sources are subject to significant changes, affecting
the spin-down efficiency and the emission pattern.

The X-ray luminosity of persistent AXPs and SGRs
is typically in the range 1034–1036 erg s−1 (see Fig. 2).
Several transients have also been discovered, that are
characterized by quiescent luminosity values of ∼1033

erg s−1.
AXPs spectra below 10 keV can be described with

two-components models: either a steep power law (pho-
ton index ∼3-4) plus a blackbody (kT∼0.5 keV), or two
blackbodies. The latter choice is preferred (Halpern &
Gotthelf 2005) because the blackbody plus power law fits
require absorption values higher than those estimated in
other ways and also because the power law components,
extrapolated to lower energies, exceed the flux of the
near infrared and optical counterparts. However, from a
purely observational point of view, it is impossible to dis-
criminate between these two possibilities in the galactic
AXPs and SGRs, due to the high interstellar absorption
that severely suppresses their flux below ∼1 keV. This
is not the case for the two sources in the Magellanic
Clouds that are much less absorbed. While the spectral
analysis of SGR 0526−66 is complicated by the presence
of soft X–ray emission from the surrounding supernova
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remnant N49 (Tiengo et al. 2009a), XMM-Newton data
of CXOU J0100−7211 indicate that the power law plus
blackbody model is not acceptable (Tiengo et al 2008).

One of the main results of the INTEGRAL satellite
has been the discovery of persistent hard X-ray emis-
sion extending to ∼150 keV both in AXPs (Kuiper et al.
2004; den Hartog 2008a, 2008b) and SGRs (Mereghetti
et al. 2005; Götz et al. 2006; Rea et al. 2009). The
luminosity in the hard X–ray range is comparable or
higher than that in the soft X-rays. Different mecha-
nisms have been proposed to explain these high-energy
tails. Thompson & Beloborodov (2005) discussed two
possibilities in the context of the twisted magnetosphere
model: bremsstrahlung from a thin turbulent layer of
the star’s surface heated to kT∼100 keV by magneto-
spheric currents and synchrotron emission from mildly
relativistic pairs produced at a height of ∼ 100 km above
the neutron star. Compton scattering in high magnetic
fields has also been considered (Harding & Daugherty
1991; Gonthier et al. 2000).

In recent years considerable effort has been put in the
analysis and interpretation of magnetar’s spectra, in an
attempt to progress from purely phenomenological fits
to more physical models. The presence of a relatively
dense plasma in magnetospheres with a twisted config-
uration (Thompson et al. 2002) affects the emergent
spectrum through resonant Compton scattering (RCS)
of the thermal photons emitted by the underlying neu-
tron star’s surface. Fits with a simplified model, based
on a semi-analytical treatment of these effects (Lyutikov
& Gavriil 2006), showed that at E<10 keV the RCS can
replace the blackbody plus power law model (Rea et al.
2008), but an additional power law is still required to fit
the hard X-ray tails. More realistic 3-D simulations have
also been performed to compute the magnetar’s spec-
tral models (Fernández & Thompson 2007; Nobili et al.
2008a, 2008b) and quite successfully applied to the spec-
tra of several magnetar candidates (Zane et al. 2009).

2. 1E 1547.0−5408

The transient AXP 1E 1547.0−5408 started a new pe-
riod of strong bursting activity on 2009 January 22, when
more than 200 short bursts were detected in a few hours
by several satellites. Some of these bursts were particu-
larly bright, reaching a peak flux above 2×10−4 erg cm−2

s−1 at E>25 keV. While most of the bursts had durations
of few hundreds milliseconds, as typical SGR bursts,
two bright events lasted several seconds and showed a
clear modulation at the neutron star spin period of 2.1
s (Mereghetti et al. 2009). The burst shown in Fig. 3
started with a very bright spike lasting only ∼0.3 s, fol-
lowed by a ∼8 s long pulsating tail, thus resembling the
typical light curves of the three giant flares from SGRs.
However, a closer look at the data reveals some differ-

Fig. 1. P–Ṗ diagram for AXPs (circles) and SGRs (squares). The
vertical lines indicate the observed range of variability in Ṗ . The
magnetic fields inferred assuming that the spin-down is entirely
due to the emission of magnetic dipole radiation are indicated
(B=3.2× 1019 (P Ṗ )1/2 G).

ences, suggesting that this event cannot be considered a
giant flare. A first difference is the relatively slow rise
time of the initial spike, that was resolved in three bins
of 50 ms each. For comparison, the SGR giant flares had
initial rise times of only a few milliseconds. Furthermore,
despite the uncertainties in the source distance and burst
spectrum, it seems that the energy released in this event
was only of the order of a few times 1043 erg (for d=10
kpc), which is smaller than that of the three historical gi-
ant flares, as shown in Fig. 4. These values indicate that
there is a continuous distribution of intensities, from the
typical short bursts up to the brightest giant flares.

After the discovery of the strong bursts of January 22,
several follow-up pointings of 1E 1547.0−5408 were car-
ried out with the Swift satellite. The first data provid-
ing full imaging were obtained on January 23 at ∼15:30
UT and showed the presence of remarkable dust scat-
tering rings (Fig. 5). Further observations carried out
with Swift, XMM-Newton and Chandra clearly showed
that the angular size of the three rings increased with
time, as expected when the scattered radiation is a short
burst/flare and the dust is concentrated in a relatively
narrow cloud. X-ray expanding rings due to dust scatter-
ing have been observed in a few gamma-ray bursts, and
through their study accurate distances of the scattering
dust clouds in our galaxy could be determined (Vaughan
et al. 2004; Tiengo & Mereghetti 2006; Vianello et al.
2007). The dust scattering rings around 1E 1547.0−5408
are the brightest ever observed and the first ones for an
AXP/SGR. By fitting their expansion law it is possible

This document is provided by JAXA.



JAXA  Special  Publication     JAXA-SP-09-008E184

1021 1022 1023
1032

1033

1034

1035

1036

1037

L X
   

(0
.5

−1
0 

ke
V

)  
[e

rg
 s−1

]

NH  [cm−2]

0100

0526

0142
1048

1810

0501

1647

0418

1708

2259

1900

1841

1547

1627

1806

Fig. 2. X-ray luminosity versus absorption for the AXPs and SGRs.

to determine the burst emission time, which is found to
coincide with the interval of highest activity including
the bright event of ∼6:48 UT shown in Fig. 3 (Tiengo et
al. 2009b).

3. SGR 1627−41

SGR 1627−41 was discovered in 1998, during a bursting
state that lasted about six weeks (Woods et al. 1999).
Its X-ray counterpart had a luminosity of ∼ 1035 erg s−1

(for d=11 kpc). In the following years its X–ray lumi-
nosity monotonically decreased (Mereghetti et al. 2006),
until the lowest flux was observed in February 2008 with
XMM-Newton. This flux corresponds to a luminosity
of only ∼ 1033 erg s−1, the lowest ever observed for a
SGR (Esposito et al. 2008). The long-term flux decay
can be interpreted as the cooling of the neutron star, as-
suming that the star was significantly heated during the
outburst. In principle, the modelling of the long term
light curve can provide information on the heating pro-
cesses and location, as well as on the neutron star struc-
ture. However, this is complicated by the uncertainties
due to the relative calibrations of the different instru-
ments. Furthermore, the emitted fluxes are also diffi-
cult to estimate precisely, owing to the high absorption
(several 1022 cm−2) and the limited spectral informa-
tion. In fact a reanalysis of all the available data showed
that some features of the the long term light curve, from
which properties of the cooling model had been inferred
(Kouveliotou et al. 2003), are not statistically significant
(Mereghetti et al. 2006).

In May 2008 SGR 1627−41 started a new period of
bursting activity. Its X–ray luminosity reached a level
higher than that observed in 1998 and several short
bursts were also detected (Esposito et al. 2008). The
X–ray flux initially showed a rapid decrease, later fol-
lowed by a shallower phase consistent with a power law

Fig. 3. Bursts from 1E 1547.0−5408 observed at E>80 keV with the
INTEGRAL SPI Anti-Coincidence System on January 22, 2009.
This detector only provides light curves in 50 ms bins. The initial
spike of the longest burst had a duration of ∼0.3 s and reached a
peak flux greater than 2 10−4 erg cm−2 s−1 (25 keV - 2 MeV).
A modulation at the neutron star rotation period (2.1 s) is clearly
visible.

of index ∼–0.2. This suggests the presence of two dif-
ferent mechanisms at play. One possibility is that the
steep phase be due to magnetospheric currents dissipa-
tion while the later phase reflect the effect of crustal
cooling. It is also possible that X-rays emitted during
the initial bright burst, delayed by interstellar dust scat-
tering, contribute to the initial steep phase.

The brightest part of the outburst could not be ob-
served by XMM-Newton, due to visibility constraints.
A Target of Opportunity observation was performed on
2008 September 27-28, and despite the low source flux
∼ 3× 10−13 erg cm−2 s−1, the large effective area of the
EPIC instrument allowed us to collect enough counts to
perform a meaningful timing analysis. This led to the
discovery of the long-sought pulsations (Esposito et al.
2009a). The spin period is 2.6 s, one of the shortest
among magnetar candidates. Knowing the pulse period
it was then possible to re-analyze with increased sen-
sitivity a Chandra observation performed three months
earlier, and find the pulsations, with a double peaked
profile very similar to that seen with XMM-Newton. The
slightly different period implies a spin-down of (1.9±0.4)
10−11 s s−1, hence an inferred dipole magnetic field of 2
1014 G (Esposito et al. 2009b).

The deep XMM-Newton observation also showed, for
the first time, diffuse X–ray emission from the vicinity
of SGR 1627−41 most likely related to the supernova
remnant / HII region complex CTB 33 (Sarma et al.
1997). This indicates that the SNR might be larger than
previously thought and the SGR not far from its center,
thus reopening the possibility of an association.
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Abstract

Recently, extremely hard X-ray tails have been observed in several magnetars, with photon indexes
above 10 keV of Γ∼1. The emission mechanism of this new enigmatic component has not yet been con-
clusively unveiled. Last two years, Suzaku has performed two target-of-opportunity (ToO) observations:
the first one pointing on the newly discovered magnetar SGR 0501+4516, and the second one on the radio
transient magnetar 1E 1547.0-5408, both soon after a large X-ray outburst. Suzaku successfully detected
extremely hard power-law components with Γ =0.79 and 1.54 for SGR 0501+4516 and 1E 1547.0-5408,
respectively, as well as their soft X-ray thermal and non-thermal emissions. We found that the hard X-ray
fluxes are comparable to or larger than the soft X-rays, and the wide-band spectrum of SGR 0501+4516
looked more like AXPs, while 1E 1547.0-5408 has a spectrum more similar to SGRs. Furthermore, com-
bining these results with published ones, we found that the ratio of hard over soft X-ray flux of magnetars,
seems to negatively (or positively) correlate with their characteristic ages (or magnetic fields). This gives
a further hint for unifying SGRs and AXPs into one scheme, directly connected to decay of the magnetic
activity in the evolution of magnetars. Now a magnetar key project is in progress, where 10 magnetars
have already been observed to emit hard X-rays.

Key words: individual (SGR 0501+4516; 1E 1547.0-5408; 4U 0142+61) — X-rays:stars

1. Magnetars in Suzaku Era

Strongly magnetized pulsars, namely magnetars, have
been recognized in anomalous X-ray pulsars (AXPs) and
soft gamma-ray repeaters (SGRs). They form a sub-
group of the isolated neutron stars, and have rotation
periods in the range of P=5–12 s and spin down rates of
Ṗ∼10−13–10−11 s s−1. Given the very high dipolar mag-
netic field that can be inferred from these timing infor-
mation, magnetars are believed to be highly magnetized
objects, with magnetic fields B of ∼ 1014 − 1015 Gauss
(Duncan & Thompson 1992; Thompson & Duncan1995,
1996; Woods & Thompson, 2006; Mereghetti, 2008).
Figure 1 shows the distribution of the magnetic fields
of magnetars compared to normal radio pulsars or
accretion-powered pulsars. Furthermore, their emission
below 10 keV is characterized by X-ray luminosities of

∼1035 erg s−1, which exceed by a few order of magnitudes
their spin-down luminosities. Taking into consideration
the lack of companion stars, the energy resevoir of mag-
netars are believed to be of magnetic origin.

In the last 5 years, long-exposure observations by IN-
GEGRAL discovered a new emission above 10 keV, with
an extremely hard photon index of Γ∼1 observed up to
∼150 keV (Kuiper et al., 2004, 2006; Gotz et al., 2006).
So far, this new component has been detected from ∼6
magnetars. This enigmatic radiation attracted a wide
attention, and its origin as been extensively discussed,
without an overall consensus yet (Thompson et al., 2005;
Heyl et al., 2005; Baring et al., 2007).

Magnetars are not only interesting because of their X-
ray emission mechanism, but also provide an ideal labo-
ratory of test matter embedded in ultra-strong magnetic
field. Current observational issues concerning their hard
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X-ray emission can be listed as follows. First, hard X-ray
emissions are common to all the magnetars, or special
cases? Second, are they seen in outburst state as well
as quiescent state? Third, are there any connection be-
tween soft and hard X-ray emissions? The X-ray satellite
Suzaku (Mitsuda et al., 2007) has the capability to an-
swer these questions, since Suzaku can measure both the
soft and hard X-ray emission simultaneously, within rel-
atively short exposures, making use of the X-ray Imaging
Spectrometer (XIS; Koyama et al., 2007) and the Hard
X-ray Detector (HXD; Takahashi et al., 2007).
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Fig. 1. Magnetic field distribution of radio pulsars (blue; Manchester
et al., 2005), accretion-powered pulsars (green; LMXBs, which
are accretion powered pulsars too have B fields of 108−9 G, are
missing here.) and magnetars (red).

2. Suzaku ToO Observations

Last year Suzkau performed two successful target-
of-opportunity (ToO) observations of the magnetars
SGR 0501+4516 and 1E 1547.0-5408. These observa-
tions were performed following the outburst activation
of these two sources, as can be seen by the large bursts
shown in Figures 3 and the burst spectrum in Figure 2 .

2.1. SGR 0501+4516

A new Soft Gamma-ray Repeater, SGR 0501+4516, was
discovered on 2008 August 22nd by the Swift Burst
Alert Telescope (Holland & Sato, 2008; Barthelmy et
al., 2008). Just four days after the onset of the outburst
activity, Suzaku ToO observation was performed for ∼51
ks, which recorded both of the soft and hard X-ray emis-
sion components of the source, as well as 32 short bursts
(Enoto et al., 2009a).

The largest burst had a intensity of ∼23Crab at
∼ 40 keV. Figure 2 shows the νFν spectrum of this
burst, recorded over the 0.2–200 keV energy range us-
ing the XIS, HXD-PIN and HXD-GSO instruments.
The burst spectrum was well fit by a two-blackbody
radiation model with temperatures of 3.3+0.5

−0.4 keV and
15.1+2.5

−1.9 keV. These two blackbody temperatures stay on
the scaling reported by Nakagawa et al. (2009a), and ac-
cumulated spectra of other short bursts are discussed by
Nakagawa et al.(2009b).

Fig. 2. The νFν spectrum of the largest burst of SGR 0501+4516
modeled by two blackbody components (Enoto et al., 2009a).

Suzaku also observed the persistent X-ray emission
over the 0.8–200 keV band, as shown in Figure 4b. A
hard X-ray emission was detected up to 70 keV by the
HXD-PIN with a 3σ significance, while HXD-GSO data
stays within 1% level of the X-ray background (a typical
uncertainty level of GSO). Therefore we used only data
from the XIS and PIN cameras for spectral fittings.

The pulse profiles have a sinusoidal shapes below 5
keV, while a second peak appears at a phase opposite to
the main peak above 12 keV (Enoto et al., 2009b). The
0.5–70 keV spectrum consists clearly of two components,
crossing over at ∼7 keV. The hard component has a very
hard photon index of Γ = 0.79+0.20

−0.18(stat.)+0.01
−0.06(sys.).

The persistent soft and hard X-ray fluxes are 8.7± 0.8×
10−11 and 4.8+0.8

−0.6(stat.)+0.8
−0.4(sys.) × 10−11 erg s−1 cm−2

in the 0.5–10 keV and 20–100 keV, respectively. The
latter is consistent with that measured by the almost si-
multaneous INTEGRAL observation (Rea et al., 2009).

2.2. 1E 1547.0-5408

On 2009 January 22nd, an intensive bursting activity
(∼250 short bursts in one day) was detected by the Wide-
band All-sky Monitor (WAM) on board of it Suzaku,
from the direction of the magnetar 1E 1547.0-5408. Fig-
ure 3a and 3b show short burst forests detected by one
shielding counter of HXD-WAM in a day time (Terada et
al., 2009). Figure 3c zooms on one of these short burst,
occurred at 17:02:56 on January 22, which was detected
up to ∼600 keV.

Suzaku performed a ToO observation on 2009 January
28–29 for 33 ks (Enoto et al., 2009d), seven days after
the on-set of its strong bursting activity. The object
remained in an outburst state with an absorbed fluxes
of 5.71+0.15

−0.18 × 10−11 and 1.25+0.08
−0.11(stat.) ± 0.10(sys.) ×

10−10 erg cm−2 s−1 in the 2–10 and the 20–100 keV en-
ergy ranges, respectively.

The persistent X-ray emission was detected from ∼0.8
keV to 114 keV, and its pulse period was detected
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Fig. 3. (a) Short burst forests of 1E 1547.0-5408 detected by HXD-WAM on January 22 in the 71–324 keV energy band. (b) same as panel
(a), but in the 324–534 keV energy range. (c) One short burst zoom up.

at 2.072135 ± 0.00005 s. The wide-band and phase-
averaged spectrum was well fit by a blackbody emis-
sion with a temperature of 0.65 ± 0.02 keV and a strong
hard X-ray tail having a power-law photon slope of
1.54+0.06

−0.05(stat.) ± 0.02(sys.) (Figure 4a). In addition to
the persistent emission, 12 short bursts were detected
in a range of 10−9–10−7 erg s−1 cm−2 in the 10–70 keV
energy range.

3. Spectral Evolution of Magnetars

Figure 4 compares the persistent soft plus hard X-
ray spectra of three magnetars, 1E 1547.0-5408 and
the newly discovered SGR 0501+4516 during their out-
bursts, and a famous AXP 4U 0142+61 (the latter
was observed by Suzaku on 2007 August 15th for 102
ks; Enoto et al., 2009c). Their characteristic ages
are 1.4 kyr, 18 kyr, and 70 kyr for 1E 1547.0-5408,
SGR 0501+4516, and 4U 0142+61, respectively. The
spectral shapes of magnetars have the tendency to be-
come flatter/brighter in the hard X-ray band for younger
magnetars, while become harder/dimmer above 10 keV.
In addition to the above three magnetars, Suzaku has
already observed other 7 magnetars, as shown in Figure
5. These spectral changes are also suggested from all 10
magnetars observed. A comprehensive study of magne-
tars by Suzaku will be reported elsewhere.

In order to quantify these spectral changes we used
the hardness ratio between the 20-100 keV and 2-10 keV
unabsorbed fluxes. These hardness ratios do not depen-
dent on the fine-structure of the spectral fitting. The
hardness ratios are 1.64±0.40, 1.6±0.4, and 0.71±0.08,
for 1E 1547.0-5408, SGR 0501+4516, and 4U 0142+61,
respectively. Figure 6 shows possible correlations be-
tween these spectral hardness ratios to fundamental pul-
sar properties, such as (a) characteristic ages and (b)
surface magnetic field strengths. Here we also plotted
the previous results of XMM-Newton and INTEGRAL
from Gotz et al. (2006), Rea et al. (2009), and the
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Fig. 4. Persistent spectra of (a) 1E 1547.0-5408 in outburst, (b) SGR
0501+4516 in outburst, and (c) 4U 0142+61.

McGill SGR/AXP online catalog1 . These correlations
suggest the hard X-ray tail intensity (relative to the soft
component) appears to correlate negatively with charac-
teristic ages.

These new correlations may be key to investigate the
origin of the emission mechanisms both of the soft and
hard X-ray components of magnetars.

*1 http://www.physics.mcgill.ca/ pulsar/magnetar/main.html
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Fig. 5. Magnetar location on the Galactic plane. Red filled circles represent those targets which were already observed by Suzaku.

4. Summary and Conclusion

• The hard X-rays above 10 keV were observed in
most of the magnetars by Suzaku. During large out-
bursts, both the soft X-ray and hard X-ray compo-
nents become brighter.

• Photon index is extremely flat in AXPs (∼1) while
slightly less in SGRs. Ordinary acceleration and
emission mechanism fails to explain these very hard
emission.

• The intensity of the hard X-ray tail relative to the
soft component appears to be negatively correlated
with the characteristic age, although hardness ratios
may change between different emission states, as e.g.
during outbursts.

• Key project of magnetars (AO-4) is now going on,
and these magnetars are good targets both for
MAXI and ASTRO-H.

We kindly acknowledge the organizers of ”The Energetic
Cosmos: from Suzaku to ASTRO-H” for the very nice
conference. Furthermore, we thank the Suzaku operation
team, who successfully conducted the ToO observations.
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Abstract

The Suzaku X-ray imaging spectrometer has been used to observe the X-ray emission from comets
73P/Schwassmann-Wachmann 3C and 8P/Tuttle. Comet 73P/Schwassmann-Wachmann 3C was observed
during May and June of 2006, while it was near perihelion and passed within 0.1 AU of the Earth. Comet
8P/Tuttle was observed during January of 2008 when it was at its closest approach to the Earth at 0.25
AU, and again near perihelion at a distance of 0.5 Au from Earth. In the case of comet 73P/Schwassmann
Wachmann 3C, the XIS spectra show line emission from highly charged oxygen and carbon ions as well
as emission from what is most likely L-shell transitions from Mg, Si, and S ions. This line emission is
caused by charge exchange recombination between solar wind ions and cometary neutrals, and can be used
as a diagnostic of the solar wind. Here we present some of the results of the observation of the comet
73P/Schwassmann-Wachmann 3C.

Key words: Comets, Suzaku, X-ray, X-ray Imaging Spectrometer, Charge Exchange

X-ray emission from cometary atmospheres has been
observed now for over a decade, and the dominant x-ray
production mechanism is widely accepted to be charge
exchange recombination (CEX) between solar wind ions
and cometary neutrals. In this process a bound electron
from the cometary neutral undergoes radiationless trans-
fer to an excited state of the solar wind ion. The excited
state then decays radiatively, emitting one or more pho-
tons in the process. The spectrum produced by CEX
depends on the ion species, the neutral species, and the
collision velocity between the two particles (Beiersdorfer
2001,Beiersdorfer 2003,Bodewits 2004, Bodewits 2006,
Wargelin 2008). Thus, a CEX x-ray spectrum emitted
from a comet is a powerful diagnostic of the solar wind
ion abundance, the relative speed between the solar wind
ion and the cometary neutral and the comet’s neutral
gas density and species distribution. It is thus possible
to use the x-ray spectrum produced by a comet to re-
motely diagnose the composition and speed of the solar
wind.

Comet 73P Schwassmann-Wachmann 3 was discovered
in 1930 by F. C. A. Schwassmann and A. A. Wachmann,
and has an orbital period of 5.5 years. Owing to the
fact that it was faint and small, it was not identified

again until 1979, when its optical magnitude was 12.5
at its closest approach to the Earth. It was not observed
in 1985, but was observed in 1990 with an optical mag-
nitude of 9. During its 1995 apparition, the brightness
surprisingly went up several orders of magnitude as a
result of the fact that the comet had broken into sev-
eral smaller fragments. For its apparition in 2006, over
60 fragments were being tracked. The X-ray Imaging
Spectrometer (XIS) on Suzaku observed fragment C on
May 13 at its closest approach to Earth at a distance of
0.074 AU, and again at perihelion on June 8. During the
June 8 observation, a solar flare occurred and the X-ray
emission from the comet brightened as a result.

Figure 1 shows the X-ray spectrum measured dur-
ing the June 8th observation, and also the fit to the
spectrum. The data were fit using laboratory-measured
charge exchange data from C V, C VI, N VI, N VII, and
O VII. In addition, lines at 0.21,0.24,0.27, and 0.4 keV
were also included to achieve a good fit. Many of these
lines are likely produced by charge exchange onto L-shell
ions of silicon, sulfur, and magnesium (see for example
Frankel et al 2009 and Koutroupma et al 2010). One
useful diagnostic of the speed of the solar wind ions is
the hardness ratio. The hardness ratio is defined as the
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Fig. 1. X-ray spectrum measured by the back illuminated CCD of Suzaku’s X-ray Imaging Spectrometer. This spectrum was measured on
June 8th, 2006 when the comet was at perihelion. The data were fit using laboratory measured charge exchange spectra from C V & VI,
N VI & N VII, and O VII. Additional lines at 0.21, 0.24, 0.27 and 0.4 keV are also included. The emission below 300 eV is most likely
dominated by L-shell emission from S, Si, and Mg.

relative intensity of the n > 3 to 1 transitions relative
to the n = 2 to 1 transitions. The larger the hardness
ratio, the slower the speed of the solar wind ion rela-
tive to the cometary neutral (Beiersdorfer et al. 2001).
Based on the hardness ratio measured from the hydro-
genic C5+ Rydberg series, the velocity of the C6+ ions is
∼ 300 km/s, consistent with a slow solar wind. We also
note that no hydrogenic O7+ was included in our fit,
and thus no fully ionized O8+ was present in the solar
wind during these observations. This result is consistent
with measurements using the Solar Wind Ion Composi-
ton Spectrometer (SWICS) on the Advanced Composi-
tion Explorer (ACE), which also showed that no O8+

was present in the solar wind during this observation.

In 2008, comet 8P/Tuttle was observed twice by the
XIS. The first observation during the first week of Jan-
uary when the comet was at a distance of 0.26 AU from
Earth, 1.1 AU from the Sun, and at a solar latitude of ∼
1 degrees south, i.e., nearly in the ecliptic. During the
second observation later in January when the the comet
was 0.48 AU from the Earth, 1.0 AU from the Sun, and
had a solar latitude of ∼ -20 degrees. The ACE sampled
the solar wind during both observations. As a result,
for the second observation, the solar wind was sampled
simultaneously in the ecliptic (by ACE), and out of the
ecliptic (by the X-ray emission from 8P/Tuttle).

In 2013, AstroH is planned to launch carrying a high
resolution X-ray microcalorimeter array, the Soft X-ray
Spectrometer (SXS). This instrument is expected to have
a resolution of 7 eV across the 0.4 to 10 keV energy band
and an effective area between 10 and 100 cm

2 between
0.4 and 1 keV. This instrument will make possible for
the first time to resolve the X-ray spectral features from
cometary atmospheres.
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Abstract

Our detection of diffuse hard X-ray emission around Jupiter with Suzaku XIS is reported. To investigate
X-ray emission from Jupiter, Suzaku XIS observation data are analyzed. Thanks to the lowest particle
background among all X-ray CCDs in orbit, diffuse X-ray emission around Jupiter is detected in 1–5 keV
with the X-ray luminosity of ∼ 3×1015 erg s−1. Its emission spatially coincides with the Jupiter’s radiation
belts and Io’s orbital path. Its spectrum is represented by a power law model with a photon index of ∼1.4.
The emission is discussed in the context of the origin and emission mechanism.

Key words: planets and satellites: individual (Jupiter, Io) — X-rays

1. Introduction

Jupiter is the most luminous planet in the solar sys-
tem in X-ray wavelength (Bhardwaj et al. 2007). It
shows X-rays from auroral regions which is composed of
bremsstrahlung emission and charge exchange emission
lines. The Jovian disk also shows scattered radiation of
solar X-rays. Temporal changes in the spectral shape
and intensities have been observed in the past Chandra
and XMM-Newton observations. A typical X-ray lumi-
nosity of Jupiter from the whole region reaches up to
∼ 1016 erg s−1.

Jupiter is also known to host the largest magneto-
sphere in the solar system. Past in-situ measurements
and ground-based radio observations revealed an exis-
tence of relativistic electrons with energies up to 50 MeV
in the magnetosphere (e.g., Bolton et al. 2002). In order
to investigate possible diffuse X-ray emission from these
energetic particles, we analyzed Suzaku data of Jupiter.

2. Observation

Suzaku observed Jupiter on 2006 February 24-28. We an-
alyzed archival data of the X-ray Imaging Spectrometer
(XIS). During the observations, Suzaku repointed four
times to follow the motion of Jupiter in the sky (∼ 1
arcmin per day). The net exposure of the FI (Front Il-
luminated) and BI (Back Illuminated) chips was 159 ks.
Thanks to the low earth orbit of Suzaku and large ef-

fective area, the XIS has the lowest particle background
among all X-ray CCDs in currently available X-ray ob-
servatories. Thus, the XIS data allows us to search for
the possible diffuse X-ray emission around Jupiter with
the highest sensitivity.

3. Data Analysis

3.1. Imaging analysis

In order to examine emission from the vicinity of Jupiter,
we firstly checked 0.2–1 keV BI and 1–5 keV FI images
without corrections of satellite and planetary orbital mo-
tions. Then, we found extended X-ray emission along the
Jupiter’s orbit in both 0.2–1 and 1–5 keV bands. Be-
cause bright spots of the emission moves following to the
Jupiter’s orbital path, we concluded that the emission is
associated with Jupiter.

Next, we corrected the X-ray images for the satellite
and Jupiter’s orbital motions using the photon arrival
time and CCD position. We utilized an ephemeris pro-
vided by the Jet Propulsion Laboratory. In addition,
we removed unwanted contribution due to point sources
from the 1–5 keV image. Using a point source detection
program in the Chandra data analysis software package
and checking the obtained source list by eye, we detected
20 point source candidates with 1–5 keV X-ray fluxes of
1 ∼ 3 × 10−14 erg s−1 cm−2. The source number is
consistent with the canonical cosmic X-ray background
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Fig. 1. (a) 0.2–1 keV BI and (b) 1–5 keV FI images of Jupiter.
Vertical axes are count sec−1 pix−1. The satellite and planetary
orbital motions are corrected. In the 1–5 keV image, unwanted
point sources are removed before the orbital motion correction.
Grey lines are the equatorial crossing of magnetic field lines at 2,
4, 6, and 8 Rj (Jovian radius). In the panel (a), a circle shows
the size and position of Jupiter. In the panel (b), a photograph
of Jupiter taken by Cassini is overlaid. A black line indicates the
Io’s orbit.

model (Giacconi et al. 2001).
Figure 1 shows the obtained X-ray images after the

corrections of the orbital motions and point sources. We
detected significant extended 1–5 keV emission associ-
ated with the Jupiter’s magnetosphere and Io’s orbit.
Its morphology is totally different from that in the soft
X-ray band, whose spatial distribution is consistent with
the emission from a point source or Jupiter. The X-ray
luminosity of the extended emission is (3.6±0.4)×1015

erg s−1 in 0.2–1 keV and (3.3±0.5)×1015 erg s−1 in 1–5
keV. Here errors are 1σ.

3.2. Spectral analysis

To know the characteristics of the extended X-ray emis-
sion, we investigated its X-ray spectrum by extracting
photons from the vicinity of the extended emission (r3
arcmin). For simplicity, we used event files without the
orbital motion corrections. As a background, we ex-

tracted counts from the surrounding region with an outer
radius of 6 arcmin. In these procedures, the possible
point source regions are excluded. The obtained spec-
trum showed a featureless power-law continuum with a
photon index of 1.4±0.2 in the 1–5 keV band. An ab-
sorption component was unnecessary.

4. Discussion

We detected significant extended hard X-ray emission
around Jupiter. Using a projected profile and a point
spread unction of the XIS, we estimated that a contri-
bution from Jupiter to the extended emission is at most
about half. Hence, at least about half of the emission
should arise from a truly diffuse component.

We considered possible contamination of faint back-
ground point sources which were missed in our point
source detection procedure. Because we have corrected
the image for the Jupiter’s orbital motion, any unde-
tected point sources near the Jupiter’s orbital path can
be seen as the extended emission in the orbital motion
corrected image. Due to the almost symmetric morphol-
ogy of the emission against Jupiter, this requires sym-
metric spatial distribution of the sources. We concluded
that this is rather unlikely, because, even if we assume
one source in the path and extract it from the image,
there still remains the extended emission. Thus, the
emission can be truly diffuse.

The possible emission mechanism to explain the dif-
fuse emission with the flat continuum is nonthermal pro-
cesses such as synchrotron, bremsstrahlung, and/or in-
verse Compton scattering. The synchrotron emission can
be rejected because it requires TeV electrons under a rel-
atively weak magnetic field around Jupiter (∼ 0.01 G at
6 Rj). The bremsstrahlung emission is also difficult be-
cause the X-ray spectrum should be accompanied with
strong emission lines from logenic O and S ions, which
are main ion constitutions of the plasma.

The only possible mechanism is thus inverse Compton
scattering. It is possible in terms of photon energy be-
cause the known MeV electrons can kick solar photons to
be X-rays. However, the electron number density should
be more than an order of magnitude larger than the em-
pirical charged particle model of Jovian magnetosphere
(Divine & Garret 1983), in order to explain the observed
X-ray luminosity from the apparent volume. We need
further X-ray observations with high sensitivity to know
the characteristic of the emission.
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Abstract

Results of solar flare observations in the hard X-ray band with the Suzaku Wide-band All-sky Monitor
(WAM) are reported. On June 2009, 108 solar flares (GOES class X:16, M:29, C:46, B:17) have been
detected with the WAM since the launch. One of the brightest flares WAM detected was the event
occurring on 2006 December 13. It lasted for more than 700 seconds even in above 500 keV. This event
was simultaneously observed by the solar missions Hinode and RHESSI in soft and hard X-ray region
respectively, and by Nobeyama Radio Observatory in radio. Thanks to the large effective area up to 800
cm2 of the WAM, we were able to study 1-sec variations of the hardness of this flare and find the Soft-
Hard-Harder phenomena in the hard X-ray emission. This feature is similar to the previous reports on
the footpoint emission of the flare loop by Minoshima et al. (2009) using RHESSI especially in the high
energy region (above 200 keV), hardness ratio kept hardening after the maxima of the flux. In addition to
that detailed study, we performed systematic studies on 21 solar flares detected with the WAM. Among
these 21 flares, 7 events showed Soft-Hard-Soft behavior, 9 events showed Soft-Hard-Harder behavior, and
rest 5 showed consistent with being flat hardness.
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1. Introduction

In solar flares, particle acceleration is thought to be
caused by magnetic reconnection, as observationally con-
firmed with the Yohkoh satellite (Masuda et al. 1994,
1995). A hard X-ray emission which sometimes reaches
up to several MeVs, is produced via bremsstrahlung pro-
cess when nonthermal electrons go into the solar chromo-
sphere along magnetic loops (footpoints). Additionally,
nonthermal electrons produce a microwave emission at
the loop, and a soft X-ray emission are radiated from a
thermal plasma filled in the loop. But the mechanism is
not clarified of energy transfer from the particle acceler-
ation to the nonthermal/thermal emission. To solve the
enigma of particle acceleration, the two keys – spacial
geometry (image) and time evolution (light curve and
spectrum) are needed.

2. The Suzaku Wideband All-sky Monitor

Suzaku Hard X-ray Detector (HXD) is surrounded by
BGO crystals to reject background events of the on-axis
observation of the HXD PIN and GSO, functioning as an
all-sky monitor, called WAM (Wide-band All-sky Mon-
itor). The main feature of the WAM is a large effective
area reaching 400 cm2 event at high energy band as 1
MeV per side and a wide energy range of 50 – 5000 keV
bandpass (for details, see Yamaoka et al. 2009). WAM
is an ideal instrument for hard X-ray transient objects
like solar flares, gamma-ray bursts, soft gamma-ray re-
peaters, and so on. Currently (from 2005 to 2009), 108
solar flares at variable GOES class have been detected
with the WAM after the launch (see table 1). Thanks to
the large effective area of the WAM, we can resolve 1 or
a few sec time evolution of their spectra. In the following
analysis, we use polynomial function fitting method to
subtract background.
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Table 1. The solar flares detected with WAM from launch (2005/07
- 2009/06).

GOES class Number of flares
X 16
M 29
C 46
B 17

Total 108

3. Solar flare on 2006 December 13

Since the most bright events in the table 1 causes pile-
ups and large dead times, so we selected solar flares with
moderate flux to avoid these effects. Among them, the
event on 2006 December 13 shows very hard (>500 keV)
components, and continues for over 700 sec, and was
simultaneously observed with many other instruments.
So it is suitable for studies of spectral variation of so-
lar flare. This flare started at 02:20 UT, 2006 Decem-
ber 13 in the solar disk center region (S06, W22). The
GOES class was X3.4. Soft X-rays, nonthermal hard X-
rays and microwaves were observed for more than 1 hour
with Hinode, RHESSI, and Nobeyama Radio Observa-
tory (Minoshima et al. 2009) simultaneously (Fig. 1).
The WAM also observed the flare, covering first intense
impulsive phase. The obtained hardness ratio at this
phase shows Soft-Hard-Harder behavior, which implies
that electron acceleration continued more than 10-100
sec.

4. Hard X-ray variations measured with WAM

We performed hardness ratio variation studies between
50-110 keV and 110-240 keV band on 21 solar flares de-
tected with WAM. Among these flares, 7 events showed
Soft-Hard-Soft (SHS) behavior, 9 showed Soft-Hard-
Harder (SHH), and 5 showed little change in hardness
during flare (Flat). The number ratio of the categories
(table 2) is different from the results by Silva et al.
(2000). This apparent discrepancy is explained by fol-
lowing reasons. (1)We employed higher energy band
(>200 keV) than that employed by Silva et al. (<200
keV). (2)These two ratios are similar if we regard our
“ Flat”, that is not employed in Silva et al., as SHS.
(3)Slight discrepancy between the two ratios may caused
by the harder (above to 200 keV) component, which is
expected to reflect acceleration process out of the recon-
nection points. Further discussions will be published in
near future by Endo et al. 2010.
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Fig. 1. Top panel: NoRP (microwave), RHESSI (hard X-ray), and
WAM (hard X-ray) light curves. The epoch between 0-500 sec
(RHESSI ) and 700-3000 sec (WAM) corresponds to the earth
occultation of the Sun. Middle: Soft X-ray images with Hinode
XRT and NoRH 34 GHz (gray contours), RHESSI 35-100 keV
(black contours). Each time is displayed on Top with arrow (from
Minoshima et al., 2009). Bottom: Hardness ratios of the first
impulsive event around t=500 sec between 240-520 keV, 110-240
keV, and 520-5000 keV, taken with Suzaku WAM.
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67000 Strasbourg, France

4 Rochester Institute of Technology, 54 Lomb Memorial Drive, Rochester, NY 14623
5 Vanderbilt University, Nashville, TN 37235

E-mail(KH): Kenji.Hamaguchi@nasa.gov

Abstract

A deeply embedded young stellar object (YSO) in the L1630 dark cloud has been observed undergoing
a new strong optical/near-infrared outburst in 2008 August. The star, V1647 Ori, is the same star that
underwent an accretion-powered outburst in 2003−2005; during this eruption we recorded, for the first
time, a sustained X-ray outburst from a rapidly accreting YSO. The X-ray activity is suspected to be
driven by a star-disk magnetic dynamo, accompanied by rapid mass accretion. However, observations that
might support or refute this hypothesis have been limited in quantity and quality.

We triggered a ToO observation of V1647 Ori with Suzaku for 40 ksec on 2008 October 8 using Director’s
Discretionary Time. During the observation, V1647 Ori showed a gradual flux decrease by a factor of 5 and
then displayed an abrupt flux increase by an order of magnitude. The spectrum clearly displays emission
from Helium-like iron, which is a signature of hot plasma (kT ∼5 keV). Such X-ray properties were also
seen in an XMM-Newton observation during the first outburst, but it has rarely been observed for other
YSOs. Hence, the new outburst started in 2008 is likely driven by a mechanism similar to that of the first
outburst. The Suzaku/XIS spectrum of V1647 Ori also shows a remarkable fluorescent iron K line with
an equivalent width of ∼600 eV. Such a large equivalent width indicates that a part of the incident X-ray
emission that irradiates the circumstellar material is hidden from our line of sight.

Key words: stars: formation — stars: individual (V1647 Ori) — stars: pre-main-sequence — X-rays:
stars

1. Scientific Objective and a Suzaku Observation

Certain young stars dramatically increase their mass
accretion rates by orders of magnitude. These events
are possibly triggered by thermal disk instabilities and
traced by dramatic increases in optical/near-infrared
(NIR) luminosities. They are crudely classified as either
FU Ori or EX Lup type outbursts.

The deeply embedded young stellar object (YSO) in
the L1630 dark cloud (d ∼400 pc), V1647 Ori, had a
strong optical/NIR outburst in 2003 December. This
eruption afforded the first opportunity to record the sus-
tained X-ray outburst of a rapidly accreting YSO (Kast-
ner et al. 2004; Grosso et al. 2005; Grosso 2006; Kastner
et al. 2006). Multiple Chandra and XMM-Newton ob-
servations through this outburst demonstrated that the
average X-ray flux level followed the variation in the op-
tical and NIR brightnesses. This result appears to be ex-
plained best as star-disk magnetic reconnection activity

generated in association with the episode of very rapid
mass infall.

In 2008, V1647 Ori began a new optical/NIR outburst
(Itagaki et al. 2008; Aspin 2008; Aspin et al. 2009).
Chandra triggered an anticipated Target of Opportunity
(ToO) observation of V1647 Ori for 20 ksec on September
18 (Weintraub et al., in prep.), in which X-ray emission
is observed to be elevated to a level two times higher than
that observed by Chandra on 2004 March 7 (Kastner et
al. 2004) during the previous outburst in 2003−2005.
This new X-ray eruption offers us the first (and possibly
only) opportunity to measure X-ray emission during two
outbursts from the same YSO.

Suzaku triggered a ToO observation of V1647 Ori for
∼87 ksec on 2008 October 8 using a part of the Directors’
Discretionally Time. The XIS image detected a bright
X-ray peak at the position of V1647 Ori while the HXD
spectrum showed no hint of signal from V1647 Ori.
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Fig. 1. Background subtracted XIS0+1+3 light curve of V1647 Ori
between 1−8 keV. Each bin has 2000 sec.

2. Light Curve and Spectrum

Fig. 1 shows the background subtracted X-ray light curve
of V1647 Ori covering the energy range 1−8 keV, com-
bining all the XIS (0+1+3) data. The count rate varied
strongly, by a factor of ∼18 or larger, during the obser-
vation. The X-ray light curve shows gradual decrease,
to almost zero, over the first ∼60 ks of the observation,
then a sharp increase in flux at ∼60 ksec followed by a
decay with significant spikes and dips.

The spectrum (Fig. 2) is well fit by a model of
1-temperature thin-thermal plasma emission (APEC)
with a 6.4 keV Gaussian component to account for
strong fluorescent iron line emission, suffering photo-
electric absorption by neutral gas. The inferred hot
plasma temperature (∼4.1±1.5 keV), elemental abun-
dance (∼0.5±0.2 solar) and hydrogen column density
(∼3.6±0.8×1022 cm−2) are similar to those inferred for
V1647 Ori during the XMM-Newton observation in 2004
(Grosso et al. 2005). One remarkable difference, how-
ever, is the equivalent width (EW) of the iron fluorescent
line at 6.4 keV. The EW in 2008, ∼600 eV, was about
a factor of 6 higher than that during the XMM-Newton
observation in 2004 (∼109 eV).

3. Discussion

The flux of X-ray emission from V1647 Ori strongly
varied, by at least a factor of 18, during the Suzaku
observation. The lowest count rate is not well con-
strained given the contamination from the north-east
soft source, but the XMM-Newton observation in
2004 showed a similar range of variation of between
0.5−12×10−13 ergs cm−2 s−1. Both observations showed
similar abrupt flux increases with correspondingly in-
crease in hardness ratio (HR) and no significant HR
variation after the increase. The plasma parameters de-
rived from the Suzaku spectra were similar to the best-
fit result of the XMM-Newton spectrum (kT ∼3 keV,
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Fig. 2. Top: XIS FI (black) and BI (grey) spectra of V1647 Ori.
The solid lines show the best-fit model. The dot-bar lines show
a 6.4 keV Gaussian component to account for strong fluorescent
iron line emission. Bottom: residuals of the χ2 values from the
best-fit model.

NH ∼2.9×1022 cm−2 and Z ∼0.8 solar, model #1 in ta-
ble 1 of Grosso et al. 2005). This strongly suggests that
the new outburst in 2008 was driven by a mechanism
similar to that of the first outburst, which started in
2003 October and lasted for ∼2 years.

The observed iron fluorescent line EW is ∼10 times
as large as that for a 4 keV plasma irradiating source to
be hidden from direct view (∼60eV, Drake et al. 2008).
Assuming a reflector with with solar iron abundance,
∼90% of the plasma must be blocked by an optically
thick absorber and cannot be seen directly by us. Such
a geometry is plausible if most of the plasma is hidden
behind the stellar core (see figure 8 and the discussion
section in Hamaguchi et al. 2005).
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Abstract

We report on preliminary results of the Suzaku observations of the W-R binary WR 140 (WC7+O5I),
with the aim of understanding the W-R stellar wind as well as the wind-wind collision shocks. Our
observations with exposures of 210 ksec in total were made at four different epochs around periastron
passage in Jan. 2009. We detected hard X-ray excess in the HXD band. This is the first time that the
hard X-ray excess above 10 keV was detected from a W-R binary. Moreover, we found a part of the
soft component is not absorbed even by the dense wind. The spectra can be fitted by three different
components, with a stationary soft component at kT∼0.1 keV, a high temperature component at kT∼3
keV and a harder power-low component. The column density at periastron is a factor of 30 higher than
that at pre-periastron, which can be explained as self-absorption of the W-R wind. It is found that the
emission measure of high temperature component is not proportional to the inverse of the separation of
the two stars.

Key words: stars: Wolf-Rayet – binaries:spectroscopic – stars: WR140

1. Introduction

The Wolf-Rayet WC7+O5I binary WR140 (HD 193,793)
has a long-period (P=7.94 yrs), and extremely eccentric
(e=0.88) orbit (Marchenko et al. 2003 ApJ., 596, 1295).
The X-ray spectrum is the best measure of conditions
in the hot postshock gas, and the crucial time for obser-
vations is around periastron passage when densities are
changing most rapidly. X-ray monitoring observations in
a single orbital cycle around periastron passage are key
to understand the W-R stellar wind parameters as well
as the wind-wind collision shocks.

2. Observation

We observed WR140 with Suzaku at four different
epochs around periastron passage in Jan. 2009, for a
total exposure time of ∼210 ksec. Figure 1 shows the
geometry at four epochs.

3. Results

Figure 2 shows X-ray spectra obtained with each detec-
tor at four epochs. The high-quality XIS spectra show
emission lines from highly ionized ions from various ele-
ments. The spectra can be fitted by three different com-
ponent model.

First model is a stationary soft component at kT∼0.1
keV. In epoch C and D, we found for the first time a part
of the soft component is not absorbed even by the dense
wind. Since no significant change in X-ray flux were de-
tected, we suppose this component is stationary. A single
temperature model yielded an acceptable fit with 0.1 keV
in plasma temperature (kT ) and ∼1 × 1022 cm−2 in hy-
drogen column extinction(NH). Some residuals, may be
identified with the RRC structures of OVII, OVIII, NeIX
and NeX, were left. The chi square value of the fit with
the four recombination edge (redge) was improved.

Second model is a high temperature component at
kT∼3 keV. This component dominates with the X-ray
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Fig.1. The geometry in four epochs
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Fig.3. The binary separation vs. emission measure
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Fig.2. The XIS and HXD-PIN spectra of WR140 in each epoch. Grouped and background subtracted data with
uncertainties are plotted. The upper panels shows best-fit model. The lower panel shows the residuals of the fit.

emitting gas. The column density at periastron is a fac-
tor of 30 higher than that at pre-periastron, which can
be explained as self-absorption of the W-R wind. Figure
3 shows the variation of emission measure. The variation
of a high temperature component between epoch A to B
is consistent with the theoretically prediction (Usov 1992
ApJ., 389, 635), but the variation between epoch B to
D is not obviously. Since the higher plasma temperature
is not varied rapidly among the epochs, the variation
between epoch B to D would be attribute to emission

measure of shocked region.
Third model is a harder power-low component (Γ =

1.1+0.4
−0.2 in epoch B). We detected hard X-ray excess in

the HXD band. This is the first time that the hard X-ray
excess above 10 keV was detected from a W-R binary.
The hard excess emission may be attributable to inverse
Compton interactions between relativistic electron and
stellar UV photons or to the thermal bremsstrahlung of
higher temperature shock plasma.
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Abstract

In order to search for a second “white dwarf pulsar” (Terada et al. 2008) as a possible particle acceler-
ator of cosmic-rays via rotating magnetic field, an X-ray observation of a promising magnetic cataclysmic
variable, AM Her, was performed with Suzaku satellite in November 2008. The object was in the very low
state according to the AAVSO optical magnitude, and the X-ray flux during the Suzaku observation was
two order of magnitude lower than that taken with Chandra in 2004 in low state. Clear spin modulation
was observed in the soft energy band, having the same spin phase as that in the high state with ASCA
due to the thermal-plasma modulation, whereas shallower spin modulation was observed in harder energy
bands. The X-ray spectra can be described by two kinds of model; double thermal plasmas or thermal
plasma with power law component, representing thermal or non-thermal origin in hard X-ray band, re-
spectively. The best fit parameters in the former model show too high temperature as > 11 keV and too
low abundance as 0.06±0.02 solar. The latter model represents a 1.1±0.1 keV plasma with an abundance
of 0.8+0.4

−0.2 solar, and a non-thermal component with the photon index of 2.2 ± 0.2. If the latter model is
true, AM Her can be a second white dwarf pulsar with the non-thermal X-ray flux of 4.1× 10−29 erg/s at
91 pc distance in 0.5 - 10 keV band, which is similar to the AE Aqr case of 6.6 × 10−29 erg/s at 102 pc.

Key words: acceleration of particles – novae, cataclysmic variables – stars: individual (AM Herculis)

1. Introduction

The origin of Cosmic-rays is a long-standing mystery for
about 100 years since Hess’s discovery. Many active as-
trophysical objects, like neutron star pulsars, shock re-
gions in supernova remnants, active galactic nuclei, are
considered as candidates of the origin of cosmic-ray par-
ticles, but there still remains quantitative problems. Re-
cently, Suzaku discovered a possible non-thermal pulsa-
tion from a magnetic white dwarf(WD), AE Aqr (Ter-
ada et.al 2008b), like neutron star pulsars, and WDs
are to be re-considered as a quiet-but-numerous particle-
acceleration site, which may contribute an important
part of soft Cosmic-rays. Here, since magnetic WDs have
similar system as neutron star pulsars as rotating mag-
netic compact objects, AE Aqr is now called as a pulsar
equivalent of WD or “WD pulsar”.

2. Observation and Data Reduction

In order to search for a second WD pulsar, we have ob-
served a promising magnetic WD, AM Her, which is a
prototype star of polars in magnetic cataclysmic vari-
ables. The object is one of the two WDs from which
both radio and TeV emissions from non-thermal parti-
cles are reported by many authors (Bastian et al. 1988;
Chanmugam and Dulk 1982; Dulk et al. 1982; Meintjes
et al. 1992; Meintjes et al. 1994; Bhat et al. 1991).

The Suzaku observed AM Her during the low state to
avoid the strong thermal emission from the accretion col-
umn on the magnetic pole of the WD. The on-axis obser-
vation (OBSID 403007010) was achieved from 20:22:00
29 Oct. 2008 to 07:18:00 1 Nov. for 109 ksec, in addi-
tion to the background observation (OBSID 403008010)
from 07:18 1 Nov. to 08:15 the next day for 44 ksec.
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Table 1. Best Fit Parameters of AM Her Spectra in Quiescence

Model kT1 kT2 Γ† or Slope‡ Abundance Flux§ χ2

ν (d.o.f)
(keV) (keV) (solar) (10−13 erg cm−2 s−1)

MEKAL 1.23+0.09
−0.13 0.06+0.03

−0.02 1.13+0.08
−0.11 1.30 (51)

CEMEKL 6.57+3.63
−2.57 −0.42+0.31

−0.18 0.48+0.22
−0.21 1.76+0.20

−0.54 0.32 (50)
MEKAL + MEKAL 1.02+0.07

−0.11 > 11.1 0.06±0.02 1.79+0.21
−0.30 0.76 (49)

MEKAL + PL 1.10±0.09 2.36+0.15
−0.14 0.80+0.40

−0.15 1.73+1.27
−0.08 0.61 (49)

† Photon Index of the PL model. ‡ Power of the differential emission measure (DEM), α− 1 as presented by DEM ∝ (T/Tmax)
α−1d(T ) in the

CEMEKL model (Done and Osborn 1997), or slope in the CFLOW model. § X-ray flux in 0.5 – 10 keV band.

3. Analyses and Results

The X-ray flux obtained with Suzaku was low as 1.8 ×

10−13 ergs/s/cm2 in 0.5 – 10 keV band; it is four order of
magnitude lower than that observed in high state with
ASCA (Ishida et al. 1997; Terada et al. 2004) or Ginga
(Ishida et al. 1991; Beardmore et al. 1995), and two or-
der of magnitude lower than Chandra result in another
low state (Girish et al. 2007). After the barycentric cor-
rection (Terada et al. 2008a), we found a spin period at
Pxis = 0.1289273(2) days on the BJD 2454771.852, which
is consistent with previous observations. Fig. 1 shows the
energy-resolved light curves folded at the period Pxis.
In the softer energy bands, clear spin modulations were
found in the pulse profiles, whose spin phase was consis-
tent with that in the high state (Fig. 1 bottom). Thus,
this fact implies that the origin of the soft X-ray emis-
sion should arise from the thermal plasma of the accre-
tion column. On the other hand, shallower modulations
were seen in harder bands; it is consistent with being
constant above 7 keV, indicating that hard X-rays may
have another origin than thermal plasma.

The X-ray spectra could not be represented by single
thermal model, MEKAL, as summarized in table 1. One
possibility is a multi-temperature plasma from a post-
shock materials in the accretion column, proposed by
Hōshi (1973) and Aizu (1973), and the spectra can be
described by such a cooling flow model named CEMEKL.

To search for other possibilities, we backed to a sim-
ple MEKAL model and tried to add another component
in the harder X-ray band. We got statistically accept-
able fittings both with thermal or non-thermal origins;
MEKAL + MEKAL model or MEKAL + Power Law
(PL) model, respectively. However, in the MEKAL +
MEKAL model, the temperature of the higher plasma
became high as > 11 keV and the best-fit metal abun-
dance was very low as 0.06±0.02, although normal accre-
tion plasma has an abundance of sub-solar value. Thus,
we concluded the double MEKAL is unphysical. On the
other hand, another trial of MEKAL + PL presented
reasonable results as shown in table 1; 1.1 ±0.1 keV
plasma with normal metal abundance of 0.80+0.40

−0.15 so-
lar. If this model is true, AM Her should be another
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Fig. 1. Light curves folded at the spin period of PXIS = 0.1289273
days shown in 0.5 – 1.5, 1.5 – 4.0, 4.0 – 10.0, 13 – 40 keV bands
from top to bottom panels, respectively. The upper four panels
are taken with Suzaku, and the lowest panel shows the same plot
but with ASCA GIS in 1993 (Terada et al. 2004). The phase 0.0
corresponds to BJD 2454771.852.

“white dwarf pulsar” with a photon index of 2.2 ± 0.2
and a non-thermal X-ray flux of 4.1 × 10−29 erg/s at 91
pc distance in 0.5 - 10 keV band; this flux is similar to
the AE Aqr case of 6.6 × 10−29 erg/s at 102 pc.
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Abstract

We report on analysis of the intermediate polar V1223 Sagittarii observed with the suzaku satellite.
Owing to good energy resolution of the XIS and high sensitivity of the HXD above 10 keV, we deter-

mined plasma parameters with unprecedented accuracy, taking into account a reflection component from
the white dwarf. Finally we estimated the mass and the radius of the WD in V1223 Sgr at 0.76+0.08

−0.07M�
and 7.3±0.06 ×108 cm respectively with the maximum temperature.

Key words: cataclysmic variables(CV), intermediate polars(IPs), white dwarf(WD), V1223 Sagittarii

1. Introduction

An intermediate polars is a subclass of magnetic cata-
clysmic variables (mCV) binaries composed of a Roche
Lobe-filling low-mass main-sequence star or a red giant
and a magnetized white dwarf (WD) whose magnetic
field strength is in the range 0.1-230MG. Matter spilled
over the Roche Lobe is funneled into so-called accretion
column by the magnetic field of the WD and accretes
preferentially onto magnetic poles almost at free-fall ve-
locity. Since the flow becomes highly supersonic as it ap-
proaches the WD surface, a strong steady shock occurs
close to WD surface, and the accreting matter turns into
hot plasma with T ∼ 108 K at the shock front that radi-
ates hard X-rays. Hence the temperature of the plasma
reflects the depth of gravitational potential of the WD
and can be written as

kT =
3
8

GMWD

R
μmH = 16

(
MWD

0.5M�

)(
R

109cm

)−1

keV

(1)

(Aizu 1973), where MWD and RWD are the mass and
the radius of the WD, μ is the mean molecular weight,
whose value is 0.615 for solar-abundance plasma, and mH

is the mass of hydrogen atom. Below the shock front,
the plasma is cooled by optically thin thermal plasma
emission in the hard X-ray band.

Since the shocked plasma is formed close to the WD
surface, its reflection component from the WD surface
also emerges mainly above 10 keV. Note that, therefore
we can’t obtain the correct temperature of the plasma
unless estimate exactly the reflection component. With

the aid of the mass-radius relation of the WD obtained
by Nauenberg (1972)

RWD = 0.78 × 109

[(
1.44M�
MWD

)2/3

−
(

MWD

1.44M�

)2/3
]1/2

cm.

(2)

Therefore, we can evaluate the mass and the radius of the
WD separately from equations (1) and (2) by measuring
the shock temperature.

V1223 Sagittarii is one of the most famous IPs, in
which a WD rotating at a period of 745.5 sec (Osborne
et al. 1985) and a secondary star revolve at an orbital
period of 3.36 hr (Jablonski & Steiner 1988). The mass
of the WD in V1223 Sgr was estimated, we summarized
these results in table 1.

Table 1. Mass of the WD in the V1223 Sgr estimated in past.

Satellite MWD(M�)
HST 0.93 ± 0.12†

RXTE & INTEGRAL 0.71 ± 0.03‡

RXTE 0.95 ± 0.05§

XMM-NEWTON 1.046+0.049
−0.012

�

Swift 0.65 ± 0.04�

† K.Beuermann et al. 2004
‡ J.Revnivtsev et al. 2004
§ Suleimanov et al. 2005
� Evans & Hellier 2007

� Brunschweiger et al. 2009

2. Observation

We observed V1223 Sgr with suzaku satellite (OBSID
402002010) from 11:31:40 13th Apr. 2007 to 22:36:12
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14th and achieved net exposures of about 60ks and 46ks
with the XIS (Koyama et al. 2007) and the HXD (Taka-
hashi et al. 2007), respectively. The observation was
performed at the HXD nominal position, in order to col-
lect more photons over 10 keV and estimate exactly re-
flection component which stands out in the energy band.

3. Analyses and Results

The X-ray spectra of IPs are composed of the multi-
temperature optically thin thermal plasma from post
shock matter in the accretion column (Hōshi 1973, Aizu
1973), its reflection from the WD and the fluorescent iron
emission at 6.4 keV. The spectra of the thermal plasma
component can described by cooling flow model (named
cevmkl in XSPEC) adopted a power-law type differential
emission measure (DEM) as

d(EM) ∝
(

T

Tmax

)α

d(logT ) ∝
(

T

Tmax

)α−1

dT (3)

where Tmax is the maximum temperature of the plasma.
On the other hand, we adopt the model reflect in xspec
which is a convolution type model representing reflectiv-
ity of neutral material. can be described by the reflect
of neutral material model named reflect (Magdziarz &
Zdziarski 1995).

Fig. 1. Result of simultaneous fit of the CEVMKL plus reflection
model to the 5-50keV band with the parameters listed in the table
2. The black ,red and green crosses show the FI-CCD (XIS0, 3),
the BI-CCD (XIS1) and the HXD, respectively, from which the
NXB and CXB have been subtracted.

In figure 1, we show the result of the fit to an averaged
spectrum of V1223 Sgr by suzaku. In mCVs, the X-rays
generally undergo multicolumn absorption. In order to
avoid the complexity associated with the absorption, we
fit the model to the spectra in the 5-50 keV band in
which the absorption can be approximated by a single
column density. We fixed an angle between the normal

of the reflection surface and the line of sight at 24 deg
(Beuermann et al. 2004), which is the inclination of the
white dwarf.

Table 2. Best-fit parameters. A simultaneous fit of the cevmkl plus
reflection model to suzaku spectrum.

Parameter Value
NH 8.87+1.8

−1.7 × 1022cm−2

TMax
∗ 33.5+7.1

−5.4 keV
α† 0.58+0.20

−0.15

Ω/(2π)‡ 0.95+0.34
−0.27

i§ 24deg (fixed)
ZO

‖ 1.07+0.71
−0.38

ZFe
‖ 0.29+0.03

−0.02

χ2(d.o.f.) 350.78(313)

∗Maximum temperature of the optically thin thermal plasma.
†Power of DEM as d(EM) ∝ (T/Tmax)α−1dT .
‡Solid angle of the reflector viewed from the plasma.
§Angle between the reflection surface and the line of sight.
‖Solar abundances by Anders and Grevesse (1989) is adopted.

We summarized the best-fit parameters in table 2.
DEM are consistent with 0.5. The solid angle of the re-
flector (omega/2pi) viewed from the plasma is consistent
to 1 which indicates the shock height is negligibly smaller
than the radius of the WD. These results are consistent
with theoretically expected consistent with theoretically
expected the accretion column in IPs. We found Tmax

to be 33.5+7.1
−5.4 keV. According to eq. (1) and (2) we es-

timated the mass and the radius of the WD in V1223
Sgr at 0.76+0.08

−0.07M� and 7.3±0.06 × × 108 cm respec-
tively. with unprecedented accuracy, owing to accurate
evaluation of the reflection component with suzaku.
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Abstract

We present the result of Suzaku observations of two γ Cas analogues. γ Cas analogues are small group
of early B-type stars with exceptionally hard thermal X-ray emission up to 30 keV. This is harder than
any X-ray emitters of stellar origins. Despite the accumulating observational facts, the X-ray production
mechanism of γ Cas analogues is uncertain. We conducted Suzaku observations of two of the sources,
HD110432 and HD 161103, respectively in September 2008 for 25 ks and February 2009 for 72 ks. In this
contribution, we summarize the result of our spectral and temporal analysis using the XIS and PIN data.

Key words: stars: individual (HD 110432, HD 161103) — stars: novae, cataclysmic variables —
stars: white dwarfs — X-rays: stars

1. Introduction

γ Cas is the familiar star in the middle of W in the Cas-
siopeia constellation. In the X-rays, the star is quite
anomalous. Together with a half dozen stars, it com-
prises a distinct class of X-ray sources called “γ Cas ana-
logues”. They are early B-type stars with exceptionally
hard thermal X-ray emission up to ∼30 keV (Owens et
al. 1999; Torrejón & Orr 2001; den Hartog et al. 2006).
This is harder than any X-ray emitters of stellar origins.
Despite the accumulating observational facts, the X-ray
production mechanism of γ Cas analogues is uncertain.

γ Cas is a B 0.5IVe star, which has long been known as
an anomalous X-ray source (Mason et al. 1976). It was
observed by many satellites including Tenma (Murakami
et al. 1986), Ginga (Horaguchi et al. 1994), and ASCA
(Kubo et al. 1998). They revealed the X-ray luminosity
of 1032–1033 erg s−1, the lack of drastic flux variation,
the presence of Kα lines from highly ionized Fe (6.7 and
7.0 keV from Fe XXV and Fe XXVI) as well as quasi-
neutral Fe (6.4 keV from Fe I). It has an exceptionally
high thermal temperature of >10 keV.

γ Cas had been the only star with such properties for
∼30 years, until Chandra and XMM recently discovered
similar sources one after another (Motch et al. 2005).
They share the X-ray properties with γ Cas, including
super-hard thermal emission and the 6.4 keV Fe fluores-
cence line. A class of sources called “γ Cas analogues” is
now established. Interestingly, the spectral types of all
sources are in a limited range of B1.5–B0.5. Despite the
anomalies in the X-ray band, their optical features can-

not be distinguished from normal Be stars. The binary
nature had not been revealed in any of the sources until
recently, when Harmanec et al. (2000) reported a 203.59
day periodicity from γ Cas.

Two competing ideas have been proposed to explain
the X-ray production mechanism of γ Cas analogues.
One is magnetic Be star, in which a single Be star is re-
sponsible for the X-ray emission (Robinson et al. 2002;
Smith et al. 2006). X-rays are produced by magnetic
activity at the Be star surface. The Fe fluorescence oc-
curs by the reflection at the Be star disk. The other idea
is that γ Cas analogues are cataclysmic variables (CVs),
in which matter filling the Roche lobe of the Be star ac-
cretes on the white dwarf (WD) through a Lagrangian
point. Very hard X-rays are attributable to the bound-
ary layer between the inner accretion disk and the WD
surface (non-magnetic CVs) or the shock at the base of
the accretion funnel very close to a magnetic pole on the
surface (magnetic CVs).

2. Observations

Using Suzaku, we observed two γ Cas analogues:
HD110432 at 300 pc on 2008 August 9–10 for 25 ks and
HD161103 at 1.1 kpc on 2009 February 22-24 for 72 ks.
The former was obtained with the HXD-nominal posi-
tion and a significant signal with the PIN was detected.
The latter was obtained with the XIS-nominal position
and the PIN emission is contaminated by other sources
in the field of view.
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3. Results

3.1. Spectra

Figs. 1 and 2 show the background-subtracted spectra
and the best-fit spectral models for the two targets. For
HD110432, we used both the XIS and PIN spectra. For
HD161103, we only used the XIS data.

We fitted the spectra using a thin-thermal plasma
model (APEC) convolved with an interstellar extinction
(TBabs). When a large residuals were found, we added
extra APEC components. We also added a Gaussian
model to account for the 6.4 keV line. HD110432 shows
a complex spectrum that requires at least three spectral
components. The best-fit parameters are in Table 1.

Table 1. Sample of an one-column table

Comp Par Unit HD110432 HD161103

TBabs NH 1021 cm−2 9.0+0.1
−0.1 3.2+0.3

−0.3

APEC 1 kBT keV 38.1+2.2
−5.1 8.2+1.1

−0.8

EM 1055 cm−3 2.4+0.1
−0.1 1.0+0.1

−0.1

Z solar 0.98+0.15
−0.17 0.90+0.21

−0.19

APEC 2 kBT keV 4.8+0.3
−0.3 ...

EM 1055 cm−3 0.88+0.07
−0.04 ...

APEC 3 kBT keV 0.29+0.01
−0.01 ...

EM 1055 cm−3 1.2+0.1
−0.1 ...

Gaussian E keV 6.39+0.02
−0.02 6.40 (fixed)

EW eV 71 +11
−11 56+59

−41

3.2. Light Curve

Figs. 3 and 4 show the background-subtracted count rate
curves for the two targets. Both sources show a hint of
flux variability.
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Abstract

In order to search for possible non-thermal emission like AE Aquarii (Terada et al. 2008), we picked
up magnetized isolated white dwarfs (WDs) in addition to binaries including magnetized cataclysmic
variables. Recently, many magnetized WDs are found by Sloan Digital Sky Survey project reaching 9300
objects (Kauwa et al.2006), including WDs showing a magnetic field strength of B ∼ 109 G. 21 objects
were selected with known magnetic field strength and spin periods in terms of magnetic dipole momentum.
The most promising object was EUVE J0317-855, which has B ∼ 4.5 × 109 G and spin period of 725 sec.
Among them, non thermal emission from best ten objects were searched from the archive data-sets with
INTEGRAL IBIS/ISGRI in 20 - 40 keV band. As a result, no significant emissions were detected from these
WDs with INTEGRAL sensitivities, and estimated upper limit of their flux as 2.8 × 10−12

∼ 3.0 × 10−11

erg s−1cm−2.
Key words: acceleration of particles - isolated magnetized white dwarf

1. Introduction

Since the discovery of cosmic-rays by Hess in 1912, the
origin of high-energy particles and the mechanism of the
acceleration have remained a long-standing mystery for
100 years. Among many candidates of cosmic-ray ori-
gins, neutron stars and supernova remnants have been
argued as the Galactic cosmic-ray origins. However, nu-
merically the number of these objects may not be suffi-
cient to explain the whole flux and the spectrum of the
cosmic-rays. Are their any other particles accelerator?
Hillas-plot (Hillas 1984) suggests white dwarfs (WDs)
may be candidates as another particle accelerator. In
fact, recently, Suzaku discovered a possible non-thermal
pulsation from a magnetic WD, AE Aquarii (Terada et
al. 2008), like neutron star pulsars. The pulses may ex-
hibits non-thermal emission from accelerated particles.

2. Selection of isolated magnetized white dwarfs as parti-
cle accelerator

The next step is to search for a possible non-thermal
emission from a normal white dwarf including not only
those in binaries but also isolated WDs. No system-
atic searches from isolated magnetized WDs have been
performed as particle accelerators. Recently, many

magnetized WDs are found by Sloan Digital Sky Sur-
vey project, reaching 9000 objects (Eisenstein et al.
2006).Among list, 480 objects have strong magnetic
fields above 104 G (Kauwa et al. 2006) and objects in
480 magnetized WDs are measured their spin periods.
We sorted these objects in the P-B diagram as shown
in Fig.1, to evaluate their electric potentials and their
magnetic dipole radiation energy. The most promising
object was EUVE J0317-855, which has B ∼ 4.5×109 G,
spin period of 725 sec. This object has magnetic dipole
radiation Erad ∼ 1.1× 1029 erg/s larger than that of AE
Aquarii 3.2 × 1028 erg/s.

3. INTEGRAL data analysis

We searched for non-thermal emission from isolated
magnetized WDs listed in section 2 with INTEGRAL
IBIS/ISGRI in 20 - 40 keV band from launch to the end
of July 2009. After reconfirmation of detection of mag-
netic cataclysmic variables with INTEGRAL by Bird et
al.2007, we found any significance signal from no isolated
WDs. In table 1, we estimated 3-sigma upper limits.
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Fig. 1. P-B diagram : isolated magnetized white dwarfs , long dot line: electric potential, dot line : magnetic dipole radiation energy

Table 1. target parameters and results of data analysis

object name P (sec) B (MG) Erad (erg s−1) Flux (erg s−1cm−2) Exposure (ksec)
EUVE J0317-855 725 450 1.1 × 1029 < 6.3 × 10−12 1211
LHS 1734 960 7.3 9.4 × 1024 < 1.0 × 10−11 857
PG 1031+234 12239 600 2.4 × 1024 < 2.0 × 10−11 355
PG 1015+014 5925 120 1.8 × 1024 < 2.3 × 10−11 129
G 99-47 3492 20 4.0 × 1023 < 6.3 × 10−12 962
HE 1211-1707 7200 50 1.4 × 1023 < 6.3 × 10−12 1019
Feige 7 7896 35 4.7 × 1022 < 2.3 × 10−11 192
GD 356 6938 13 1.1 × 1022 < 1.7 × 10−11 490
HE 1045-0908 9720 16 4.3 × 1021 < 2.0 × 10−11 258
KPD 0253+5052 13644 17 1.3 × 1021 < 4.2 × 10−12 2236

4. Results

We found no significant detection from these WDs with
INTEGRAL, and estimated upper limit of their flux as
2.8 × 10−12

∼ 3.0 × 10−11 erg s−1cm−2 (Table.1). The
obtained upper limits are still larger than we expected for
the magnetic WDs, as far as we assume pulsar analogy.
We need better sensitivity to detect the expected non-
thermal emission from magnetic WDs. We have a plan
to observe isolated magnetic WDs with Suzaku, having
sensitivity ∼ 10−13 erg s−1 cm−2.
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Abstract

Using wide-band X-ray spectra of Intermediate Polars (IPs) measured with Suzaku, we estimated white
dwarf masses in each system, and compared them with that of non-magnetic cataclysmic variables. In
addition to classical IPs whose masses are in good agreement with previous reports, we also successfully
estimated masses of two IPs recently found by the INTEGRAL mission.

Key words: accretion, accretion disks – novae, cataclysmic variables – X-rays: binaries

1. Introduction

An Intermediate Polar (IP; e.g. Patterson 1994) is a
binary system which consists of a moderately magne-
tized white dwarf (WD; B 0.1-10 MG) and a Roche-lobe-
filling low mass companion, and is a subclass of magnetic
cataclysmic variables. Because of its intense three Fe
lines and high temperature optically thin thermal con-
tinuum (kT > 10 keV), some authors have been suggest-
ing that they are the origin of the apparently extended
X-ray emission along the Galactic plane (Revnivtsev et
al. 2006, Krivonos et al. 2007) especially in the hard
X-ray band.

To study this idea by comparing their spectra in
the hard X-ray band where an IP thermal spectrum is
thought to have an exponential cut off, we have been
observing IPs using Suzaku. In this paper, we estimate
WD masses of 17 IPs by fitting spectra with an emission
model which involves few physical assumptions, and ob-
tain their average mass to enable future comparison be-
tween IP spectra and that of the Galactic ridge emission.

2. Methods

2.1. How to estimate WD masses?

In magnetic CVs, gas accreting from a companion low-
mass star is channeled with a strong magnetic field of
a WD, and falls onto magnetic poles of the WD with
almost its free-fall velocity. Near the WD surface, the
velocity exceeds the sound velocity of the gas, and a
shock stands thereby. The shock converts the bulk mo-
tion energy of the gas into its internal energy, namely

WD)/RWD(z-R
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m
ax

ρ/ρ,
m

ax
T/
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Fig. 1. Normalized density and temperature profiles of an accretion
column for a 0.7-M⊙ WD. Abscissa is a height from the WD
surface.

the gas is heated. The temperature of the shock-heated
gas simply depends on the depth of the gravitational po-
tential of the WD. By equating a free-fall velocity and a
boundary condition of a strong shock, the temperature
can be written as,

kT =
3
8

GM

R
µmH = 16

(
MWD

0.5M⊙

)(
RWD

109 cm

)−1

keV.(1)

With typical parameters of WDs, this temperature ex-
ceeds 10 keV, and thus a post-shock region filled with the
heated gas emits hard X-rays. We can measure this tem-
perature using X-ray data, and that results a relation be-
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tween MWD/RWD. Since another WD mass-radius rela-
tion has been also constructed theoretically (e.g. Nauen-
berg 1972), MWD and RWD can be separately calculated
by equating them. Using many X-ray satellites, multi-
ple authors have been performing this estimation using,
mainly, continuum spectra of magnetic CVs (e.g. Ishida
1991; Cropper et al. 1999; Ramsay 2000; Suleimanov et
al. 2005; Brunschweiger et al. 2009).

Because of the high temperature, it requires a sensitive
hard X-ray detector to measure the shock-temperature
accurately based on a continuum spectrum. In addi-
tion to that, emission lines from heavy atoms also serves
information of the gas temperature, and therefore, good
energy resolution is appreciated especially below 10 keV.
From these viewpoints, Suzaku, which has two comple-
mentary detectors of X-ray Imaging Spectrometer (XIS;
Koyama et al. 2007) and Hard X-ray Detector (HXD;
Takahashi et al. 2007; Kokubun et al. 2007), is very
suitable for this study.

2.2. Model of an accretion column

In the present study, we utilized a 1-demensional accre-
tion column model of Suleimanov et al. (2005) which
takes into account the gravitational force of a WD inside
the column. By assuming a free-fall ideal gas stream,
a strong shock, a optically thin thermal cooling only,
and soft landing onto WD atmosphere, we numerically
solved the continuity, momentum conservation, energy
conservation, and ideal-gas law, and obtained profiles of
density and temperature for an assumed MWD which is
a free parameter.

We present the profiles calculated for MWD = 0.7 M⊙
in Figure 1. To construct a total emission spectrum from
the accretion column and to perform spectral fittings,
we convolved the profiles with a spectrum of a single
temperature plasma.

3. Result and discussion

We fitted 17 IP spectra obtained with Suzaku XIS/HXD
over the 3-40 keV band using the spectral model cal-
culated above. We took into a patchy absorption (i.e.
partial covering) caused by pre-shock gasses as previ-
ous reports (e.g. Cropper et al. 1999; Suleimanov et al.
2005). Table 1 lists the obtained best fitting WD masses.
Although we do not present individual fitting statistics,
fits are acceptable in all cases except for EX Hya which
gave χ2

ν(ν) = 1.22(1667). The result of classical IPs are
in good agreement with the previous studies. It should
be noted that WD masses of two IGR sources were also
estimated.

In Figure 2, we compare the derived MWD distribu-
tion with that of non-magnetic CVs (nmCVs) compiled
by Ritter & Kolb (2003). Mean values are 0.78 and
0.83 MWD for IP and nmCV, respectively. Although our

IP sample is still small, the present result does not show
large deviation from the nmCVs mass distribution. We
expect that the sample will be increased by observing
other INTEGRAL-found IPs (Barlow et al. 2006) that
has no MWD estimations so far.

Table 1. Estimated WD masses in units of M⊙.

Name MWD Name MWD

FO Aqr 0.62+0.08
−0.03 EX Hya 0.46+0.01

−0.02

XY Ari 0.62+0.03
−0.03 NY Lup 1.10+0.04

−0.06

MU Cam 0.83+0.18
−0.12 GK Per 0.75+0.46

−0.17

BG CMi 0.90+0.39
−0.18 AO Psc 0.43+0.03

−0.03

V709 Cas 1.00+0.12
−0.11 V1223 Sgr 0.81+0.03

−0.04

TV Col 0.80+0.08
−0.06 RXS J2133 1.00+0.18

−0.13

TX Col 0.53+0.06
−0.05 IGR J17303 1.00+0.17

−0.26

YY Dra 0.59+0.05
−0.05 IGR J17195 0.88+0.13

−0.12

PQ Gem 1.20+0.08
−0.24
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Fig. 2. MWD distribution for 17 IPs (hatched region; this study) and
114 non-magnetic CVs (dashed line; Ritter & Kolb 2003).
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Abstract

We report results of SUZAKU observation of anomalous X-ray pulsar 1E 1048.1-5937 performed in
November 2008. We perform a spectral and a timing analysis on XIS (0.2-12 keV) data. It is found
that only power law plus blackbody model (kT∼0.604 keV, photon index∼3.2) is acceptable with a flux
level of 7.4 × 10−12 ergs/cm2s at 2-10 keV energy bands, which is consistent with the previous study.
No line features have been detected in the spectrum. The pulse period (p = 6.4595 sec) and the pulsed
profile have been derived by epoch folding method, and the pulsed fraction is estimated to be 0.5. The
period, pulse profile and pulsed fraction are also consistent with previous observations. We also perform
a spectral analysis on PIN data, and a marginal flux has been detected in the range 14-22 keV with only
3.3 confidence level.

Key words: observation -X-rays: AXPs: individual (1E 1048.1-5937)

1. Introduction

1E 1048.1-5937 is the one of the class of the pulsars
known as AXPs (Anomalous X-ray pulsars). The spec-
tra properties of X-ray emissions in 1-10 keV bands from
AXPs are described by the thermal plus very soft non-
thermal components with a flux in excess available spin-
down power of the pulsars. Some of them are also discov-
ered above 10 keV with a very hard spectrum (photon
index∼1, Kuiper et al. 2006). The emission mechanism
of the non-thermal component above 10 keV is one of
the unresolved important issue of the AXPs.

For 1E 1048.1-5937, no hard X-ray emissions above
10 keV in persistent stage have been reported by the
previous observations. On the other hand, a hard X-ray
emissions above 10 keV was reported by RXTE during
X-ray flare occurred in 2007 (Dib et al. 2009). At the
activities in 2007, the pulsed optical emissions are also
detected for the first time(Dhillon et al. 2009). On these
ground, to understand the emission properties in wide
energy bands for 1E 1048.1-5937, it will be important to
perform a more deep X-ray observations above 10 keV.

The Suzaku observation of 1E 1048.1-5937 was per-
formed in November 2008, about one and half year af-
ter the X-ray flare that started in March 2007. The
1E 1048.1-5937 was observed by the XISs instrument
with 100 ks (standard mode) exposure time and by HXD
with 63 ks exposure time.

2. Spectral analysis

Figure 1 shows the spectral properties measured by XISs
(below 10 keV) and HXD/PIN (hard 10 keV). The circles
and triangles represent the spectra of the background
and the emissions after subtraction of the background,
respectively.

As Figure 1 shows the emissions from the source sig-
nificantly exceeds the background, the spectral behavior
below 10 keV can be determined very well. For XISs, the
data after subtraction the background are fitted well by
an absorbed power low plus blackbody components; the
column density NH = 1.8 × 1022

/cm2, the surface tem-
perature kT ∼ 0.603 keV and the photon index Γ ∼ 3.2.
These results are consistent with the previous observa-
tions in persistent stage before 2007 (Tiengo et al. 2005).
We note that a single power law model and the spectral
model with the line features were not acceptable.

For HXD/PIN, the background level greatly exceeds
the emissions from the source as Figure 1 shows. Al-
though a marginal flux excess is detected with 3.3σ con-
fidential level, it is hard to confirm with the present data.

3. Pulse profile

Although frame of time of the XISs (8s) is longer than
the spin period (P ∼ 6.46 s) of 1E 1048.1-5937, we can
obtain the timing information with equivalently time res-
olution of ∼ 1.5s. Figure 2 shows the folded light curve
of XISs with two rotational period. It is found that the
light curves is characterized by a broad, nearly sinusoidal
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Fig. 1. The spectra of the X-ray emissions from 1E 1048.1-5937
emasured by SUZAKU XISs (below 10 keV) and HXD/PIN (above
10 keV). The opened circles and triangles represent the spectra
for the background emission and for the emission after subtraction
of the background.

Fig. 2. The folded pulsed profile of 1E 1048.1-5937 measured by
XISs. The A, B, C and D represents the phase interval chosen for
the phase-resolved analysis (see Figure 3).

profile. This pulse profile is consistent with the previous
observations in persistent stage before the X-ray flares
in 2007. The true pulsed fraction (Φtrue) is estimated
from Φtrue = (1−α)Φmeasured ∼ 50 % with α = 6.46/8,
where Φmeasure is the measured pulsed fraction.

An anti-correlation between pulsed fraction and the
total X-ray flux of 1E 1048.1-5937 has been discovered in
previous research (Tiego et al. 2005) before X-ray flares
in 2007. It is found that our result of the X-ray flux and
pulsed fraction is consistent with the correlation between
the X-ray flux and the pulsed fraction determined by the
previous observations.

4. Phase-resolved analysis

Phase resolved spectral analysis was performed by divid-
ing the XISs data into 4 phase intervals, which provide an
enough photon number for each bin to perform the spec-
tral analysis. Because of the large frame time compared

Fig. 3. The emission properties for the phase-resolved spectra mea-
sured by XISs. The top, second, third and the bottom panels
represent the X-ray flux (in units of 10−12 erg/cm2), the pho-
ton index, the surface temperature (keV) and the effective radius
(km).

with the rotation period, we remove the contamination
from other phase intervals. The true phase-resolved
spectrum Strue at each phase is estimated as Strue =
(Smeasured − αSaverage)/(1 − α), where α = 6.45/8,
Saverage and Smeasured are the measured phase-resolved
spectrum and the measured phase-averaged spectrum.

Figure 3 summarized the emission properties of the
phase-resolved spectra. The top, the second, the third,
and the bottom panels represent the X-ray flux (in units
10−12 erg/cm2) and the photon index, the surface tem-
perature (keV) and the effective emission radius (km).
Although we see a variability on the spectral properties
(e.g. fitting photon index and temperature) with the
present spectral analysis, a more deep observation is re-
quired to confirm it.

In summary, we have performed the spectral and tim-
ing analysis of the X-ray emissions from anomalous X-ray
pulsar, 1E 1048.1-5937, measured by SUZAKU. We find
the spectral properties below 10 keV are consistent with
the previous observations in persistent stage. It is found
that the properties of the X-ray emissions in persistent
stage is very stable, while he significant flux and timing
variability has been observed during the X-ray flare and
burst stage. This indicate the X-ray emission process
and properties in persistent sate are not affected by the
existence of the X-ray flares and bursts. The existing of
hard X-ray emissions in persistent stage is sill mystery
for this AXP, requiring a more deep observations.
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Abstract

PSR J1838–0655 is an X-ray pulsar without significant radio detection. It is believed to be a rotation-
powered X-ray pulsar and the X-ray position is consistent with coincides with an unidentified INTEGRAL
source and roughly coincide with an extended TeV source, HESS J1837–069. Comparing with other known
gamma-ray pulsars, the lack of radio detection of PSR J1838–0655 is similar to Geminga but no pulsation
at gamma-ray bands have been confirmed yet. The VHE counterpart, HESS J1837–069 might be associated
with a SNR around PSR J1838–0655. In order to interpret the emission mechanism of PSR J1838–0655,
we perform an joint spectral fit for the archival data of SUZAKU, CHANDRA, & RXTE. We find that
the spectrum shows a broken power law with a spectral break at 6.5 keV. A line feature at 6.65 keV is also
marginally detected in the spectra of XIS/Suzaku; this might originate from highly ionized Fe Kα emission
surrounding the pulsar. The physical properties (e.g. characteristic age ∼ 23 kyr, surface magnetic field
∼ 1.9 × 1012 G and spin-down power ∼ 5.5 × 1036 ergs/s) of PSR J1838–0655 is similar to a Vela-type
pulsar but the high X-ray spin-down efficiency (∼ 0.9%) and the existence of the X-ray spectral break
indicate a possible connection to a Crab-like pulsar with the same emitting features. We discuss the
possible radiation mechanisms from the observed spectral signatures of this unique pulsar and find that
the emission from the magnetosphere of a greatly inclined rotator is the most favor interpretation for the
conversion rate and the pulse profile at X-ray bands.

Key words: pulsars: general – gamma-rays : observations – X-rays: general – radiation mechanisms:
general – line: identification

1. Introduction

PSR J1838–0655 is an X-ray pulsar that was recently dis-
covered. ASCA found that this source, which was named
as AX J1838.0–0655, is located at the southern edge of
the supernova remnant SNR G25.5+0.0 (Bamba et al.
2003). AX J1838.0–0655 was finally identified as an X-
ray pulsar because of the discovery of the spin period at
70.5 ms using RXTE data (Gottheld & Halpern 2008). A
single absorbed power law usually gave a good fit to the
X-ray spectra of PSR J1838–0655, but the photon indices
might vary at different wavebands. Gottheld & Halpern
(2008) and Anada et al. (2009) claimed that the spec-
trum of PSR J1838–0655 became steepened at around
8–15 keV but the truth and the origin of the spectral
break or steepening are still unclear. The high-energy
nature of AX J1838.0–0655 has caught more attention
when Aharonian et al. (2005) showed a possible connec-
tion between AX J1838.0–0655 and a high-energy TeV
source, HESS J1837–069. No radio counterpart of the

X-ray pulsar PSR J1838–0655 has been detected yet. If
HESS J1837–069 is the TeV counterpart of the X-ray pul-
sar, the radio brightness of HESS J1837–069 will be ex-
tremely faint comparing with other known TeV sources.
The energy conversion efficiency of PSR J1838–0655 is
very unique comparing with other known X-ray pulsars
with similar properties, and therefore, PSR J1838–0655
provides a unique opportunity to investigate the energy
conversion mechanism and to understand the nature of
the X-ray emission of pulsars.

To understand the puzzling properties of the X-ray
emission of PSR J1838–0655, we re-examine the X-ray
spectral behaviour of this pulsar using Chandra, RXTE
and Suzaku archives. We propose possible mechanisms
to explain the observed X-ray spectrum and the high
energy conversion efficiency of PSR J1838–0655 (Lin et
al. 2009). We also marginally detect a line feature at
around 6.65 keV, which might be Kα emission of highly
ionised Fe on or around the surface of the pulsar.
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Fig. 1. Spectra of 3 XIS detectors from 2-10 keV. Each spec-
tral channel has at least 30 counts. In the simultaneous
fitting for the spectra of two FI XIS detectors (XIS 0 and
XIS 3), we proposed the absorbed power-law and Lorentz
line profile to fit the data sets and the line emission was
marginally detected close to 6.4 keV. The bottom panel
shows the residuals in terms of σs with error bars of size
one.

2. Results And Discussion

We have applied a simultaneous fit to a composite spec-
trum of PSR J1838–0655. We included the spectra
of ACIS/Chandra, PCA/RXTE and HXD/Suzaku; all
these spectra are believed to be dominated by the pulsed
phases. A single absorbed power-law model for the com-
posite spectrum have a power-law index of Γ = 1.2± 0.1
with χ2

ν = 1.35 for 91 dof. A broken power-law model
can obviously improve the fit of the joint spectrum and
the additional power-law component is significant at
more than 99% via a F-test. The power-law indices
change from 1.0+0.1

−0.2 to 1.5+0.3
−0.2 with the broken energy at

6.5+1.0
−1.0 KeV. The statistics have significantly improved

to χ2
ν = 1.20 for 89 dof.

A very interesting new discovery from the Suzaku ob-
servations is a marginal line feature close to 6.4 keV de-
tected in the XIS spectra of 3×3 mode (Fig. 1). This line
feature is only detectable in the FI detectors (XIS 0 and
XIS 3) and can not be seen in the spectrum of the BI
detector (XIS 1); this might be caused by the fact that
the effective area of the BI chip above 4 keV is smaller
than that of the FI chips and thus the XIS 1 is much
less efficient in detecting line emission at higher energy.
Detailed analysis show that this line feature is at around
6.65 keV (EW = 150+300

−120 eV) and have a significance
of ∼ 4σ. This line feature might be the Kα emission of
highly ionized Fe and originated from the surrounding
ionized gas of the pulsar.

Our spectral analysis indicates that there is a spectral
break in the X-ray spectra of the pulsar. At a distance
of d ∼ 6.6 kpc, the efficiency of the energy conversion
from the spin-down luminosity, Lp = 5.5 × 1036 ergs/s,
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Fig. 2. Cascade of the magnetic pair-creation process. The
vertical axis represents the energy of the emitted photons,
and the abscissa axis represents the generation number.
The dashed, solid and dotted lines represent the pair-cas-
cade initiated by the photons with 10 GeV, 1 GeV and
0.1 GeV, respectively, emitted inwardly at the radial dis-
tance r0 = 0.055 in units of the light radius. The photon
energies of the generation number i represent the typical
energy of the synchrotron photons, and the values of ri in
the figure represent the radial distances to the pair-cre-
ation positions of i-th generation.

to the X-ray emissions is about 0.9%, where we have
used L0.8−10keV ∼ 5.0 × 1034 erg/s estimated from our
data analysis. A greatly inclined rotator, with the in-
clination angle α ∼ 90◦, is another possibility to ex-
plain the high energy conversion in the X-ray emission
of PSR J1838–0655 and the different efficiencies between
PSR J1838–0655 and the Vela pulsar. With the outer
magnetospheric model, the X-ray emission from the Vela
pulsar can be explained by the synchrotron emission of
the secondary pairs (Fig. 2). The outer magnetospheric
emission model studied by Zhang & Jiang (2006) argued
that the efficiency of the X-ray emission increases with
the inclination angle. This is caused by the fact that (i)
the strong acceleration of the outer gap model extends
between the null charge surface of the Goldreich-Julian
charge density and the light cylinder, and (ii) the null
charge surface shifts toward the stellar surface with in-
creasing inclination angles from 0◦ to 90◦.
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Abstract

We report on the further analysis results of the cyclotron-resonance energy changes of X0331+53
(V0332+53) observed by RXTE in 2004-2005 outburst. This source is known to have the prominent
fundamental cyclotron resonance, and that resonance energy increased from ∼ 22 to ∼ 27 keV as the
source luminosity changed from 3.5 × 1038 ergs/s to 1.0 × 1038 ergs/s. Although the behavior of the
fundamental resonances have been examined by several authors so far, the detailed analysis of the second
cyclotron resonances were not performed due to the low statistics in higher energies. In order to reveal
the behavior of the second cyclotron resonance, we have analyzed the whole 2004–2005 outburst data of
X0331+53 with ”flux-sorted analysis” method (Nakajima et al. 2006). As a result of our analysis, we
clearly confirmed that the second cyclotron energy changed from ∼ 49 to ∼ 54 keV, implying a weaker
fractional change as a function of the luminosity. The observed resonance energy ratio between the second
and the fundamental cyclotron line was ∼ 2.2 when the source was most luminous, whereas the ratio
decreased to the nominal value of 2.0 at the least luminous state. The change of the resonance energy
ratio may result from the different heights of the cyclotron scattering in the accretion column.

Key words: pulsars: individual(X0331+53) — X-rays: binaries

1. Introduction

Cyclotron Resonant Scattering Feature (CRSF) provides
the magnetic field strength on the pulsar surface. The
relation between the field strength (B) and the funda-
mental CRSF energy Ea1 is described as Ea1 = 11.6 ×

B
1012G

(1+zg)
−1keV. Here, zg is the gravitational redshift.

X0331+53 is one of the accretion-powered pulsar. This
source is famous for having the multiple CRSFs in the X-
ray spectrum (Makishima et al. 1990; Mihara et al. 1998;
Kreykenbohm et al. 2005; Pottschmidt et al. 2005). In
addition, the luminosity dependent changes of Ea1 were
reported by the Ginga, INTEGRAL and RXTE observa-
tions (Mihara et al. 1998; Mowlavi et al. 2006; Nakajima
2006; Tsygankov et al. 2006). This luminosity depen-
dent Ea1 change is explained by the accretion column
model (Burnard et al. 1991, Mihara et al. 1998, Naka-
jima et al. 2006), and the luminosity dependent behavior
of the fundametanl resonance have been studied so far.
However, the change of the second harmonic CRSFs are
poorly understood due to the low statistics at higher en-
ergies. In this paper, we describe the details of the sec-
ond harmonic CRSFs analyzing the 2004–2005 outburst
data continuously observed by RXTE.

2. Date Analysis and Results

Fig. 1. The lightcurve of the 2004–2005 outburst of X0331+53.

During this outburst, RXTE performed total ∼ 100
pointing observations. In this paper, we utilized 86
pointing observations. The PCU2 which were operating
throughout the observations and the HEXTE cluster-B
data are utilized in this paper.

We divide the data into 8 intensity intervals, in refer-
ences to Fig 1, and co-add those data which fall in the
same flux range. The spectra of the accretion powered
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pulsars are well described with the power-law times ex-
ponential cutoff model. Here we employed NPEX model
(Mihara 1995; Makishima et al. 1999). The data to the
NPEX model ratios are shown in the middle panels of
Figure 2.

Fig. 2. The representative spectra of X0331+53. The top panel
shows the PCU2 and HEXTE cluster B spectra, the middle panel
shows the NPEX model ratios, and the bottom panel shows the
best-fit NPEX×CYAB2×GABS model ratios.

Two CRSFs are clearly seen. To reproduce the spec-
tra, we introduce one of the CRSF models, called CYAB
model (Mihara 1995). As reported by Pottschmidt et al.
(2005), the fundamental CRSF can not be reproduced by
single cyclotron model. Thus, we utilized GASB model
(Kreykenbohm et al. 2005) for the fundamental CRSF
in addition to the CYAB model. We confirmed that the
data are well reproduced by the NPEX×CYAB2×GABS
model as shown in the bottom panel of Figure 2.

Fig. 3. The CRSF energies plotted against the 3–80 keV luminosity.

Figure 3 shows the CRSF energies plotted against the
3–80 keV luminosity. From this figure, we can clearly
confirm that both of the fundamental (Ea1) and the sec-
ond resonance (Ea2) energy show the luminosity depen-
dent change. The change of the second resonance is
weaker than that of the fundamental CRSF. Figure 4

shows the Ea2/Ea1 ratio plotted against the 3–80 keV
luminosity. That ratio becomes largest value when the
source was most luminous state. The ratio decreased to
the nominal value of 2.0 at the dim state.

Fig. 4. The Ea2/Ea1 resonance energy ratios plotted against the
3–80 keV luminosity.

3. Discussion

We confirmed that the observed resonance energy ratio
between the fundamental and the second harmonic was
∼ 2.2 when the source was most luminous, whereas the
resonance energy ratio decreased down to the nominal
value 2.0 at the least luminous state. Comparing with
the fundamental and the second CRSF cross-sections,
the cross-section of Ea1 is ∼ 10 times larger than that of
the second CRSF (Araya et al. 1999). When we are look-
ing down the accretion column, the second CRSF could
be produced in the lower part of the accretion column
than that of the fundamental CRSF. This might result in
the less change of the second harmonics than the funda-
mental. And when the ratio reaches 2.0, the two CRSF
might be occurring at substantially the same place such
as the bottom of the accretion column. This behavior
largely depends on the density profile of the accretion
column and its change against the accretion rate (lumi-
nosity). In other wards, our observational results can
give new information on the structure of the accretion
column.

References

Araya R. A. et al. 1999 ApJ., 517, 334
Burnard, D. J. et al. 1991 ApJ, 367, 575
Kreykenbohm I. et al. 2005 A&A, 433, 45
Makishima K. et al. 1990 ApJ., 385, 59
Makishima K. et al. 1999 ApJ, 525, 978
Mihara T. et al. 1998 Adv. Space Res., 22, 987
Mowlavi N. et al. 2006 A&A, 451, 187
Nakajima M. et al. 2006 ApJ, 646, 1125
Pottschmidt K. et al. 2005 ApJ, 634, 97
Tsygankov S. S. et al. 2006 MNRAS, 371, 19

This document is provided by JAXA.



JAXA  Special  Publication     JAXA-SP-09-008E216

The absorption structures in spectra of 1E1207.4-5409 seen by Suzaku

Ichiro Takahashi1, Atsumasa Yoshida1, Satoshi Sugita1, Toru Kojima1,Kazutaka Yamaoka1,
Yujin E. Nakagawa2

1 Aoyama Gakuin University, Huchinobe, Sagamihara, Kanagawa, Japan.
2 RIKEN, Wako, Saitama, Japan

E-mail(IT): itakahashi@phys.aoyama.ac.jp

Abstract

We observed the strange X-ray “pulsar” 1E1207.4-5409 using Suzaku and investigated its spectral
structures. 1E1207.4-5409 is an X-ray source near the center of the SNR G296.5+10.0. Soft X-ray obser-
vations by Chandra and XMM-Newton reported “harmonic” absorption structures at about 0.7, 1.4, and
2.1 keV (also might be at around 2.8 keV) in the energy spectrum (Bigmani et al. 2003, Luca et al.2004).
The origin of these structures has not clarified yet. If these structures could be due to proton-cyclotron
resonance, the magnetic field should be in the range of B∼ 1014G, and it would serve as a strong support
for the existence of magnetar. Suzaku made observations of this strange source twice and obtained spectral
data displaying similar absorption structures at about 0.7, 1.4 and 2.1 keV.

Key words: Pulsars: individual (1E1207.4-5209) — Stars: neutron

1. Introduction

An isolated neutron star (INS) 1E 1207.4-5209 (here-
after 1E1207) near the center of SNR G296.5+10.0 (PKS
1209-51/52) is an unique object among INSs. The mon-
itor of 1E1207’s radio-quiet X-ray pulsation proposed
that the period have hardly changed. This result shows
that the age of this object has far exceeded the age of the
SNR. Gotthelf et al. 2007 presents the possibility that
1E1207 is born spinning slowly with weak magnetic field.
Moreover, the previous observations of XMM-Newton
and Chandra showed absorption lines at 0.7, 1.4, and
2.1, (also 2.8) keV (e.g., Sanwal et al. 2002; Mereghetti
et al. 2002; Bignamet al. 2003). If they are electron cy-
clotron lines, they suggest magnetic field of B ∼ 81010 G.
On the other hand, if they are due to proton cyclotron
resonance, magnetic field would be B ∼ 1.6 × 1014 G,
this suggests that 1E1207 is a magnetar (e.g., Bignamiet
al. 2003). Alternatively, there are reports that the struc-
tures at 2.1, 2.8 keV are insignificant and the others are
due to transitions of hydrogen like O / Ne ions in the
stellar atmosphere with a similar strong magnetic field
(e.g., Mori et al. 2006). Here we analyzed its recent pe-
riod variation and the absorption structure seen a low
energy spectrum by observing with Suzaku. 1E 1207
was observed twice with Suzaku. The Suzaku observa-
tions were done in the Normal mode and the Parallel-
sum (P-sum) mode. In the P-sum mode, the pixel data
from multiple rows are summed in the Y-direction on
the CCD, and read by the row. The time resolution is
8 s/1024 ∼ 7.8 ms. The property of each observation is

summarized in Table 1.

Table 1. The observational property.

1st Obs. 2nd Obs.
Obs. ID 401030010 401030020
Obs. time 2006/07/30 13:18 2007/02/15 04:48
(UT) ∼ 2006/08/01 03:15 ∼ 2007/02/16 15:20
Exposure 70.1(Normal) 49.8(Normal)

26.2(P-sum) 50.0(P-sum)
Remarks XIS nominal XIS nominal

SCI off SCI on

2. Timing analysis

We analyzed the P-sum mode data, and search for the
period with epoch-folding technique. Similar asymmet-
ric pulses are seen as shown by Chandra and New-
ton results. The pulse period was evaluated to be
0.424130±0.000001 s by the analysis. Although the er-
ror is rather large, the pulse period does not significantly
change comparing with the previous results, and hence
this supports the scenario that 1E 1207 is older than
SNR G296.5+10.0.

3. Spectral analysis

Spectral structures were clearly detected in the acquired
spectrum of 1E1207 when we analyze XIS1 data of the
second observation. We analyzed the data based on the
assumption of cyclotron resonant scattering of electrons
or protons in a strong uniform magnetic field.
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Fig. 1. The XIS1 spectrum of the second observation plotted together with the best-fitting continuum models. Left: 2BB
with the best-ft value of Bignami et al. (2003). Right: 2BB with free temperatures.

Energy of an electron in uniform magnetic field B
along the z-axis may be given by

E =
(

n′ +
1
2

)
eh̄

mec
B − 2µBσ · B +

P 2
z

2me
(1)

where µB = eh̄/2mBc is the Bohr magneton, B = |B|,
σz = ±1/2, and n′ = 0, 1, 2, · · ·. The electronic momen-
tum parallel to B, Pz, could be ≈ 0; i.e., electrons are
likely to be cold due to the synchrotron cooling. The
electronic energy is therefore allowed to have discrete
values, En, being harmonically spaced Landau levels in
the non-relativistic case. Here,

En =
eh̄B

mec
n (n = 0, 1, 2, · · ·) (2)

Then, harmonic absorption-line like structures could be
generated due to the resonant scattering among the Lan-
dau levels. We attempted to fit the absorption lines up
to the third harmonic with Gaussian line profile. We em-
ployed Xspec 11.3.2ag. It was able to explain a continu-
ous element by two black body (BB), and the absorption
structure fitted with gaussian absorption (gabs). In ad-
dition, the energy ratio of three lines was fixed at 1:2:3.
Table 2 shows the best-fit parameters of the fittings with
a 2 Black-body (denoted as “2BB” hereafter) as the con-
tinuum together with three harmonic lines.

Table 2. The best-fit parameters. Ea represents the centroid
energy of the fundamental (the first harmonic) line.

Fit-1 Fit-2

nH [1022cm−2] 0.11 (Fixed) 0.11 (Fixed)
kT1 [keV] 0.163 (Fixed) 0.10 +0.02

−0.01

kT2 [keV] 0.319 (Fixed) 0.31 ±0.01
Ea [keV] 0.71 ±0.01 0.71 ±0.01
χ2 / d.o.f. 97.1 / 91 89.3 / 89
Null hypo. Prob. 0.31 0.47

The left panel of Figure 1 shows the XIS1 spectrum
together 2BB using the best-fit parameters reported in
Bignami et al. (2003). The spectral structures can be
seen with harmonic separations in the residual (the bot-
tom panel). In this case the Suzaku data give almost the
same result for line structures as those reported in Big-
nami et al. (2003) at 0.71×j with j =1, 2, and 3 (see the
left column of Table 2) (Fit-1). We made the other fit

(Fit-2) with the model consisted of 2BB (with free tem-
peratures) and three harmonic lines with a free centroid
energy of the first line, and obtained an acceptable (bet-
ter) fit shown in the right column of Table 2. The right
panel of Figure 1 displays the spectrum and the best-
ft continuum model obtained by the above fitting. The
first line at around 0.71 keV looks shallower than that
of Fit-1. A possible explanation could be that spawned
photons due to the scattering at the higher harmonics
collect at about the fundamental energy and then make
it shallow. Many previous works suggest this possibility
(e.g., Araya & Harding (1999)).

In the case of the proton cyclotron resonant scattering
dominates, anomalous magnetic moment should be in
consideration. The resonance energies may be given by

En ≈
(

n +
1
2
∓ 1.4

)
eh̄B

mpc
(n = 0, 1, 2, · · ·) (3)

Therefore it is unlikely to expect exactly harmonic struc-
ture; instead the ration would be (1 : 2 : 2.79 : 3 · · · ).
We fixed the energy ratio of four Gauss absorption lines
expected as above. However, resulting fit is not good
and does not constrain physical parameters either. The
current data are likely in favor of the electronic cyclotron
scattering as an explanation of the spectral structures.

4. Conclusion

1E 1207.4-5209 was observed twice with Suzaku and har-
monic absorption lines were seen in the data, but the first
line looked shallower than that in the previous reports.
Our analysis shows that electronic cyclotron scattering
is preferable.
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Abstract

Magnetars are strongly magnetized neutron stars (∼ 1014 − −1015 G) (Thompson & Duncan 1995).
The energy spectra in soft/hard X-ray and IR/optical are known to be peculiar (Woods & Thompson
2006). The emissions are thought to be generated by release of magnetic energy, however the energy
release mechanism is still open question. Here, we present observations for two magnetars 1E 1841−045
and 4U 0142+61 by Suzaku and Subaru, respectively.

Key words: stars: neutron — stars: pulsars: individual (1E 1841−045, 4U 0142+61)

1. Suzaku spectroscopy of a magnetar 1E 1841−045

The soft X-ray emission (< 10 keV) characterized by
a two-temperature blackbodies is related with radiative
processes in magnetosphere. The hard X-ray emission (>
10 keV) with very hard photon indices (gamma ∼ 1) may
be related with an activity of magnetic field (Kuiper,
Hermsen, & Mendez 2004). Here, we present the result
of Suzaku observation of a magnetar 1E 1841−045. The
two-blackbody (BBs) and BB + PL (power-law) model is
confirmed in all pulse phase, suggesting that the emission
is intrinsically of such a shape rather than produced from
two hot spots in the surface. The combination BB + PL
+ PL can best represent the phase-averaged spectrum
(Fig. 1, 2). We found that the temperatures and radii of
the two-blackbody components showed significant corre-
lations in phase-resolved spectra (Fig. 3). This fact and
the same correlations among phase-averaged spectra of
various magnetars (Nakagawa et al. 2009) suggest that a
self-similar function can approximate an intrinsic energy
spectra of magnetars below 10 keV (Morii et al. 2009).

2. NIR Pulse search for 4U 0142+61

About half of magnetars have IR/optical counterparts,
and they are bright in IR (Woods & Thompson 2006).
This property is different from that of young rotation-
powered pulsars. The IR emission mechanism is thought
to be either pulsed non-thermal emission owing to an
effect of strong magnetic field or un-pulsed thermal
emission from a debris disk around magnetars (Wang,

Fig. 1. Phase-averaged spectrum (νFν), compared with that of In-
tegral (taken from Morii et al. 2009).

Chakrabarty, & Kaplan 2006). The NIR pulsation is
a key to determine the emission mechanism. Here, we
present the result of a search for pulsation of a magne-
tar 4U 0142+61 using IRCS at the Subaru 8.2-m tele-
scope (Fig. 4). Although we found no significant signal
at the pulse frequency expected by the X-ray observa-
tion, we obtained a best upper limit of 17% (90% C.L.)
for the root-mean square pulse fraction in the K’ band.
Combined with i’ band pulsation (Dhillon et al. 2005),
the slope of the pulsed component can be constrained
(Fig. 5). It will help to constrain the IR/optical emis-
sion mechanism (Morii et al. 2009).
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Fig. 2. Pulsed-component spectrum (νFν), compared with those of
Integral and RXTE (taken from Morii et al. 2009).

Fig. 3. Correlation in phase-resolved spectra: correlation between
temperatures (kT) and radii (R) for the blackbody components
with the lower (LT) and higher (HT) temperatures, when the
phase-resolved spectra were fitted with a BB + BB + PL model
(taken from Morii et al. 2009).
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Fig. 4. Combined image of all pulse phases taken by IRCS.

Fig. 5. SED of 4U 0142+61 for total and pulsed components.
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Abstract

Spectral studies of both quiescent emission (∼10−11 erg cm−2 s−1 in 2-10 keV) and bursts
(∼10−6 erg cm−2 s−1 in 2-100 keV) are presented for 11 magnetar candidates using HETE-2, Suzaku, XMM-
Newton, Chandra and Swift data. Spectra of the quiescent emission and the bursts for most magnetar
candidates are reproduced by a photoelectrically absorbed two blackbody function (2BB). There is a strong
linear correlation between lower and higher temperatures of 2BB, irrespective of objects and/or emission
types (i.e., the quiescent emission and the bursts). In addition, a hard X-ray tail is discovered in a summed
spectrum of the small bursts from SGR0501+4516 detected by Suzaku, which is discovered only in the
quiescent emission spectra so far. These results could suggest a possible evidence of common emission
mechanisms between the quiescent emission and the bursts of magnetar candidates. The quiescent emis-
sion could consist of numerous micro-bursts. If this is the case, total released energy of small fluence
(< 10−8 erg cm−2 in 2-100 keV) bursts of a cumulative number-intensity distribution can be comparable to
a released energy of the quiescent emission. It has arised that the total released energy can easily maintain
the quiescent emission energy.

Key words: stars: neutron

1. Introduction

Magnetars are one of the unusual neutron stars with su-
per strong magnetic fields up to ∼ 1015 G (e.g., Dun-
can & Thompson 1992). They emit X-ray, gamma-ray
photons through magnetic field dissipations. The mag-
netars are unique objects to study interactions between
magnetic fields and photons.

Two apparent classes are known as magnetar candi-
dates, a soft gamma repeater (SGR) and an anomalous
X-ray pulsar (AXP). They exhibit X-, and gamma-ray
quiescent emission (F ∼ 10−11 erg cm−2 s−1 in 2-10 keV)
and super-Eddington, sporadic, repetitive burst activi-
ties. Since there are several common characteristics be-
tween the SGR and the AXP such as rotation periods of
P =2-12 s, they are thought to be same class of objects.

The X-ray quiescent emission spectra below 10 keV
are well modeled by a photoelectrically absorbed two
blackbody function (2BB) or blackbody plus a power
law (BB+PL). A hard X-ray tail above 10 keV discov-
ered by INTEGRAL (e.g., Kuiper et al. 2004), is well
described by a power law (PL) with very hard indeces

of Γ < 1-2 (N ∝ E−Γ). Some more physical models are
suggested for the X-ray quiescent emission spectra (e.g.,
Rea et al. 2008). The most acceptable spectral model
of SGR short bursts detected by High Energy Transient
Explorer 2 (HETE-2) is 2BB (Nakagawa et al. 2007).

Given that the quiescent emission and the burst are
energized by the magnetic fields which is thought to be
prospective, there would be a very similar physical pro-
cess between them. Consequently, their spectra could
emerge alike. We claim that the most acceptable spec-
tral model of the SGR short bursts detected by HETE-2
is 2BB even if it should be considered just as an empirical
model (Nakagawa et al. 2007). If the SGR and the AXP
are same class of objects, it would also be preferred that
the quiescent emission spectra are reproduced by 2BB
rather than BB+PL. In addition, the burst spectra may
also have the hard X-ray tail reproduced by PL which
is found only in the quiescent emission spectra hereto-
fore. In this paper, we present spectral studies of both
the quiescent emission and the burst of the magnetar
candidates.
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Fig. 2. Panel (a): a summed spectrum of 31 small bursts de-
tected by Suzaku fitted with 2BB+PL. Panel (b) and (c):
residuals using 2BB and 2BB+PL.

2. Observations and Data Analysis

The quiescent emission spectra of the 10 magnetar can-
didates using XMM-Newton, Chanra and Swift are ana-
lyzed in our study. The spectra of most magnetar candi-
dates are represented by 2BB, while three AXPs seem to
have an excess above ∼7 keV. The excess is well modeled
by PL with spectral parameteres of the hard X-ray tail
measured by INTEGRAL. Thus the excess could be re-
lated to the hard X-ray tail. In figure 1, there is a strong
linear correlation between lower and higher temperatures
of 2BB (kTLT and kTHT), irrespective of the quiescent
emission and the bursts (Nakagawa et al. 2009).

SGR 0501+4516 was discovered by Swift on 22 Augst
2008. Since it was undergoing intense burst activity, a
Suzaku ToO observation was performed on 26 August
2008. Suzaku detected the X- and gamma-ray quiescent
emission and 32 bursts during a 20 ks observation. A
spectra study of a main burst is reported in Enoto et al.
2009, and therefore we will focus on remaining 31 small
bursts hereafter. A summed spectrum of the 31 small
bursts cannot be reproduced by 2BB, despite this model
is known as the most acceptable model for the SGR short
bursts (Nakagawa et al. 2007). There is an excess above
∼20 keV which is shown in figure 2 (b). The excess is well
reproduced by PL with an index of Γ = 1.0+0.3

−0.4 which is
comparable to the indeces of the hard X-ray tail in the
quiescent emission spectra. Therefore we discovered a
hard X-ray tail in the burst spectrum which was found
only in the quiescent emission spectra so far.

From what has been discussed above, we can conclude
that the quiescent emission and the bursts are similar,
comprising not only a soft X-ray 2BB spectrum, but also
a hard X-ray PL spectrum.

3. Discussions and Conclusions

We found the strong linear correlation between the lower
and higher temperatures of 2BB, irrespective of the qui-
escent emission and the bursts. The summed spectrum
of the SGR0501+4516 small bursts shows the hard X-
ray tail which is found only in the quiescent emission
spectra so far. There are similarities between the quies-
cent emission and the bursts which are not only a soft
X-ray 2BB spectrum but also a hard X-ray PL spectrum.
If there are common emission mechanisms between the
quiescent emission and the bursts, the quiescent emission
could be formed as a result of numerous micro-bursts.
The energy released in low fluence (<10−8 erg cm−2 in
2-100 keV) bursts estimated from a cumulative number-
intensity distribution (Nakagawa et al. 2007) can be
comparable to the released energy of the quiescent emis-
sion.

This work is supported in part by a special postdoctoral
researchers program in RIKEN.
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Abstract

The object 1A 1742-294 is a type I (thermonuclear) X-ray burster having the brightest persistent X-ray
emission in the Galactic center region. After the first X-ray observation with SAS-3 （MXB 1742-29),
1A 1742-294 has been observed with various X-ray satellites including Granat/ART-P (Lutovinov et al.
2001). On 12th March 2007, Suzaku observed 1A 1742-294 during the Galactic center survey with 27
ksec exposure. Both the XIS and HXD PIN detected five bursts. Thanks to high sensitivities of Suzaku
instruments, Suzaku successfully detected 1/4th dimmer bursts than those by Granat at the flux of up to
10 mCrab level in the same bandpass. The persistent spectrum can be reproduced by a bremsstrahlung
model with a temperature of > 27 keV, which is over 3 times larger than 7.8 keV reported by Lutovinov
et al. (2001). The average color temperature of bursts lies in 2-3 keV, which are canonical values of type
I X-ray bursts. The time profiles of the bursts are well characterized by a fast rise ( 7 sec) followed by a
smooth exponential decay. The decay time depends on the X-ray energy; 29.7, 18.4 and 12.0 sec in the
0.2-4 keV, the 4-8 keV and the 8-12 keV band, respectively.

Key words: stars: individual (1A 1742-294, 2E 1742.9-2929) — X-rays: bursts

1. Introduction

Low Mass X-ray Binaries (LMXB) are binary systems
consisting of neutron stars. Many of them show the X-
ray burst phenomena. A H and/or He gas stream from
a companion star accretes onto the surface of the neu-
tron star, making a compressed and hot plasma. When
the temperature of the plasma exceeds a thermonuclear
threshold, the type-I X-ray burst occurs (Galloway et al.
2008).

LMXB 1A 1742-294 is one of the type-I X-ray burster,
having the brightest persistent X-ray emission in the
Galactic center region. The detailed reports of this ob-
ject are the observations by Granat (Lutovinov et al.,
2001; Churazov et al. 1995).

2. Observation

1A 1742-294 is observed with Suzaku during the Galactic
center survey in AO-1 phase (PI: K.Koyama) on 12th
March 2007 (MJD 54172) with its effective exposure time
of 27 ksec. The object is detected on 6 arcmins away
from the XIS nominal position.

Another X-ray burster named KS 1741-293 is contam-
inated in the field of view of the HXD PIN which has no

imaging capability. In addition to Cosmic X-ray back-
ground and non X-ray backgrounds, the Galactic ridge
emission is also included in the PIN data.

3. Analysis and Results

In addition to a persistent X-ray emission, XIS and HXD
PIN detected 5 bursts during the observation as shown
in Figure 1.

First, we analyze the spectrum of each burst averaged
over its duration. Spectra of all the detected bursts can
be reproduced by the black body model with a temper-
ature of 1 - 2 keV as summarized in Table 1. The corre-
sponding radius of the emission is smaller than the size
of the neutron star.

Next, we checked the time profile of each burst. An
example of light curve is shown in Fig.2. As shown in
Table 1, all the light curves decay faster in higher energy
band. This fact is well known phenomena by Lutovinov
et.al (2001), and can be explained by a spectral changes
by cooling plasmas.

Finally, we performed the time resolved spectral analy-
ses by summing up whole bursts. The lower panels show
the evolutions of temperature (kT ), black body radius
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Table 1. Spectral and timing profiles of all the bursts detected with Suzaku.

Burst # 1 1 2 3 4 5

Temperature (keV) 2 1.53+0.04
−0.04 1.58+0.06

−0.05 1.55+0.12
−0.10 1.95+0.10

−0.09 1.57+0.09
−0.10

R (km) 3 3.6+1.6
−1.4 2.8+1.2

−1.0 1.9+1.2
−0.8 2.3+1.0

−0.8 3.4+2.2
−2.5

flux 4 7.08+0.13
−0.20 4.70+0.19

−0.18 1.89+0.10
−0.19 6.56+0.27

−0.39 5.41+0.42
−0.33

τ (sec) 5 0.2 - 4 keV 33.16 38.29 41.68 22.18 13.22
4- 8 keV 28.69 27.49 12.66 12.61 10.63
8 - 12 keV 20.31 14.08 10.57 2.99 12.25

1 Burst number as shown in Fig.1.
2 Black body temperature to the averaged spectrum during the flare.
3 Block body raduis assuming that the distance to the object is 8.5 kpc.
4 Flux of total of each burst duration in unit of ×10−10 erg/cm2/s (0.2 - 10 keV).
5 Decay time scale of the light curve.

(R), and the flux, assuming that the distance to the ob-
ject is 8.5 kpc. R calculated taking into account the fact
that the color temperature appears to be higher than
real one (effective temperature), because of scattering
photons of black body by electrons (Ebisuzaki 1987). In
Fig.3, we can see that the temperature is clearly getting
lower as a function of time, and sat the same time, the
plasma radius expands and slightly shrinks.
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Abstract

We report on the results of Suzaku and RXTE X-ray observations of XSS J12270–4859, one of the hard
X-ray sources in the INTEGRAL catalogue. From optical spectroscopic characteristics and a report of
putative X-ray periodicity of ∼860 s, the object was once classified as an intermediate polar (IP). Our
Suzaku observation revealed a lack of the Fe Kα emission in a power-law spectrum and exotic phenomena
in the light curve such as (1) repetitive rapid flux amplification, (2) sudden flux declines with no periodicity,
and (3) spectral hardening. We also analyzed archival RXTE data, confirming flux variations similar to
those found in Suzaku, and found that the previously reported 860 s period is interpreted by semi-regularly
repeated flares. These timing behaviors and the power-law spectrum suggest that XSS J12270–4859 is a
low-mass X-ray binary rather than an IP. Some of the temporal characteristics are also similar to those of
the type II bursters, making XSS J12270–4859 a very rare type II burster candidate.

Key words: stars: individual (XSS J12270–4859) — stars: variables: other — X-rays: stars

1. Introduction

XSSJ12270–4859 (hereafter J12270) is one of the hard
X-ray emitters in the INTEGRAL catalogue (Bird et al.
2007), and was classified as an intermediate polar (IP)
based on its optical spectrum and a putative X-ray pe-
riod of 860 s (Masetti et al. 2006; Butters et al. 2008).
IPs, which are a subclass of cataclysmic variables, are bi-
nary systems of a moderately magnetized (105 − 107 G)
white dwarf with a late-type companion.

Following observations of J12270, however, cast
doubted on the IP classification. The Fe Kα emission
and the complex absorption profile are absent in X-rays
(Butters et al. 2008; Landi et al. 2009), both of which
are typically seen in IPs. Optical photometry could not
identify the reported X-ray period, but instead found
flux flickering with a large amplitude (>1 mag) and pos-
sible phase changes of entirely different temporal behav-
iors (Pretorius 2009). All these features are unlikely in
an IP.

2. Observations and Data Reduction

We observed J12270 with Suzaku (Mitsuda et al. 2007)
in August 2008 and retrieved archival RXTE (Bradt
et al. 1993) data observed in November 2007. We used
the data of the XIS and the HXD PIN onboard Suzaku
and the PCU 2 onboard RXTE. All data were cleaned

with the standard criteria. As a result of the filtering,
net exposure time was 30, 35, and 35 ks for the data of
the XIS, the HXD PIN, and the PCU 2, respectively.

3. Analysis

We constructed binned light curves of J12270 using the
Suzaku and RXTE data (see figure 1 of Saitou et al.
2009 for the Suzaku data), and found following temporal
features: (1) rapid (∼100 s) amplification with a five-
fold increase in flux (we call them “flares”), (2) sudden
declines with no apparent periodicity (“dips”), and (3)
spectral hardening after some flares (“hard” phases). For
quantitative definition of these features, see Saitou et al.
(2009).

For a timing analysis, we employed a generalized
Lomb-Scargle algorithm (GLS; Zechmeister et al. 2009).
GLS can process unevenly sampled data and takes the
errors fully into account, which is suitable for the satel-
lites in a low-Earth orbit such as Suzaku and RXTE.
In the Suzaku periodogram (see figure 2 of Saitou et al.
2009), the red noise is dominant, which we derived by fit-
ting with an exponential function (Vaughan 2005). The
maximum power is slightly above the 2σ level, which we
regard as being insignificant. We also applied the GLS
to the RXTE data, and conclude that the previously re-
ported period is caused by quasi-periodic flares.
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Fig. 1. Suzaku background-subtracted spectra for (a) the entire observation as well as for intervals during (b) dips, (c) flares, and (d) hard
phases. Upper panels show the data and the spectral model, whereas lower panels show the residuals of the data from the model. The
inset in each upper panel is the close-up view in 6.0–7.4 keV for the iron K complex.

We produced background-subtracted spectra with
Suzaku in the 0.2–70 keV band using the XIS and the
HXD PIN for various time intervals (figure 1). All the
spectra are explained by a power-law model convolved
with an interstellar extinction. There is no sign of Fe
Kα emission line. Best-fit parameters are listed in ta-
ble 1.

Table 1. Suzaku best-fit parameters for the power-law model.∗

State NH/1021 Γ FX/10−11 χ2
ν(ν)

Average 1.0+0.1
−0.1 1.53+0.02

−0.02 1.82+0.02
−0.02 0.99(1244)

Dip . . . . < 0.3 1.32+0.09
−0.07 0.37+0.03

−0.02 1.12( 98)
Flare . . 1.2+0.2

−0.2 1.62+0.04
−0.04 4.54+0.11

−0.11 0.90( 603)
Hard . . . 2.9+1.3

−1.3 0.64+0.10
−0.10 1.70+0.27

−0.27 1.28( 141)
∗ The parameters NH, Γ, and FX represent respectively the absorption
column density in cm−2, the photon index, and the 0.2–12 keV flux
in erg s−1 cm−2. The errors indicate the 90% statistical uncertainty.

4. Discussion

Our results show that J12270 satisfies none of the defin-
ing X-ray characteristics of IPs. The flux changes in
∼100 s and the power-law spectrum hint at a low-mass
X-ray binary (LMXB) nature of this source. In fact,
LMXBs commonly exhibit short bursts and dips. Bursts

can be caused by thermonuclear flashes on the neutron-
star surface (type I), or a sudden increase of the accre-
tion rate due to disk instability (type II). The flares in
J12270 are quite similar to those in the Rapid Burster
(Lewin et al. 1976) or GROJ1744–28 (Kouveliotou et al.
1996), which are the only known type II bursters. The
flares in these sources commonly show a repetition in a
short time flux amplification by a factor of ∼5 from the
quiescence, and a flux decrease immediately after some
flares. J12270 may belong to the rare type of such type
II bursters.
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Abstract

We perform a particle simulation to explain the pulsar phenomena from the first principles. It is shown
that the outer gaps indeed appear around the null surface. The origin can be understood simply by strong
charge separation by emf of the star in tenuous plasma atmosphere. The gap persists under copious pair-
creation, providing the particle source of the pulsar wind as well as the gamma-ray pulses. If pair creation
rate is high, then some magnetic flux is opened and pairs flow out along the opened magnetic flux, i.e.,
the pulsar wind is formed. At the present capability of computer, the equatorial current sheet with closed
magnetic flux is till thick. If pair creation rate is low, then the wind is moderate, and strong radiation
drag causes a large scale circular flow in the magnetosphere. The side-wall of the polar cap flow is verified,
but locates nearer to the polar axis than expected, i.e., the middle latitude dead zone, which is different
from the dead zone of the closed magnetic field lines is found.

Key words: pulsars: general — magnetic field — plasmas

1. Introduction

The most prominent activities that pulsars show are
(1) the pulsar wind, (2) high-energy pulsed emissions,
and (3) the radio pulses. To explain these phenomena,
the outer gap, the polar cap particle accelerators and
the relativistic centrifugal wind are proposed. We aim
to prove the existence of these structures from the first
principles via particle simulation.

2. What Happens in the Simulation

Our simulation is very simple: we put a spherical mag-
net rotating around the magnetic axis in vacuum space
and see what happens. We trace the motion of parti-
cles extracted from the star surface by the electric field.
We use particle simulation method similar to Particle-in-
Cell. Therefore, we calculate change of the electric file
by the emitted particles. For this calculation, we use the
spacial purpose computer for the astronomical N-body
simulation, GRAPE-6 at National Astronomical Obser-
vatory of Japan. We take into account cross-filed drift
motion due to inertia and to radiation drag force. We
also take into account pair creation in a region where
the field-aligned electric field is stronger than a critical
value. Method of calculation is given in the paper by
Yuki et. al. in this proceedings.

What we expected in the simulation is as follows. The

strong magnetic field (1012G) and fast rotation cause
strong charge separation in the plasma around the neu-
tron star. The produced electric field perpendicular to
the magnetic field brings about co-rotational motion.
Beyond the light cylinder on which co-rotation speed
reaches the speed of light, the plasmas will flow out cen-
trifugally. Due to the combination of huge charge sep-
aration and loss of particles, gaps are formed along the
electric dividing ridge, so-called “null surface”, in the
middle latitude. The gap is unstable against pair cre-
ation cascade. Although pairs diminish the gap, loss of
pairs by the wind will causes gaps continually or period-
ically.

3. Results

The final state reached via our simulation is static clouds
with the gaps if pair creation is suppressed. In this first
step of our simulation, we reproduced the previous result
by Krause-Polstorf and Michel (1985).

In the next step, the pair creation is switched on. The
gap is formed around the null surface as shown in Fig. 1.
In the gap, the field-aligned electric field is marginally
greater than the threshold for the pair creation, and pairs
are produced continuously. The pair creation can take
place quasi-periodically. However, the resolution of our
simulation is not enough to find the periodic pair cre-

This document is provided by JAXA.



The Energetic Cosmos : from Suzaku to ASTRO-H 227

Fig. 1. The inner part of the magnetosphere. The distribution of the
particles are plotted with color codes which indicate the azimuthal
velocity. The reference colors at the bottom indicate the corotaion
speed.

ation at the moment. Most of the place other than the
gaps has no field-aligned electric field, and whereby the
plasma tends to rotate. More precisely, top of the dead
zone rotates faster than the co-rotation speed, and the
trapped particles leak out across the light cylinder and
the closed filed lines due to radiation-drag-drift. The
detailed structure is given in Wada and Shibata (2007).

Fig. 2. The global flow. The distance is normalized by the light
radius. The red and blue arrows indicate positive and negative
particles, respectively.

The positrons produced in the outer gap flow out,
while the electrons are emitted backward to the stars. If
this continues, the star will charge up negatively. What
we see is continuous emission of electrons from the polar

caps to compensate the backward flow of the electrons.
In the final state, the electrons flow out in the higher
latitudes across the outer boundary. Thus the losses of
positrons and electrons are balanced. The net charge of
the system is automatically determined and is found to
be almost zero.

Actually the created pairs partially flow out and par-
tially circulate in the magnetosphere (see Fig. 2.). The
reason why particles can flow out across the closed filed
is the drift motion by radiation-drag force in azimuthal
direction. This means that the rotation speed is very
much high due to the perpendicular electric filed.

We find the side-wall, which is assumed in the con-
ventional polar cap and slot gap models. The electric
potential is the same as the star on this side-wall, i.e.,
the non-corotational electric potential is zero. The wall
is not the outer boundary of the dead zone with closed
magnetic field lines. The outside of the wall is a kind
of dead zone formed in between the oppositely-directed
current lines. The current runs toward the star in the
polar magnetic flux surrounded by the side-wall. The op-
positely directed current, which goes out from the star,
locates in between the side-wall and the traditional dead
zone with closed magnetic flux inside the light cylinder
(the dead zone of the Goldreich-Julinan model). The
slot gap can be placed along the side-wall that we find.

In this step of simulation, the pair creation rate is not
so high that the magnetic filed is essentially dipole. In
the third step of our simulation, we increased the pair
creation rate. As pair creation rate is increased, the orig-
inal dipole field is modified to make open flux. However,
we still see closed magnetic lines in the equatorial re-
gion, but the field strength is significantly reduced. In
our simulation, the magnetic neutral sheet is still thick
with closed magnetic flux. In this region the electric
field strength is found to be larger than the magnetic
field strength, i.e., ideal-MHD breaks down. The pair
creation rate was still higher, the neutral sheet would be
thinner and most of the flux will be opened. In such
cases, the pair plasma would be much more likely the
MHD wind.
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Abstract

The particle acceleration mechanism of pulsars has been an outstanding problem for more than forty
years. A breakthrough can be provided by a large particle-simulation for the global magnetosphere showing
the formation of the field-aligned electric field. However, this demands heavy calculation of Coulomb
interaction. We have resolved this difficulty by use of GRAPE, which is a massively parallel special purpose
computer for astronomical N-body problem at National Astronomical Observatory of Japan. Note that
GRAPE can calculate Coulomb force as well as gravitational force because of the same inverse-square
law and of sign-bit available with GRAPE. In this paper, we present a method of particle simulation for
the global magnetosphere including electron-positron pair creation. We show some initial results of the
simulation.

Key words: pulsars: general — magnetic field — plasmas

1. Introduction

The pulsed emission from the pulsars indicates that par-
ticles are accelerated to high energy up to 1012eV. Al-
though a variety of acceleration models were proposed,
the problem of the particle acceleration is still outstand-
ing.

A breakthrough can be given by a large particle-
simulation for the global magnetosphere including the
formation of the field-aligned electric field E||, i.e., the
simulation must not be by the usual MHD simulation.
However, this sort of particle simulation demands calcu-
lation of Coulomb interaction which increases in propor-
tion to the particle number squared.

2. GRAPE

We have succeeded in resolving this difficulty by use of
GRAPE-6. GRAPE is a massively parallel special pur-
pose computer for astronomical N-body simulations at
National Astronomical Observatory of Japan. Typical
use of GRAPE is for stellar dynamics. However, note
that GRAPE can calculate Coulomb force as well as
gravitational force because of the same inverse-square
law and of sign-bit available with GRAPE. In case of
gravitational force, the acceleration of i-th particle is cal-

culated as

ai =
N∑

j �=i

Gmj
xj − xi

(|xj − xi|2 + �2)3/2
, (1)

and in case of Coulomb force, the electric field at i-th
particle is calculated as

Ei =
N∑

j �=i

qj
xj − xi

(|xj − xi|2 + �2)3/2
, (2)

where N , G, and � are total particle number, gravita-
tional constant, and the softening parameter; mj and qj

are mass and charge of j-th particle; xi and xj represent
the position of i-th and j-th particle.

Since we look for a axisymmetric steady state, we ig-
nore effects of time variation of the fields, and therefore
the problem is electro-static and magneto-static. Thus
the problem can be solved by GRAPE.

3. Model

In our simulation, we assumed as follows:

• A star is assumed to be an aligned rotator and a
perfect conductor.

• The particles are emitted freely the stellar surface.
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• The particles are subjected to the radiation drag
force.

• Pair creation occurs in the region where the field-
aligned electric field is stronger than a critical value.

Poisson equation

−∇2φ = 4πρ, (3)

is solved in use of GRAPE with the boundary conditions,

φ(R∗) =
µΩsin2 θ

cR∗
+ const, φ(∞) = 0, (4)

where φ, ρ, R∗, µ, Ω, θ, and c are the electric potential,
charge density, stellar radius, magnetic moment, angular
velocity, colatitude, and speed of light, respectively.

For the particles, we use the equation of motion in-
cluding radiation reaction force:

dpi

dt
= qi(E + βi × B) + F rad,i, (5)

where βi is the velocity of the i-th particle in units of the
light speed; pi = γimβi, γi = (1 − βi · βi)−1/2; m and
qi(= +q or− q) are mass and charge of the particles, re-
spectively; F rad,i = (2/3)(q2

i /R2
c)γ

4
i (pi/|pi |) represents

the radiation drag force. In contrast to the previous
works, our simulation can treat cross-field drift motions
due to the radiation drag and particle inertia.

4. Outline of Simulation

Our simulation proceeds in the following steps:

1. Start the calculation from the vacuum state.

2. Replace the surface charges by particles.

3. Solve the equation of motion of the particles.

4. Produce electron-positron pairs where needed.

5. Delete some particles.

6. Repeat the step 2 to 5 until the steady state is es-
tablished.

Magnetospheric plasmas are represented by several tens
of thousands of particles in the simulation. The surface
charge, which increases in proportion to E||, is replaced
by particles because we assumed free emission. In the
steady state, creation and loss of the particles balance to
each other, so the total charge is determined automati-
cally. Electron-positron pairs are generated in the region
where E|| > Ecrit. We delete the particles which return
to the star, go beyond the outer boundary, or are bound
pairs.

5. Results

Figure 1 shows the particle distribution on the merid-
ional plane. The flow consists of outflow and circulating
component. The outflow component is considered as the
pulsar wind.

Figure 2 is the strength of the field-aligned electric
field on the meridional plane. It indicates “outer gap”
that possesses E|| in the small limited region. Electron-
positron pair creation occurs in such regions.

6. Summary

In use of GRAPE-6, which is developed for the N-body
problem, we performed a particle simulation for the
global pulsar magnetoshere. The gravitational interac-
tion is replaced by the Coulomb interaction. We show
that this method is applicable for the pulsar problem.
Although resolution is not so high, the simulation shows
the outer gap and the cross-filed outflow due to radiation
drag and particle inertia.
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Fig. 1. The position of particles (dots) on the meridional plane. The
filled and outlined arrows indicate the direction of the negative
and positive flow. The geometrical scale length is normalized by
the stellar radius, and the light cylinder corresponds to the axial
distance of 5. The dashed lines represent dipole magnetic field.

Fig. 2. The strength of the field-aligned electric field on the merid-
ional plane.
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Abstract

We investigate the magnetic dissipation in the pulsar magnetosphere, in particular, around the Y-
point, which is the boundary region between the closed magnetic flux of the dead zone and the open flux
in the wind zone, via axisymmetric particle-in-cell (PIC) method in the cylindrical coordinates. We find
that magnetic reconnections occur around the Y-point and magnetic islands are repeatedly formed and
ejected outward, which suggests that the magnetic energy converts to the kinetic and thermal energy. It is
possible that high-energy emission is radiated from this region. It is also possible that the plasma pressure
accelerates the pulsar wind. A polar cap radiation may be emitted by falling particles into the neutron
star.

Key words: magnetic fields — MHD — pulsars: general — stars: neutron

1. Introduction

Pulsars are the bright sources in the gamma-ray sky,
however the emission mechanism remains open ques-
tion. Recently, the current sheet in the pulsar magneto-
sphere is regarded as a candidate of the new radiation
source. The aim of our study is to examine the pos-
sibility of the high-energy emission around the Y-point
(Y-type current sheet) via axisymmetric particle-in-cell
(PIC) method in the cylindrical coordinates.

Fig. 1. The meridional plane of the pulsar magnetosphere.

2. Simulation method

The boundary condition (fig.2) is of great importance for
the simulation of the Y-point. The inner (left and top)
boundary condition is the force-free solution (fig.3) given
by Uzdensky (2003). The outer (right-side) boundary
may be crossed by super-fast wind. Then we impose
free boundary for the right-side boundary. The lower
boundary can be treated as reflection symmetry.

As for the initial condition we also use the Uzdensky’s
solution. Lorentz factor and number density of the inflow
from the outer gap are free parameters. R × z = 64 ×
64 grids, dR = dz = 2cω−1

p , dt ≈ Ω−1
max. The simulation

continues until the system becomes quasi steady state.

Fig. 2. The boundary condition. The left and top boundary condition
is the force free. The right boundary condition is free boundary.
The lower boundary condition is reflection symmetry.
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Fig. 3. The force-free solution (magnetic field line) given by Uzdensky
(2003). In the shaded region, force free is broken and magnetic
dissipation is expected.

3. Results

We have performed a test run with the boundary and ini-
tial condition which are described in the previous section.
After a time of 1/60 rotations, we find that magnetic re-
connections occur around the Y-point, which suggests
that the magnetic energy converts to the kinetic and
thermal energy. We see that a magnetic island is formed,
goes outward, and merges with the dead zone (fig.4, 5).
It is possible that high-energy emission is radiated from
this region. It is also possible that the plasma pressure
accelerates the pulsar wind. A polar cap radiation may
be emitted by falling particles into the neutron star.

Fig. 4. Time evolution of the structure 1. The solid lines represent
poloidal magnetic field line. Magnetic reconnections occur around
the Y-point and the magnetic island goes outward.

Fig. 5. Time evolution of the structure 2. The solid lines represent
poloidal magnetic field line. The magnetic island comes back and
merges with the dead zone.

4. Summary

The current sheet in the pulsar magnetosphere is re-
garded as a candidate of the new radiation source. In
order to examine the possibility of the high-energy emis-
sion, we perform a PIC simulation around the Y-point
in the pulsar magnetosphere. We find that magnetic
reconnections intermittently occur in the pulsar wind,
which suggests plasma heating. there are possibilities
of high-energy emission and pulsar wind acceleration in
this region. It is also possible that a polar cap radiation
is emitted by falling particles into the neutron star. In
the next step, we will examine the possibilities of high-
energy emission and wind acceleration in detail by large
scale simulation.
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Abstract

We model cyclotron lines by calculating a superposition of the spectra of a number of the cyclotron
lines emerging from different heights of line-forming regions with non-uniform density, temperature and
magnetic field strength in each region. We found that a shallower and broader fundamental line associated
with a deeper second harmonic line as observed in Vela X−1 and A0535+26 can be produced via the
superposition of a large number of the cyclotron lines. Our simplified model succeeds in reproducing an
asymmetric line profile, an anharmonic line ratio.

Key words: stars:atmospheres — stars:magnetic fields — stars:neutron

1. Calculation of cyclotron lines

The cyclotron line is modeled by superposing a number
of the lines calculated in each slab with a different height
with a Feautrier code with 120 frequencies. The origi-
nal cyclotron line emerging from each slab is calculated
for scattering in the two-stream formalism. An initial
power-law photon density, Ui(E) ∝ ω−1, is injected into
each slab. We include excitation up to three harmonics
in Landau levels and photon spawning followed by decay
of these levels in cyclotron resonant scattering. In this
work, we examine the effect of a superposition of a num-
ber of the cyclotron lines emerging from different heights
of a line-forming region with a gradient in magnetic field,
temperature, density on the property of the resulting
lines. We consider a cylindrical, plane-parallel geometry
for the line-forming region(Nishimura 2009). Moreover,
the magnetic field, temperature, density vary in each re-
gion with height. We consider an extended atmosphere,
which is thick to cyclotron resonant scattering and thin
to the continuum scattering, as a line-forming region and
calculate a superposition of the cyclotron lines emerging
from a number of different heights of the line-forming
region.

2. Results

We first calculate cyclotron lines with one angle µ ≡

cosθ = 0.57, which corresponds to angle-averaged spec-
tra, and the cyclotron energy at the bottom of the line-
forming region, h̄ω=30 keV. Figure 1 shows the super-
posing cyclotron lines for the numbers of the superposing
lines ns = 1, 4, 8, 14, 18 which can correspond to the po-
lar cap radius R ∼ 5 × 103, 3 × 104, 6 × 104, 1 × 105 and

1.3 × 105 cm, respectively, because broader polar cap is
able to yield a larger number of the superposing lines
in our model. The fundamental line becomes broader
and shallower with increasing number of the superposing
lines, whereas the second harmonic line becomes deeper
and deeper. The fundamental line is formed via resonant
scattering so that its peak energy tends to be formed
around the surface of the wall in spite of lower density.
This is because a number of photons scattered around
the surface of the column transfer to different energy
and refill the parts of other absorption feature formed in
lower part of the line-forming region. Thus, the peak en-
ergy of the fundamental absorption line tends to indicate
the B-field strength near the sides of the line-forming re-
gion(e.g. accretion column). The resulting fundamental
line formed by the superposition of a number of the lines
with different peak energies tends to be broader and shal-
lower. On the other hand, each original second harmonic
lines possess nearly the same peak energy. This is be-
cause they are formed via almost pure absorption process
by Raman scattering, such that the peak energy corre-
sponds to the magnetic field strength near the bottom
of the line-forming region where the density is highest
in our model. Consequently, the resulting second har-
monic line tends to be deeper with increasing number
of the superposing lines as opposed to the fundamental.
Moreover, the peak energies of the higher harmonic lines
almost remain constant in spite of increasing number of
the superposing lines, while the peak energy of the fun-
damental line changes noticeably toward lower energy.
As a result, the ratio of the peak energy of the second
harmonic absorption line to the fundamental tends to be
larger than the harmonic ratio 2. Furthermore, Meszaros
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and Nagel(1985) roughly predicted the FWHM of the
line ∆ωFWHM ∼ ωc(8ln(2) kT

mc2 )1/2
|cosθ|. In our calcu-

lations, however, the width of the superposing funda-
mental line can be comparable to or larger than that of
the second harmonic as a result of the superposition of
a large number of the lines in contradiction to theoret-
ically Doppler broadening. This is because the second
harmonic line width does not increase as much as that
of the fundamental line, since the peak energies of the
original higher harmonic lines form in nearly the same lo-
cation. In addition, the line profile becomes asymmetric,
which is shallower toward lower energies, when the su-
perposition of a large number of the lines occurs. This is
because the maximum overlapping area of each original
absorption feature is located around higher energies.
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µ=0.57Angle−averaged spectra

Fig. 1. Superposing cyclotron lines in the line-forming region
with decreasing B-field for the numbers of the superposing lines
ns=1(dotted line), 4(solid line), 8(dashed line), 14(open circles)
and 18(filled circles). The viewing angle is taken to be µ = 0.57.
The electron number density is taken to be in the range of
Ne,21 ∼ 0.4 − 3.5 electrons cm−2 where Ne ≡ Ne,21 × 1021.

Next, we consider a polar cap radius Rp ∼ 1km for
an emission region. Figure 2 shows the angle-dependent
spectra at four angles µ = 0.18, 0.52, 0.79 and 0.96. The
superposition of a smaller number of the lines at larger
viewing angle with respect to the magnetic field can op-
erate in such a small area. Thus, the peak energies of
narrow lines at µ = 0.18 at the fundamental tend to in-
dicate higher energies and its depth remains deeper. On
the other hand, those of broader lines at the fundamen-
tal tend to indicate lower energies as a consequence of
the superposition of a large number of the lines. The
line depth is however deeper for smaller viewing angle.

This is because thermal Doppler width becomes broader
at smaller angle. The overlapping area of the original
lines is therefore larger for smaller angle so that the
line remains deeper. The second harmonic lines however
tend to be deeper, since the peak energy of each line is
nearly constant due to almost pure absorption in the line-
forming region with the density gradient. Consequently,
the ratio of the second harmonic line energy to the fun-
damental tends to be more than 2 for smaller viewing
angles whereas it remains to be nearly 2 for larger view-
ing angles as a result of the superposition of a small
number of the lines. The second harmonic line, however,
tends to be even shallower for smaller angle, since the
scattering profiles of higher harmonics have a sin2(n−1)θ
factor. Moreover, the line width of the fundamental can
be comparable to or larger than that of the second har-
monic for smaller viewing angles, while the line width
of the second harmonic is nearly twice times that of the
fundamental for larger viewing angles, as expected by
theoretically Doppler broadening.
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Fig. 2. Superposing angle-dependent spectra at four viewing an-
gles µ = 0.18(solid line),0.52(dotted line),0.79(dashed line) and
0.96(dot-dashed line). For comparison, original angle-dependent
spectra emerging from the height z = 3.0× 104 cm at four view-
ing angles µ = 0.18(open circles),0.52(open squares),0.79(open
diamonds) and 0.96(open triangles). Here, the polar cap radius
is assumed to be 1km and hshock = 2.1 × 105 cm. The electron
number density is in the range of Ne,21 = 0.27 − 2.2 electrons
cm−2.
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Abstract

Material around the AGN central engine is important to understand the evolution of supermassive
black hole. We systematically analyzed the Suzakud data of about 70 Seyfert galaxies, about half of which
are Compton-thick AGNs, focusing on Fe-K emission/absorption lines, edge, and reflection component.
Thanks to well-calibrated data, the center energy and width of the 6.4 keV line is strongly constrained to
be 6.395±0.005 keV and <2500 km/s. Fe abundance of the reflector or absorber is also well constrained
to be 0.5-1.2 solar, especially for Seyfert 2 galaxies. These support that the reflector is >0.1 pc away from
the nucleus. HXD-PIN enables us to determine the absorption and the direct nuclear X-ray luminosity
unambiguously. We obtained a clear relation between the absorption column density and the equivalent
width of 6.4 keV line, suggesting that the picture of Compton-thick torus is as a whole accepted for both
Seyfert 1 and 2 galaxies. Thanks to high quality data with signal-to-noise ratio and accurate continuum
determination of Suzaku, ionized Fe-Kα emission or absorption lines are detected from several percents of
AGNs. It is found that these features seem to change above several 1044 erg/s in such a way that Fe-K
features become weak. This extends the previously known X-ray Baldwin effect on the neutral Fe-Kα line
to ionized emission or absorption lines. Luminosity-dependence of these properties, regardless of scatter
of black hole mass by two orders of magnitudes, indicates that the ionized material is associated with the
parent galaxy rather than the outflow and high luminosity nuclear emission would fully ionize the material.
This picture matches a trend of lower cold absorption columns for high luminosity AGNs.

Key words: Galaxies: Seyfert — X-ray: Spectroscopy — X-rays: Iron line

1. Introduction

X-ray spectra from Seyfert galaxies are never represented
by the simple power-law, but rich of reprocessed features
such as absorption, emission and absorption lines, reflec-
tion, and so on. Such features are very important to
probe the surrounding material around the central su-
permassive black holes, such as accretion disk or flow,
torus, and cloud. Such materials are fuel of the massive
black holes, and thus we can obtain information on the
evolution of supermassice black holes by studying these
materials.

The most prominent feature is a photoelectric absorp-
tion of the continuum in the soft X-ray band, and both
cold and warm absorbers are found. The cold matter is
thought to be associated with the molecular torus, and
the absorption column density varies by the viewing an-
gle from the line of sight. For Compton-thin objects with
the cold absorption column density of NH < 1023 cm−2,
NH can be determined by observations below 10 keV.
Based on the observations with BeppoSAX, Swift/BAT,
and INTEGRAL, a significant fraction of Seyfert galax-
ies exhibit a Compton-thick cold absorption (Risaliti et

al. 1999; Beckmann et al. 2006; Tueller et al. 2008), and
a direct nuclear X-ray emission can be observed above 10
keV in that case. Location and geometry of the cold ab-
sorber is now extensively studied. Matt (2000) pointed
out that the Compton-thin absorber is is different from
the Compton-thick molecular torus and it is associated
with the interstellar medium in the parent galaxy. Rapid
time variation of absorption column density indicates
that some of cold absorber exists as a blob-like cloud.
Some of Cmpton-thick objects exhibit no optical activity
and weak scattering X-ray component, indicating that
the torus is geometrically thick than ever thought (Ueda
et al. 2007). Warm absorber due to ionized clouds has
been often found. It was at first recognied as an ionized
absorption edge in the soft X-ray band (Halpern 1984),
but lower density absorber has been recently found as
absorption lines (e.g. Kaspi et al. 2002). Ionization
degree is found to be in a wide range of the ionization
parameter. These absorption materials are also observed
as a reflector or scatterer. From optical to X-ray band,
many emission lines are detected from Seyfert galaxies.
Ionization states with a wide range are found; for the
iron from the neutral to highly ionized Fe+25.
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Fig. 1. Distribution of exposure time of Suzaku obsevations for our
sample AGNs.

These materials are considered to be related with the
evolution of the central black hole or engine. Recent
X-ray survey revealed that heavily absorbed AGNs are
deficit at the high luminosity (e.g. Ueda et al. 2003).
In addition, blue-shifted absorption lines are sometimes
found in high luminosity AGNs (Pounds et al. 2003;
Reeves et al. 2003), indicating the relativistic massive
outflow, which is promissing of feedback to the parent
galaxy evolution. Therefore, it is important to obtain a
general view of materials around the supermassive black
hole in order to understand the coevolution of the black
hole and galaxy. It is also important to understand
the complex X-ray spectra of Seyfert galaxies and de-
rive the intrinsic spectral shape of the central engine.
Physical properties of environmental materials are sub-
ject to the luminosity of the central engine. However,
the absorption column density and intrinsic luminos-
ity of Compton-thick Seyfert galaxies cannot be mea-
sured below 10 keV. In addition, constraint of thereflec-
tion component is avaible with a wide X-ray band spec-
troscopy. BeppoSAX and/or XMM-Newton has given
opportunities of such studies, but the energy resolution
of BeppoSAX around Fe-K lines is too poor to resolve
the broad/narrow lines, neutral/ionized lines, or absorp-
tion lines. Variability of Seyfert galaxies does not ensure
the relation of spectral properties below and above 10
keV. Then, Suzaku XIS/HXD combination (Mitsuda et
al. 2007; Koyama et al. 2007; Takahashi et al. 2007;
Kokubun et al. 2007) is quite powerful for such stud-
ies, thanks to its wide X-ray band, good signal-to-noise
ratio, and well-calibrated response. Since a typical ex-
posure time of AGNs with Suzaku is long as shown in
figure 1, a signal-to-noise ratio of data is very high. Here,
we report the systematic studies of Fe-K line features of
Seyfert galaxies and its dependence on the intrinsic lu-
minosity and cold absorber.

Fig. 2. Center energy and width of 6.4 keV line. Data with small
errors are denoted as solid error bars.

2. Data Sample

We selected the Seyfert galaxies from the archival Suzaku
data as of March 2009. Furthermore, We looked at the
XIS and HXD spectrum, and chose the objects which
are detected with HXD-PIN. The detection of HXD-PIN
is important to constrain the Compton-thick absorption
column density and measure the intrinsic luminosity free
from the absorption. This condition leads to selecting
objects which are not so faint as to analyze the Fe-K
line feature with a good signal-to-noise ratio. As a result,
we analyzed about 70 objects, about 40% are Seyfert 1
galaixes, about 20% are Compton-thin Seyfert 2 galax-
ies, and about 40% are Compton-thick Seyfert 2 galaxies.
All the objects were observed with the XIS 5x5 or 3x3
mode and the normal HXD mode. We screened the data
with standard selection criteria. We accumulated the
XIS photons within 4 arcmin of the object, and coad-
ded the XIS- 0, 2, and 3 data to derive the spectrum.
We created the XIS rmf and arf files with xisrmfgen
and xisarfgen (Ishisaki et al. 2008), respectively. The
XIS detector background is estimated with xisnxbgen
(Tawa et al. 2008) and the CXB is added to the thus-
obtained background spectrum. For the HXD, we uti-
lized the ”tuned” PIN and GSO background (Fukazawa
et al. 2009). The good time interval (GTi) is determined
by taking the logical-and of GTI among XIS data, HXD
data, and HXD background data.

3. Analysis of Fe-K line features

In order to study the Fe-K line features, we first deter-
mined the baseline continuum modeling. Since Suzaku
spectra of most Seyfert 1 objects cannot be expressed
by simple power-law model plus absorption, we added
the reflection component and a Fe-K line and fitted the
spectra above 3 keV. After obtaining the spectral pa-
rameters, we restricted the energy band in 5–9 keV and
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Fig. 3. Equivalent width of 6.4 keV line against the absorption col-
umn density. Triangles or circles are AGNs with the luminosity of
< 1044 erg/s and > 1044 erg/s, respectively.

Fig. 4. Equivalent width of 6.4 keV line against the X-ray luminosity
(10–50 keV). Triangles or circles are Seyfert 1 and 2 galaxies,
respectively.

fixed the absorption, reflection fraction, and powerlaw
photon index. We included four gaussians, considering
lines of 6.4 keV, 6.7 keV (He-like), 7.0 keV (H-like), and
7.09 keV (neutral Fe-Kβ). The line energy and width
of 6.4 keV is let free, but others are fixed; the center
energy is fixed to the value in the rest frame, and their
line width is to be 0 keV. We allow a negative value for
the normalization of ionized Fe-K lines; 6.7 keV and 7.0
keV.

Figure 2 shows the plots of center energy and width of
the 6.4 keV line. The center energy is well constrained
within 6.35–6.45 keV, and well-determined objects give
an average of 6.395±0.005 keV. The width is constrained
to be < 2500 km/s for well-determined objects. These
indicate that the 6.4 keV line likely comes from the neu-
tral matter at > 0.1 pc away from the nucleus. Less
time variability of 6.4 keV line (Hiragi et al. in this pro-
ceeding) is also consistent with this picture. Figure 3

Fig. 5. Fe abundance of reflection or absorption material against the
redshift.

shows the equivalent width of the 6.4 keV line against
the absorption column density; the latter is determined
by wide-band spectral fitting of the Suzaku spectrum.
Thanks to well-constraint of absorption by the HXD
data, we obtained the clearest correlation than ever be-
tween the equivalent width and absorption; positive cor-
relation above NH = 1022 cm−2, and almost constant
equivalent around 40–120 eV width below NH = 1022

cm−2. The positive correlation is in good agreement with
the prediction of flueoresent line by the Compoton-thick
torus with various column density (Ikeda et al. 2009).
The latter trend indicates that the Compton-thick re-
flector also exists around the nucleus at the off line of
sight even for Seyfert 1 galaxies. It is also some hints
of smaller equivalent width for higher X-ray luminosity,
implying the ionization of reflectors for high luminosity
AGNs. This trend of the Baldwin effect (Iwasawa and
Taniguchi 1993) is clearly seen in figure 4, and Suzaku for
the first time found a clear trend for Seyfert 2 galaxies by
measuring the luminosity of direct component accurately
above 10 keV band. Thanks to good signal-to-noise ratio
around Fe-K lines and reflection humps, Suzaku can con-
strain the Fe abundance of absorber and reflector. We
thus obtained the Fe abundance by assuming that the ab-
sorber and reflector have the same metal abundance and
the metallicity is one solar abundance except Fe. Figure
5 shows the Fe abundance against the redshift. It can
be seen that the Fe abundance is around 0.5–1.2 solar,
and rules out the supersolar value which was suggested
for some cases by the previous X-ray measurements.

Unprecedented signal-to-noise ratio of the Suzaku data
for many AGNs revealed that ionized emission and ab-
sorption lines with an equivalent width of 10–50 eV are
very common for Seyfert galaxies, regardless of type 1
or 2 objects. The strongest emission lines are seen for
Compton-thick Seyfert 2 galaxies such as NGC 4945,
while the strongest absorption lines are seen for NGC
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Fig. 6. Equivalent width of 6.7 keV (left) and 7.0 keV (right) line against the absorption column density. Triangles or circles are AGNs with
the luminosity of < 1044 erg/s and > 1044 erg/s, respectively.

1365. No clear correlation with the absorption column
density indicates that the ionized material exists as blob-
like clouds, independently of the Compton-thick torus.
We observe absorption or emission line, when the ion-
ized blob exists toward the line of sight or does not.
Absorption lines are not seen for Compton-thick Seyfert
2 galaxies with NH > 1024 cm−2, indicating that the
viewing angle along the disk prevents the emission from
transimitting the ionized material which is considered
to exist above the disk. Figure 6 shows the relation of
equivalent width of 6.7 and 7.0 keV lines against the X-
ray luminosity, where the absorption line is expressed
as a negative value. There is a trend of smaller equiva-
lent width for higher X-ray luminosity, the first hint of
Baldwin effect for ionized Fe-K lines.

Although time variation of 6.4 keV line is very small
(Hiragi et al., in this proceeding), it is observed for 6.7
and 7.0 keV emission and absorption lines for some ob-
jects. Suzaku data of NGC 5548 show an example of
such variability in such a way that absorption line at 6.7
keV appeared when the flux became higher with a vari-
ability time scale of ∼ 10 days. Similar trend is also seen
in the Suzaku data of NGC 3227.

These observational features for ionized Fe-K lines can
be compared with the inner radius of dust torus against
the AGN optical luminosity (Suganuma et al. 2006),
where light travel time δt of inner radii of torus is propo-
tional to the square of luminosity as ∝ L0.5. For lumi-
nosity of 1044 erg/s, the inner radius of torus is around
100 light days, and thus within such a radius the irradi-
ation from the AGN central engine is significant. From
the variability time scale of ionized Fe-K lines, highly
ionized material is considered to locate around 0.1 pc
or so from the central engine. When the luminosity be-
comes higher than several 1044 erg/s, an inner region of
the dust torus become evaporated and also highly ion-

ized material are fully ionized and emission or absorption
lines cannot be observed. This picture matches that the
cold absorption column tends to be lower for high lu-
minosity AGNs (e.g. Ueda et al. 2003). Futhermore
higher luminosity the radiation becomes, massive out-
flow might occur as observed in some high luminosity
AGNs. Luminosity-dependence of these properties, re-
gardless of scatter of black hole mass by two orders of
magnitudes, indicates that the ionized material is associ-
ated with the parent galaxy rather than the supercritical-
accretion-induced outflow.
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Abstract

The Kerr spacetime of spinning black holes is one of the most intriguing predictions of Einstein’s
theory of general relativity. The special role this spacetime plays in the theory of gravity is encapsulated
in the no-hair theorem, which states that the Kerr metric is the only realistic black-hole solution to the
vacuum field equations. Recent and anticipated advances in the observations of black holes throughout the
electromagnetic spectrum have secured our understanding of their basic properties while opening up new
opportunities for devising tests of the Kerr metric. In this paper, we argue that imaging and spectroscopic
observations of accreting black-holes with current and future instruments can lead to the first direct test
of the no-hair theorem.

Key words: relativity — black hole physics

1. Introduction

According to the general relativistic no-hair theorem,
the Kerr metric is the only axisymmetric, vacuum so-
lution to the Einstein field equations that possesses a
horizon and no time-like loops (see Heusler 1996 and
references therein). Together with the cosmic censorship
conjecture, which states that a naked singularity can-
not be formed by an astrophysical process (see, however,
Shapiro et al. 1995), this theorem naturally leads to the
expectation that all astrophysical objects that have been
identified as black-hole candidates are indeed described
by the Kerr metric.

The Kerr nature of astrophysical black holes is a pre-
diction that needs to be tested observationally. It is still
mathematically possible within general relativity that
these astrophysical objects are described by a metric
with a naked singularity and no horizon, such as the
Manko & Novikov (1992) metric, violating the cosmic
censorship hypothesis. Alternatively, the massive ob-
jects we have identified as black-hole candidates may
be ultra massive “stars” (such as boson stars, Q stars,
gravastars, etc.) supported by fields and matter in con-
ditions that we have not encountered in terrestrial exper-
iments (see the discussion in Psaltis 2006; Barceló et al.
2008; Narayan & McClintock 2008). Finally, the theory
of general relativity itself may break down in the strong-
field regime, with the more complete theory leading to

a black hole solution that is not described by the Kerr
metric (e.g., Yunes & Pretorious 2009; also Psaltis et al.
2008 and Barausse & Sotiriou 2008). Testing the no-hair
theorem with astrophysical black holes offers the unique
opportunity for both rejecting alternative interpretations
of their nature and for verifying general relativity in the
strong-field regime.

The substantial improvement in observational tech-
niques of the last decade has led to the identification
of at least four observables from accreting black holes
that depend on the spacetimes very close to their event
horizons and allow, in principle, for a test of the no-hair
theorem (see also Psaltis 2008): (i) the high-resolution
images of the inner accretion flows (Doeleman et al. 2008;
Broderick et al. 2009), (ii) the relativistically broad-
ened iron lines in their X-ray spectra (e.g., Reynolds &
Nowak 2003; Fabian 2007; Nandra et al. 2007; Miller
2007), (iii) the maxima of the thermal spectra from their
accretion disks (e.g., Shafee et al. 2006, Narayan et al.
2007), and (iv) the quasi-periodic oscillations in their X-
ray lightcurves (Psaltis 2004; McClintock & Remillard
2006).

On the theoretical front, there have also been signifi-
cant recent advances in the development of frameworks
with which observations of black holes can be used to
test quantitatively the Kerr metric and search for vio-
lations of the no-hair theorem. These involve, for ex-
ample, the expansion of the black-hole spacetime into
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multipoles with coefficients that can be measured ob-
servationally (Ryan 1995), or parametric deviations of
the Schwarzschild (Collins & Hughes 2004) and of the
Kerr spacetimes (Glampedakis & Babak 2006; Vigeland
& Hughes 2009) for black holes with zero or finite spins,
respectively. Although these studies focused on the emis-
sion of gravitational waves from inspirals of compact ob-
jects onto supermassive black holes, the basic methods
they advocated can be extended to analyze and under-
stand observations of black holes in the electromagnetic
spectrum.

In this paper, we describe a parametric framework
with which tests of the no-hair theorem can be formu-
lated and performed with imaging and spectroscopic ob-
servations. We then explore the observable implications
of a violation of the no-hair theorem and discuss the
strategies with which a test of the theorem can be per-
formed in the near future.

2. Parametrizing Violations of the No-Hair Theorem

The Kerr metric is uniquely determined by only two pa-
rameters: the mass and the spin of the black hole (we
do not consider here the unlikely possibility that an as-
trophysical black hole will have a net charge). This al-
lows us to define a formal test of the no-hair theorem,
based on the work of Ryan (1995), in the following way
(see also Collins & Hughes 2004; Glampedakis & Babak
2006; Gair et al. 2008; Vigeland & Hughes 2009).

We can, in principle, expand the exterior metric of
any compact object in multipoles (Geroch 1970; Hansen
1974) and use observations to measure the coefficients of
the expansion. Because of the no-hair theorem, only two
of the multipole coefficients for the spacetime of a black
hole are independent. The coefficient of the monopole is
the mass M of the black hole and of the dipole is its spin
a. All higher-order coefficients will depend on the first
two, in the particular way dictated by the Kerr metric.
Testing the no-hair theorem requires measuring at least
the coefficient of the quadrupole q and verifying whether
it satisfies the Kerr relation q = −a2.

Four different approaches have been explored so far
for introducing additional non-Kerr hair to the space-
times of compact objects. Ryan (1995) studied a gen-
eral expansion of stationary, axisymmetric, and asymp-
totically flat spacetimes in Geroch-Hansen multipoles.
Collins & Hughes (2004) as well as Vigeland & Hughes
(2009) added Weyl-sector bumps to the Schwarzschild
and Kerr spacetimes. Glampedakis & Babak (2006) used
the Hartle-Thorne metric, which is valued for slowly
spinning compact objects in general relativity, and al-
lowed its quadrupole moment to attain non-Kerr val-
ues. Finally, Gair et al. (2008) considered a coupled set
of multipole moments in the Manko & Novikov (1992)
spacetime that depends on three parameters.

All the above approaches were developed originally in
order to test general relativity with future observations
of the gravitational waves generated during inspirals into
supermassive black holes (see Hughes 2006). The calcu-
lation of the waveforms of the gravitational waves them-
selves requires the solution of the time-dependent Ein-
stein field equations on the parametric post-Kerr back-
ground. As a result, the validity of general relativity
is assumed implicitly in the computation of these wave-
forms. This is not the case, however, when predicting
observables in the electromagnetic spectrum, which can
be calculated by requiring only the validity of the equiv-
alence principle.

As a first approach to testing the no-hair theorem,
we use the parametric post-Kerr spacetime obtained by
Glampedakis & Babak (2006). This approach uses a
single parameter associated to the quadrupole moment
of the spacetime to quantify potential deviations from
the Kerr metric, making it the simplest and most con-
cise possible avenue for testing the no-hair theorem.
Moreover, the complete metric of Glampedakis & Babak
(2006) remains a valid solution to the vacuum Einstein
field equations, allowing us to perform a self-consistent
test of the theorem and of the black-hole identification
of the compact object, within general relativity. The key
drawback of this metric is that it cannot be used in de-
scribing the exterior spacetimes of rapidly spinning black
holes. It will, of course, be optimal to perform the tests
of the no-hair theorem described below with all four of
the above formalisms in order to explore the robustness
of the results.

Following Glampedakis & Babak (2006), we start with
the most general axisymmetric spacetime of a slowly
spinning compact object in general relativity, allowing
for its quadrupole moment q to take arbitrary values.
We express the coefficient of the quadrupole multipole
as

q = −a2 + ǫ (1)

with the parameter ǫ measuring the degree of violation
of the no-hair theorem and all the multipole coefficients
expressed in geometric units. We then study the tra-
jectories of photons and particles in this spacetime and
identify the implications for various observables of the
presence of a non-Kerr quadrupole in the spacetime of a
black hole.

3. The observational appearance of black holes that vio-

late the no-hair theorem

We explored in detail the Glampedakis & Babak (2006)
metric in Johannsen & Psaltis (2009), addressing its po-
tential for testing the no-hair theorem with observations
in the electromagnetic spectrum. We identified a num-
ber of properties of the spacetimes that are significantly
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Fig. 1. (Left) The dependence of the location of the innermost stable circular orbit around a black hole on the black-hole spin a and on the
parameter ǫ that measures the degree of violation of the no-hair theorem. (Right) The trajectories of photons on the equatorial plane in
the vicinity of the black-hole horizon for spacetimes with different values of the parameter ǫ (Johannsen & Psaltis 2009).

affected by the presence of a non-Kerr quadrupole, with
observable consequences.

(i) The location of the innermost stable circular orbit
(ISCO). This is shown in Figure 1, as a function of the
spin of the black hole, for different values of the param-
eter ǫ. The location of the maximum emission from the
accretion flow around a black hole is expected to be very
close to that of the ISCO (see, e.g., Krolik & Hawley 2002
and references therein). As a result, the maximum tem-
peratures of geometrically thin accretion disks (Shafee et
al. 2006) as well as the brightness profiles of the VLBI
images from Sgr A∗ (Broderick & Loeb 2006; Noble et al.
2007; Dexter et al. 2009) will depend on the value of the
quadrupole. Moreover, the location of the ISCO deter-
mines the maximum redshift of relativistically broadened
iron lines. Observations of such lines have been used in
the past to infer the spins of black holes using the Kerr
metric (e.g., Brenneman & Reynolds 2006; Miller 2007),
but are also very sensitive to the quadrupole moment of
the spacetime.

(ii) The radius of the photon orbit . The radius of the
photon orbit is affected at the same level as the radius
of the ISCO and determines the size of the shadow of
the black hole on images of the accretion flow around it
(see Bardeen 1973; Falcke et al. 2000). Interferometric
observations of Sgr A∗ in the near future will allow for a
measurement of the detailed structure of the black-hole
shadow in this system (Fish & Doeleman 2009) and will
place a strong constraint on its quadrupole moment.

(iii) The velocity of matter at the ISCO . The accret-

ing material is expected to follow quasi-Keplerian or-
bits, while slowly drifting towards the black hole. The
high velocity of matter in these orbits introduces signifi-
cant Lorentz boosts to the emitted radiation and causes
the approaching region of the flow to appear bluer and
brighter than the receding one. The amount of Lorentz
boost depends on both the dipole and quadrupole mo-
ments of the spacetime. Therefore, measurements of the
relative brightness of the blue and red wings of relativis-
tic broadened lines as well as of the different regions in
the images of accretion flows can be used in constrain-
ing the relative magnitudes of the dipole and quadrupole
moments.

(iv) The detailed trajectories of photons that propagate
close to the black hole. The amount of gravitational
lensing in the vicinity of the black hole is affected sig-
nificantly by the quadrupole moment of the spacetime,
as shown in Figure 1. This leads to non-trivial deforma-
tions of black hole images and of the profiles of relativis-
tically broadened iron lines, which will be detectable in
future high signal-to-noise observations.

One of the main difficulties in constraining the vio-
lation of the no-hair theorem using observations in the
electromagnetic spectrum arises from the existence of de-
generacies between changing the dipole (i.e., the spin
of the black hole) and the quadrupole moments of the
spacetime. This would indeed be a problem if we were
to use observables that depend only on the location of the
ISCO (c.f. Figure 1), such as the maximum temperature
of geometrically thin accretion disks and the maximum
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redshift of broadened iron lines. However, the detailed
profiles of the continuum and line spectra as well as of the
images from accretion flows depend also very strongly
on the velocity of matter at the ISCO and on the self-
lensing of the radiation emitted near the black hole. As a
result, high signal-to-noise observations encode indepen-
dent signatures of the dipole and quadrupole moments
of the black-hole metrics that break the degeneracy be-
tween them.

4. Conclusions

Astrophysical observations of black holes offer the unique
opportunity of testing the Kerr metric and thus the no-
hair theorem, which is one of the most extreme general
relativistic predictions. In this paper, we presented a
framework for such tests using observations of accreting
black holes in the electromagnetic spectrum.

There are at least two types of observations of accret-
ing black holes that will become possible in the near
future and carry the potential of performing such tests.
First, radio and sub-mm observations of the black-hole
in the center of the Milky Way will be able to produce
snapshots of the innermost accretion flow, resolving the
shadow of the black hole (Doeleman et al. 2008; Fish
& Doeleman 2009). Second, the broad iron lines and
detailed continuum spectra that will be observed from
many accreting black holes with the International X-ray
Observatory will offer an alternative approach to testing
the no-hair theorem. These observations, in conjunc-
tion with the anticipated detection of gravitational waves
with LISA (see Hughes 2006) and the high-resolution im-
ages of the stars in the vicinity of Sgr A∗ (Will 2008),
will allow us in the near future to map in detail the
spacetimes of black holes.
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Abstract

We describe the results from our 120 ks Suzaku observation of the BLRG 3C 382, together with non-
simultaneous Swift BAT data. The 0.4–150 keV spectrum is well described by Seyfert-like emission, with
some subtle differences. These reinforce the notion that radio-loud AGN exhibit X-ray properties clustered
at one end of the distribution for radio-quiet ones, with significant overlap.
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1. Introduction and Motivation

Some outstanding open questions in the study of Active
Galactic Nuclei are: What is the origin of the power-
ful, relativistic jets observed in the so-called radio-loud
AGN? And why - if all AGN are powered essentially
by the same mechanism, accretion onto a supermassive
black hole - are they observed only in a fraction of active
galaxies? Does that imply special conditions in the ac-
cretion regions of these sources? X-rays, being generated
in the innermost regions of AGN, can help address these
questions.

As part of our ongoing X-ray spectroscopy study of RL
AGN (started in 1999 with ASCA, Sambruna, Eracleous,
& Mushotzky 1999), we acquired Suzaku observations of
the Broad-Line Radio Galaxy 3C 382. Here we report
the preliminary results, while a full account and interpre-
tation of the data will be forthcoming. Another BLRG
of our program, 3C 111, is described in these proceed-
ings by Ballo et al., while 3C 390.3 has been published
in Sambruna et al. (2009).

2. A brief identikit of 3C 382

3C 382 is a powerful FRII radio galaxy at z = 0.057
with a double-lobed structure and a jet in the north-
ern lobe that ends in a hotspot. Optically, the radio
source is identified with a disturbed elliptical galaxy
dominated by a very bright and unresolved nucleus (Mar-
tel et al. 1999), located in a moderately rich environment
(Longair & Seldner 1979). The optical spectra show a

strong continuum and prominent broad lines resulting
from photoionization by a power-law type of spectrum
(Tadhunter, Perez, & Fosbury 1986).

In the X-ray band, 3C 382 was extensively studied be-
ing bright, F2−10 keV ∼ 10−11 erg cm−2 s−1. Previous
ASCA observations showed that the continuum is fitted
with a single power law with a very broad (width σG ∼ 2
keV) and strong (Equivalent Width EW ∼ 1 keV) Fe Kα

emission line, plus a variable soft excess modeled either
with a thermal or a blackbody (Sambruna et al. 1999
and references therein). Our 118 ks Chandra HETG ob-
servation shows the presence of absorption features be-
low 2 keV, indicating a moderate velocity, pc-kpc scale
outflow (Reeves et al. 2009).

3. Observations

Suzaku observed 3C 382 on April 27, 2007 for a total
exposure time of 120 ks. We used standard cleaning
criteria as described in Sambruna et al. (2009) for both
the XIS and HXD instruments. The net exposure time
after screening was 116 ks. The source is detected with
the HXD PIN up to 70 keV.

The XIS spectra were extracted from a circular region
of 2.9′ radius centered on the source. Background spec-
tra were extracted from four circular regions offset from
the main target and avoiding the calibration sources in
the field. The XIS response (rmf) and ancillary response
(arf) files were produced, using the latest calibration files
available, with the ftools tasks xisrmfgen and xissimarf-
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Fig. 1. Broad-band Suzaku and Swift BAT spectrum of the BLRG 3C 382. Black, blue, and red: XIS1, XIS0+3, and HXD PIN data,
respectively. Green: BAT data. The best-fit model is a power law with cold reflection plus three Gaussian lines. A blackbody parameterizes
the soft excess.

gen, respectively. The source spectra from the FI CCDs
were summed, and fitted jointly with the BI (the XIS1)
spectrum. The net XIS source spectra were binned with
a minimum of 100 counts per bin.

A Swift BAT spectrum was obtained from the 22-
month survey archive. The data reduction and extrac-
tion procedure of the 8-channel spectrum is described
in Tueller et al. (2008). We used the latest calibration
response diagonal.rsp and background files as of June
2008. The BAT spectrum is consistent with the HXD
PIN in the region of overlap and further extend the range
of sensitivity for the spectral fits up to 150 keV.

4. Results

The 0.4–150 keV spectrum of 3C 382 is best described
by a model including a power law with photon index
Γ ∼ 1.82 modified by Galactic absorption (NH = 5×1020

cm−2) at the lower energies, and with a high-energy cut-
off at ∼ 200 keV; plus a narrow, resolved Fe Kα emis-
sion line with width σG ∼ 100 eV and EW ∼ 57 eV. At
low energies a blackbody with kT ∼ 80 eV parameter-
izes the soft excess (Reeves et al. 2009). A reflection
component from a cold slab (pexrav in XSPEC) is also
included to fit the HXD and BAT data above 10 keV,
yielding an albedo R ∼ 0.5, for an inclination angle fixed
to cos θ = 0.87. The broad-band spectrum is shown in
Figure 1, while Figure 2 shows the confidence contours
of the reflection albedo versus the cutoff energy. The
continuum flux is 6.5 × 10−11 erg cm−2 s−1 over the 0.6–
10 keV band.

In Figure 3 we show the residuals of a single power

law fit to the data, zoomed-in in the Fe K region to il-
lustrate its further complexity. Specifically, beside the
narrow core of the Fe Kα line, there is evidence for an
emission line at observed energies of 6.5 keV (7.0 keV
rest-frame) and 7.0 keV (7.5 keV rest-frame). The for-
mer is very weak, EW=20 eV, and could be a blend of
the weak Fe XXVI Lyalpha (6.97 keV) and Fe I Kbeta
(7.06 keV) lines. The 7.5 keV line has EW=30 eV and is
highly significant, with ∆χ

2 = 25 for 3 additional param-
eters. A Monte Carlo simulation shows that the 7.5 keV
line is detected with a probability of 10−3. A deep obser-
vation with Suzaku or XMM-Newton would confirm the
existence of the putative blue-shifted emission in 3C382.

5. Discussion

The Suzaku observations of the BLRG 3C 382 reveal
that its broad-band X-ray spectrum is dominated up
to 200 keV by a Seyfert spectrum. Of all the bright
BLRGs studied so far at X-rays, perhaps 3C 382 is the
most Seyfert-like in its X-ray properties among classical
BLRGs, and yet there are some subtle differences that
set it apart from the bulk of its radio-quiet cousins.

In 3C 382, the Fe Kα velocity width of ∼ 10000km s−1

implies an origin at about 1000 gravitational radii, con-
sistent with the outer accretion disk or Broad Line Re-
gion, in agreement with other BLRGs (Sambruna et al.
2009), and weaker than in Seyferts. The width of the
Fe Kα line is similar to the width of the double-peaked
optical emission lines (Eracleous & Halpern 1994), sup-
porting an origin in the BLR. Cold reflection is clearly
detected (Figure 2), albeit weaker than in most Seyferts,
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Fig. 2. Confidence contours at 68, 90, and 99% level for the reflection albedo versus the power law energy cutoff.

where R = 0.63−1.35 (Nandra et al. 2007). The photon
index, Γ ∼ 1.8, is typical of radio-quiet sources where the
X-rays are produced by Comptonization processes in a
disk-corona system.

In conclusion, 3C 382 exemplifies the trend unearthed
by Suzaku and XMM-Newton for radio-loud vs. radio-
quiet AGN. Indeed, the current evidence suggests that
the range of Compton reflection albedoes and Fe Kα

widths in radio-quiet Seyferts is much larger than in the
ASCA era, with some sources having little or negligi-
ble reflection humps and broad emission lines, similar
to some BLRGs (Sambruna et al. 2009, and references
therein). It seems, then, that BLRGs are clustered at
one end of the distribution of X-ray spectral parameters
for Seyferts, with significant overlap. This may indi-
cate a substantial similarity of accretion conditions in
the central engines, with only one or two parameters re-
sponsible for the radio-loud or radio-quiet flavor, e.g.,
the black hole spin and accretion rate (e.g., Garofalo,
Evans, & Sambruna 2009, submitted).

With their broad-band coverage and improved sensi-
tivity Suzaku and XMM-Newton have opened a new era
in the study of AGN at X-rays. Together with exciting
new developments from the theoretical side, perhaps we
are finally at the verge of cracking the radio-loud/radio-
quiet mystery.
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Fig. 3. Zoom-in of the Fe K line region in the Suzaku XIS spectrum of 3C 382. Blue: XIS1, Black: XIS0+3. The narrow core of the Fe Kα

line, plus two additional emission lines at 6.5 and 7.5 keV can be easily seen.
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Abstract

Over recent years, Suzaku and XMM-Newton observations of neutron star low-mass X-ray binaries
have uncovered broad, asymmetric Fe K emission lines in these sources. It is believed that the lines arise
from irradiation of the innermost accretion disk. Thus, the line profile is skewed by relativistic effects
present there, leading to a measure of the inner disk radius. We summarize our comprehensive analysis of
the spectra from 10 neutron star low-mass X-ray binaries here. We not only fit simple phenomenological
models to the spectra, but also a more self-consistent approach using a reflection model wherein a blackbody
provides the irradiating flux. Such a model is appropriate for these sources where a blackbody dominates
the spectrum from around 8− 20 keV. A realistic geometry for this reflection would involve the boundary
layer (the assumed source of blackbody-like emission) irradiating the inner disk. From our modeling,
we only find a small range in inner disk radius (6 − 15 GM/c2 in the majority of cases), and find no
obvious trend with luminosity. One particularly interesting source is the accreting millisecond X-ray
pulsar SAX J1808.4−3658. The Fe K emission line in this source allows us to estimate the magnetic field
strength in this system to be ∼ 3 × 108 G, broadly consistent with previous independent estimates.

Key words: X-rays: binaries — stars: neutron — accretion, accretion disks

1. Introduction

Accretion disks around black holes and neutron stars are
unique probes of strong gravity as relativistic effects are
prominent in regions close to these objects. Any emis-
sion that comes from these close-in regions therefore has
these relativistic effects imprinted on it. One particu-
larly noticeable feature of the X-ray spectra from these
sources is often a Fe Kα emission line at around 6.4-
6.97 keV. In many cases, this line is observed to show an
asymmetric profile (see Miller 2007 for a recent review).
Such asymmetric profiles are naturally explained if the
Fe Kα emitting region is close to the compact object,
where relativistic Doppler effects and gravitational red-
shifts are strong (e.g. Fabian et al. 1989). These effects
cause the emission line to be broadened and skewed.

For the most part, there has until recently been more
of a focus on Fe Kα emission lines in black hole sys-
tems. It is not that the lines do not exist in neutron

star low-mass X-ray binaries, they have actually been
known of for a number of years (e.g. White et al. 1986,
Hiraino 1987, Asai et al. 2000, Di Salvo et al. 2005).
But, the reason is two-fold (i) observationally, the lines
in black hole systems typically have much higher equiva-
lents widths, and so the characteristic asymmetric profile
was more easily observed, and (ii) measuring the inner
accretion disk radius around a black hole can lead to
an estimate of its spin, one of only two quantities that
describe an astrophysical black hole. However, over the
last few years, it has become clear that Fe Kα emission
lines in neutron star low-mass X-ray binaries also show
the characteristic asymmetric line profiles (e.g., Bhat-
tacharyya & Strohmayer et al. 2007; Cackett et al. 2008;
Pandel et al. 2008; D’Aı̀ et al. 2009; Cackett et al.
2009a,b; Papitto et al. 2009; Reis et al. 2009, Di Salvo
et al. 2009, Iaria et al. 2009). This development has,
in no small part, been achieved by using the high effec-
tive area and broadband spectral coverage provided by
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Suzaku, in addition to XMM-Newton. Now, there are
clear lines seen in at least 10 neutron star LMXBs (see
Cackett et al. 2009b, and references therein), compara-
ble to the number of lines observed in black hole X-ray
binaries.

Fe Kα lines in neutron star low-mass X-ray binaries are
of particular interest - measuring the extent of the inner
disk naturally places an upper limit on the stellar radius.
Radius and/or mass constraints for neutron stars are vi-
tally important in determining the equation of state of
the ultra dense matter (e.g. Lattimer & Prakash 2004).
Moreover, the space-time around a neutron star is very
close to the Schwarzschild metric - the innermost stable
orbit in the Schwarzschild metric for a mass of 1.4 M⊙

corresponds to about 12 km, very close to the expected
radius of a neutron star. Furthermore, measuring the
inner disk radius in many different states/luminosities
may lead to a better understanding of the accretion flow
around these objects and its evolution.

Here, we present recent results on Fe Kα line in
neutron star low-mass X-ray binaries from Suzaku and
XMM-Newton observations. The work presented here is
based on Cackett et al. (2008, 2009a, 2009b). Please see
those papers for more details that cannot be included in
a short conference proceedings.

2. Reflection in neutron star LMXBs

Before discussing the observations, it is worth discussing
‘reflection’. The Fe Kα emission line is just the most
prominent feature of a ‘reflection’ spectrum – hard X-
rays irradiate the accretion disk and are reflected back
towards our line of sight. Fe Kα is the strongest
feature due to its abundance and fluorescence yield,
though other lines are also produced at lower energies.
Other, more subtle features, including a Compton back-
scattering reflection hump between 20-30 keV are also
present (e.g., George & Fabian 1991). In black hole
sources, reflection has been explored in detail, with a
number of models for both neutral and ionized reflec-
tion (e.g., George & Fabian 1991; Magdziarz & Zdziarski
1995; Nayakshin & Kallman 2001; Ballantyne et al.
2001; Ross & Fabian 2007). Both the Fe K line and re-
flection have been clearly revealed in a number of black
hole sources of the past decade or so. In these black hole
objects, it is assumed that a power-law spectrum of hard
X-rays irradiates the disk.

In neutron star low-mass X-ray binaries, reflection has
been studied in less detail thus far. The geometry here
is also different than the black hole case because of the
presence of the stellar surface. The Keplerian frequency
of the inner disk is faster than that of the spin of neu-
tron stars, thus as material from the disk reaches the
surface it must lose angular momentum. This is thought
to happen in a boundary layer, though whether this is a

Fig. 1. Blurred reflection models for irradiation by a power-law, Γ = 2
(black) and a blackbody, kT = 2 keV (gray) both for an ionization
parameter of 1000 (models are from Ballantyne et al. 2001 &
Ballantyne 2004). The spectra are relativistically blurred assuming
an emissivity index q = 3, Rin = 10 GM/c2, Rout = 1000 GM/c2,
and inclination = 30◦. NH = 5 × 1021 cm−2 was used.

vertically and radially extended region (e.g. Popham &
Sunyaev 2001) or a spreading layer on the surface (Inog-
amov & Sunyaev 1999) remains unclear. However, this
boundary layer may act to provide the source of hard X-
rays irradiating the disk in these neutron star low-mass
X-ray binaries (e.g., Brandt & Matt 1994, Popham &
Sunyaev 2001). The boundary layer spectrum should be
close to a blackbody when the material is optically thick.

The resulting reflection spectra from a irradiating
power-law (as for black holes) and irradiating blackbody
(for neutron stars) is quite different (see Fig. 1). Most
noticeable, is that the Compton back-scattering hump
that one can easily see in the power-law case is hidden
by the sharp drop off above 10 keV in the reflected com-
ponent in the blackbody case. Later in this paper, we
will apply the latter model to broadband Suzaku spectra.

3. Source sample and data analysis

In our recent paper (Cackett et al. 2009b), we present
a comprehensive analysis of 10 neutron star LMXBs, re-
analyzing archival data in a systematic way, as well as
presenting new observations of several objects. Of the
10 sources, 4 are standard atolls (Ser X-1, 4U1636−53,
4U 1705−44, 4U 1820−30), 4 are Z sources (GX 17+2,
GX 340+0, GX 349+2, Cyg X-2) and 2 are ac-
creting millisecond X-ray pulsars (SAX J1808.4−3658,
HETE J1900.1−2455), and are also atolls. We looked
at both Suzaku and XMM-Newton observations of these
sources, and in several cases there were multiple obser-
vations of the same source. For full details of the data
reduction, observational details, and original references,
please refer to Cackett et al. (2009b). In brief, the data
analysis was executed in the standard manner. For the
Suzaku observations we were careful to excise the core of
the point spread function when extracting the spectra in
order to reduce pile-up.
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Fig. 2. A summary of Fe K emission lines in neutron star low-mass X-ray binaries, shown as a ratio of the data to the phenomenological
continuum model. Data is from Suzaku (black) and XMM-Newton (gray), and the best-fitting diskline models are shown as a solid line.

Spectral fitting was performed with XSPEC v12. Our
spectral fitting approach was two-fold. Firstly, we fit-
ted a phenomenological model, describing the contin-
uum with a model comprising of a multicolor disk black-
body, single temperature blackbody and a power-law (all
modified by Galactic absorption), and we ensured that
all components were required statistically before adding
them to the model. For the Fe K line we used the diskline
model (Fabian et al 1989) which is appropriate for a
Schwarzschild metric. As the innermost stable orbit in
the Schwarzschild metric is close to the expected neutron
star radius, and as the dimensionless angular momentum
parameter for neutron stars is not close to 1, this line
model is appropriate here. A summary of the observed
Fe K emission lines is shown in Fig. 2.

The second approach we used was chosen to be more
self-consistent. Here, we modeled the continuum in the
same way as above, yet instead of using the diskline
model to fit the iron line, we included a relativistically
blurred reflection model. The reflection model we chose
was developed for the case of X-ray bursts where the
burst on the neutron star surface illuminates the disk
(Ballantyne & Strohmayer 2004, Ballantyne 2004). In
that model, a blackbody component irradiates a uniform
slab. From the phenomenological fitting, it is clear that a
hot single temperature blackbody component is the dom-
inant flux between ∼ 8−20 keV, and thus is providing the
majority of the flux able to ionize Fe. The geometrical
picture, then, is one where the boundary layer (whose
emission is approximately a blackbody when optically
thick) irradiates the inner accretion disk, leading to a
reflection component with a prominent Fe K emission
line (see Fig. 1). Of course, as this reflected component
originates at the inner part of the accretion disk, it is
subject to relativistic effects, thus, the reflection compo-
nent is relativistically blurred (by convolving with the

diskline model).

4. Results & Discussion

Rather than present a large number of tables here, we
refer the reader to Cackett et al. (2009b) for a complete
set of results from all spectral fitting and a more detailed
discussion. The measured inner disk radii (for both phe-
nomenological and reflection fits) are shown in Fig. 3.
In the cases where there are multiple observations, the
one with the smallest fractional uncertainty was chosen.
This figure demonstrates the narrow range of inner disk
radii that we find. We also show the inner disk radius
as a function of 0.5-10 keV source luminosity in Fig. 4.
From this, there is no apparent trend of inner disk radius
with luminosity.

Modeling of the continuum shows that in the major-
ity of observations, a blackbody component (potentially
associated with the boundary layer) dominates the ioniz-
ing flux that irradiates the accretion disk. Our reflection
modeling that uses an irradiating blackbody component
fits the data well in almost all cases (only the millisecond
pulsars require a power-law reflection model). This sup-
ports the idea that the boundary layer between the inner
accretion disk and the stellar surface can illuminate the
disk leading to reflection. The reflection fits lead to a
measurement of the ionization parameter, which we find
to be in the range log ξ = 2.6− 2.8, though this is natu-
ral given that the EW of Fe K peaks at these ionization
parameters in this model (Ballantyne 2004).

4.1. Magnetic field estimate in SAX J1808−3658

An interesting source to study is the accreting millisec-
ond X-ray pulsar SAX J1808.4−3658. The discovery of
a broadened Fe K emission line in this object (Cackett
et al. 2009a, Papitto et al. 2009), allows for an indepen-
dent constraint on the magnetic field strength (Cackett
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Fig. 3. The measured inner disk radii for phenomenological (left) and
reflection (right) models. The dashed line marks the radius of the
innermost stable circular orbit for a Schwarzschild metric, and is
the lower limit allowed in the model.

Fig. 4. Inner disk radius from phenomenological fits as a function of
0.5-10 keV luminosity.

et al. 2009a). As the source is known to be pulsat-
ing, we can assume that the accretion flow is truncated
at the magnetospheric radius. This would allow mate-
rial to flow along the field lines and onto the stellar sur-
face leading to hotspots and pulsations. If we assume,
then, that the inner disk radius measured from the broad
Fe K line (13.2 ± 2.5 GM/c2) is the magnetospheric ra-
dius we can estimate the magnetic field strength to be
B = (3.2±1.0)×108 G at the magnetic poles (Cackett et
al. 2009a). This compares well with previous, indepen-
dent estimates (Psaltis & Chakrabarty 1999; Di Salvo &
Burderi 2003; Hartman et al. 2008).
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Abstract

A fair fraction of Galactic stellar-mass black holes are reported to be rapidly spinning, based on their
broad Fe-K lines. However, such broad features couple strongly with the spectral continuum, and cause
the modeling to degenerate. By carefully analyzing broad-band Suzaku data, and also employing the
information on optically-thick disk emission, GX 339−4 is inferred to harbor a low-spin black hole. In
addition, the Suzaku spectra of the Seyfert galaxy MCG-6-30-15 are interpreted in an alternative way,
without invoking the rapid black-hole spin.

Key words: black holes: continua — black holes: iron lines — black hole: disk inner radii

1. Introduction

A mass-accreting black hole (BH) is characterized by its
mass MBH, accretion rate, inclination i, and the spin pa-
rameter, a∗. Among them, a∗ is the observationally least
constrained, yet theoretically important, parameter. We
may estimate a∗ by measuring iron line profiles, which
become broader and more skewed due to stronger rela-
tivistic effects as a∗ increases (e.g., Fabian et al. 1989).
This is mainly because the radius of innermost stable
circular orbit (ISCO) changes form 6Rg for a∗ = 0 (non-
spinning) down to 1.24Rg for a∗ → 1 (maximally rotat-
ing), where Rg ≡ GMBH/c2 is the gravitational radius.

The wide-band Suzaku observation of the Seyfert
galaxy MCG–6-30-15 in fact gave a∗ > 0.917 (Miniutti
et al. 2007). In addition, a fair number of black-hole
binaries (BHBs) are reported to have similarly high val-
ues of a∗ (Miller 2007; Miller et al. 2009). However, the
claimed Fe-K lines are so broad, that their profiles cou-
ple strongly with the continuum determination. Here,
we critically review the issue.

2. Lessons from Cyg X-1

The Suzaku observations of Cyg X-1 (Makishima et al.
2008) have yielded a number of important implications.
In Fig. 1, we show its spectral ratios against those of
GRO J1655−30 (Takahashi et al. 2008), both obtained
with Suzaku in the Low-Hard State (LHS). From this
figure alone, we can derive some important inferences.

1. Since the absorbing column is similar between the
two, the low-energy rise of the ratio is due to a
higher visibility of the disk emission in Cyg X-1.
This is partially caused by their inclination differ-
ence (i ∼ 45◦ for Cyg X-1 and i ∼ 70◦ for the other).

2. A moderately broad Fe-K line feature is seen. This
results from a stronger line of Cyg X-1, which in turn
is probably due to the inclination difference. How-
ever, the ratios do not show any extremely broad
Fe-K line component: it would be unlikely that such
features in the two spectra cancel out by chance.

3. Nowhere in the 1 ∼ 100 keV range, the ratios ex-
hibit a simple power-law (PL) shape. Therefore, the
continuum of either (or both) object should deviate
from a pure PL. This applies to the the 2–4 keV
range which is used in the Fe-K line modeling.

A relativistic modeling of the Fe-K line in Cyg X-
1 gave the innermost radius of line-emitting region as
RFe ∼ 15Rg, in agreement with Miller et al. (2009).
Considering Comptonization of the disk photons, the in-
ner radius of the optically thick disk was also estimated
as Rin ∼ 15Rg. Thus, we confirm RFe ∼ RFe, and con-
clude that the disk in the LHS does not reach the ISCO.
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Fig. 1. Ratios between the Suzaku spectra of Cyg X-1 and
GRO J1655−30 (from Makishima et al. 2008 and Takahashi et
al. 2008). The inset shows a zoom up of the 4–10 keV region.
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3. Problems with Continuum Modeling

As revealed by Fig. 1 and Makishima et al. (2008), con-
tinua of BHBs, which underly the Fe-K line region, may
be too complex to be expressed by a single PL plus a sim-
ple multi-color disk (MCD; Mitsuda et al. 1984) model.
This poses a difficulty, when trying to quantify broad
line features that are only a few percent level above the
continuum. When a simple continuum plus a narrow
line model leaves broad negative residuals around the
Fe-K line, we know that the continuum model is wrong.
However, if broad positive residuals are seen, we cannot
readily tell whether they are real or caused by a wrong
continuum. Such a degeneracy occurs when, e.g., the
continuum has multiple PL slopes (like in Cyg X-1); or
the disk emission is slightly Comptonized; or the model-
ing of disk reflection is inappropriate; or the emission is
partially covered by an absorber.

As a simple exercise of the 2nd case above, let us
consider a model spectrum of Fig. 2a, which emulates
a BHB spectum in the Very High state. After Kubota
& Makishima (2004), the continuum is composed of a
single PL with a photon index Γ = 2.62 (thin solid line),
and a Comptonized blackbody (compbb) with a temper-
ature of 0.51 keV. The Comptonizing electron tempera-
ture is assumed to be 20 keV, and the optical depth as
τ = 0.38. After Cyg X-1, we add a laor Fe-K line, with
RFe = 15Rg and an emissivity index q = 3.
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Fig. 2. An exercise of false broadening of the Fe-K line. (a) A νFν
form of the assumed model, which consists of a PL, a Comp-
tonized BB, and a moderately broad Fe-K line. (b) A simulated
XIS spectrum (gray), fitted with a BB+PL model without con-
sidering the Comptonization. (c) Ratios of the simulated data to
the model, which does (black) and does not (gray) consider the
disk Comptonization.

Figure 2b shows the simulated Suzaku XIS spectrum
based on the above model. By fitting it with the same
compbb+PL continuum, but ignoring the 4–7 keV range,
the data to model ratio becomes as shown in Fig. 2c
in black; the assumed Fe-K profile is restored all right.
However, if we force τ = 0 and readjust the other param-
eters, the ratio falsely exhibits a much broadened Fe-K
wing (Fig. 2c gray). As a confirmation, we fitted the en-
tire spectrum by a compbb+PL+laor model with τ = 0.
In this successful (χ2

r = 1.18 for ν = 425) fit, the laor
inner radius became RFe/Rg = 1.78+0.21

−0.34. The Compton
tail in the disk emission has been mistaken for a broad
Fe-K line wing, leading to a false measurement of a∗.

4. The Case of GX 339−4

Using XMM-Newton and Suzaku data, Miller et al.
(2004, 2008) claimed that the Fe-K line of GX 339-4
is extremely broad, and hence this BHB hosts a maxi-
mally rotating BH with RFe ∼ Rg. However, reanalyzing
the Suzaku data, Yamada et al. (2010) found that the
XIS data utilized by Miller et al. (2008) suffer strong
event pile up, which distorts the continuum shape and
indirectly affects the Fe-K line profile.

Even putting aside the pile up issue, the Fe-K line pro-
file depends considerably on the continuum as shown in
Fig. 3. There, the background-subtracted data from the
XIS (pile-up uncorrected) and HXD-PIN are shown di-
vided by two sets of MCD+PL models. When Γ = 2.2
is used as Miller et al. (2008) did, the Fe-K line pro-
file (grey) appears very broad, but the continuum be-
comes too hard to explain the HXD-PIN data. When
Γ = 2.44 is chosen and the model parameters are read-
justed (black), the continuum matches the HXD-PIN
data, leaving a room for reflection, and the Fe-K line
profile becomes much narrower. In reality, the PL slope
should be even steeper, when the piled up XIS events are
discarded (Yamada et al. 2010). This exemplifies how
the continuum modeling affects the Fe-K line shape.
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Fig. 3. The Suzaku XIS and HXD-PIN spectra of GX 339−4, nor-
malized to two sets of MCD+PL models with different parameters
(neither optimized). The XIS data are accumulated over 0′ − 4′,
where the pile up effects are severe. This figure is similar to Fig. 3
of Yamada et al. (2010), except that the HXD-PIN data are in-
cluded here with its cross normalization adjusted arbitrarily.
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Yamada et al. (2010) performed a full reanalysis
of the Suzaku XIS, HXD-PIN, and HXD-GSO data of
GX 339−4, discarding central regions of the XIS im-
age to avoid the pile up. Figure 4 shows the fit good-
ness as a function of RFe/Rg, referring to an absorbed
disk+PL+pexriv+laor model where disk is some disk
emission model and pexriv represents reflection from
an ionized medium. When the central 2′ is excluded and
the disk emission is represented by an MCD model, the
best-fit is found at RFe/Rg < 3.5 (open circles) in agree-
ment with Miller et al. (2008). However, when the MCD
is replaced by a compbb, the results become umbiguous
(grey squares), due to another chi-square minimum at
RFe/Rg ∼ 10. Finally, an analysis using again an MCD
model, and the XIS spectrum from r > 3′, favors the
RFe/Rg ∼ 10 solution (filled circles), i.e., a non-spinning
BH. Thus, we cannot draw a definite conclusion on a∗.
What we can say for sure is that all the models indicate
RFe/Rg < 15; namely, the line is broad.

88

89

90

91

92

162

164

166

168

170

172

10
RFe/Rg

20 502 51

MCD+pexriv+laor

compbb+pexriv+laor

C
h

i-
sq

u
a
re

 (
ν

=
8

9
) C

h
i-sq

u
a
re

 (ν
=

1
4

2
)

r >2’ 

r >3’

86

r >2’ 

Fig. 4. Goodness of the joint fit to the XIS, PIN, and GSO spectra of
GX 339−4, shown as a function of the laor inner disk radius RFe.
Open and filled symbols are for the XIS spectrum from r > 2′

(ordinate on the right) and r > 3′ (on the left), respectively.
Models are given in the figure top (Yamada et al. 2010).

5. Information from the Disk Emission

Since the Fe-K line profile is often subject to model de-
generacies (§3, §4), we vitally need to incorporate some
independent methods of spin determination. One viable
way is to quantify the emission form optically-thick ac-
cretion disks, using, e.g., a simple MCD method, and
estimate its inner radius Rin. Then, on condition that
the source distance, inclination, and the BH mass are
known with reasonable accuracy, we can estimate the
Rin/Rg ratio which is sensitive to a∗. Its application to
Cyg X-1 was already mentioned in §2. Similarly, Yamada
et al. (2010) obtained Rin/Rg = 5－ 32 from the Suzaku
data of GX 339−4; this agrees with the filled circles in
Fig. 4, and reinforce the view that the BH in GX 339−4
is spinning only weakly (if any).

Admittedly, these Rin results on Cyg X-1 and
GX 339−4 are somewhat fragile, because the disk emis-
sion is relatively weak in both cases, and we had to
consider disk photons that are Comptonized into the
PL. In contrast, a much unambiguous results was ob-
tained in a Tenma observation of GX 339−4 (Makishima
et al. 1986), made previously in a typical High/Soft
state where the disk emission dominated the signals be-
low 10 keV. As re-phrased in Yamada et al. (2010), the
Tenma data yielded Rin/Rg = 2.8−11.2, considering the
distance and mass uncertainties. This agrees well with
the Suzaku estimates on RFe/Rg and Rin/Rg described
above. Therefore, we regard the BH in GX 339−4 as
only weakly spinning, in contrast to Miller et al. (2008).

Even if the accretion disk can be regarded as a stan-
dard one, the MCD model (Mitsuda et al. 1984), we ad-
mit, gives only an approximation to its integrated emis-
sion, with various inherent incompleteness. It ignores
all the special/general relativistic effects, neglects zero-
torque inner boundary condition, and assumes that the
color temperature is equal to the effective temperature.
To reduce such incompleteness, we have developed a sim-
ple method to empirically correct the MCD-determined
values of Rin for some of these effects (Kubota et al.
1998; Makishima et al. 2000). In short, we multiply raw
values of Rin by a factor of 1.18, which is a combination of
a color hardening factor 1.7 (Shimura & Takahara 1995),
and a correction factor 0.41 for the inner boundary con-
dition; 1.72 × 0.41 = 1.18.
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Fig. 5. Values of Rin of some BHBs derived from the MCD fit (using
the correction factor of 1.18), compared with their BH masses
estimated via optical kinematics of the companions. Adapted
from Makishima et al. (2000). The information on GX 339−4
has been added.
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Tools used in any measurement need calibration. This
is particularly the case when the MCD method is used to
measure Rin (§4), because the above correction factor of
1.18 may appear too arbitrary and hence unwarranted.
Fortunately, a good calibration has been provided by
Fig. 5 (Makishima et al. 2000), where we plot the X-
ray measured Rin (after multiplied by 1.18) of several
BHBs against their BH masses estimated from optical
kinematics of their companions. Thus, the four objects
with filled circles are consistent with the condition of
Rin/Rg = 6 (non-spinning BHs). The case of GX 339−4
(grey trapezoid), based on the Tenma result (Makishima
et al. 1986), is similar. In contrast, two micro-quasares,
GRO J1655−40 and GRS 1915+105, exhibit significantly
smaller Rin suggestive of larger a∗.

Figure 5 thus imply that the MCD method is reliable
to a reasonable accuracy. At the same time, it suggests
that significantly non-zero values of a∗ may be found
only in the two micro-quasares among the sample of 7
BHBs. More quantitative results will be obtained by
employing more sophisticated disk emission models that
consider general relativistic effects and inner boundary
conditions (e.g., Dovc̆iak et al. 2004; Shafee et al. 2008).

6. Remarks on Seyfert galaxies

Now that we need to be cautious about the “braod” Fe-
K lines in BHBs, how about the same features in Seyfert
galaxies, first detected with ASCA from MCG-6-30-15
(Tanaka et al. 1995), and then from a fair fraction of
Seyfert galaxies with, e.g., XMM-Newton? As detailed
in Miniutti et al. (2007), the broad Fe-K line scenario
of MCG-6-30-15 is based on a detailed modeling of disk
reflection, and the idea of general relativistic light bend-
ing. In addition, it invokes two more implicit assump-
tions. One is that the underlying continuum is modeled
by a single power-law, while the other is that the spectral
bump in the 20–40 keV range is due solely to the reflec-
tion by the accretion disk. The former condition may
change if we consider partial absorption and/or ionized
absorbers (Miller, Turner & Reeves 2009).

To examine the nature of the hard bump, we analyzed
time variations of MCG-6-30-15 using the Suzaku data.
As detailed in Noda et al. (2010), we found that the
HXD-PIN count rate correlates globally with that of the
XIS, but deviates, on a time scale of 10 ksec, from that
correlation by ∼ ±30%. The hard X-ray variation is
hence partially uncorrelated with that of the power-law.
Similar behavior was observed with Suzaku from other
Seyferts, including NGC 3516 and Mkn 509. This effect
may be interpreted by invoking; (i) contributions from
some reflectors other than the disk, or (ii) a fine-tuned
motion of the illuminating hard X-ray source invoked in
the light-bending scenario, or (iii) the presence of an un-
known hard X-ray component that mimics the reflection.

To distinguish the above alternatives, we accumulated
the XIS and HXD-PIN spectra over two time intervals,
when the HXD-PIN count rate is higher and lower than
the XIS-based prediction. Their “difference” spectrum
is very hard, and is approximated by a power-law with
Γ ∼ 1 (Noda et al. 2010). Although it resembles in
shape the reflection component, the difference spectrum
appears to bear neither the prominent Fe-K edge nor the
Fe-K line. Therefore, (iii) above is considered most likely.
It can be fitted by a thermal Comptonization (comptt)
with an electron temperature of ∼ 10 keV and a rather
large optical depth of ∼ 20. It could represent a part
of the Comptonized power-law continuum, which may
consists of multiple optical depths as indicated in § 1.

Finally, we fitted the time-averaged XIS and HXD
spectra of MCG-6-30-15 by a combination of a power-
law, a reflection, a moderately broad Fe-K line , and the
above comptt, all subjected to a common absorption.
The obtained fit is as good as that with the model by
Miniutti et al. (2007), and the reflector solid angle be-
came Ω ∼ 2π. Furthermore, the equivalent width of the
narrow Fe-K line, ∼ 120 eV, is consistent with the value
of Ω. This means that the Suzaku spectra of MCG-6-
30-15 can be interpreted consistently without invoking
the extreme BH spin, on condition that a fraction of the
hard bump is unrelated to the usual reflection signal.

The author would like to express his deepest thanks to
Shin’ya Yamada, Hiromitsu Takahashi, Yuich Uehara,
Hirofumi Noda, Poshak Gandhi, and other collaborators
for their helps and supports.
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Abstract

In one of the fastest multi-wavelength timing studies of black hole X-ray binaries (BHBs) with large
telescopes to date, we have discovered correlated optical and X-ray variability in the low/hard state of the
source GX 339–4. Only two other BHBs are currently known to show rapid (sub-second) aperiodic optical
flickering: XTE J1118+480 and Swift J1753.5–0127. Our simultaneous VLT/Ultracam and RXTE/PCA
data reveal intriguing patterns with characteristic peaks, dips and lags down to very short timescales (

∼
<150

ms). Reprocessing can be ruled out as the origin of the aperiodic optical power. Instead, the variability
may be driven by synchrotron emission from the inner accretion flow regions, with interactions between the
disk, jet and corona resulting in the complex correlation patterns. We also show that both the optical and
X-ray lightcurves are intrinsically non-linear, in the sense that the absolute variability r.m.s. amplitude
linearly increases with flux. The implication is that variability at both wavelengths is not due to local
fluctuations alone, but rather arises as a result of coupling of perturbations over a wide range of radii and
timescales. These ‘optical and X-ray rms-flux relations’ thus provide new constraints to connect the outer
disk with the inner hot flow and jet.

Key words: accretion: stars – individual: GX339–4 – stars: X-rays: binaries – stars: optical: variable
– black holes

1. Introduction

Rapid flux variability is a hallmark of accretion activity
around black holes, especially X-ray binaries (XRBs). A
variety of missions over the past few decades have ex-
tensively probed this variability in X-rays, showing the
presence of aperiodic variations on timescales down to
milli-seconds. The fast timescales mean that these are
arising from the inner regions within just tens to hun-
dreds of gravitational radii around the central compact
source, while their aperiodic nature is a manifestation of
the chaotic accretion environment from which they arise
(van der Klis 1989) with contributions from a wide range
of scales.

The optical flux of XRBs, when not dominated by the
donor star, is thought to arise from the outer accretion
disc at many thousands of gravitational radii, where tem-

peratures cool to well below ∼105 K. Significant changes
in accretion rate would occur on the viscous timescale,
which is long at these radii, hence limiting the rapidity
of any brightness changes associated with variable ac-
cretion. Any fast optical variations (on times of a few
seconds) are believed to be the result of higher energy
photons that impinge upon the disc or heat the surface of
the secondary star, following which they are reprocessed
to lower energies. Such ‘echoes’ have provided key con-
straints on the physical parameters of accreting sources
over many years (Horne 1985, Marsh & Horne 1988).

Yet, this is not the whole story, as several sources are
now known to show rapid optical variations not associ-
ated with reprocessing. The variations in these cases are
correlated with, but not born of, the X-ray variations,
and hence provide completely independent constraints
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on accretion activity. Not only do these optical varia-
tions show all the characteristics usually associated with
X-ray fluctuations, they also possess connections across a
wide range of timescales, a fact that can place important
constraints on their physical origin.

Here, I review our discovery of intriguing, correlated
sub-second optical and X-ray variability in the Galactic
black hole candidate GX 339–4 (Hynes et al. 2003). This
source has been the subject of intense study from radio
to X-rays because it shows striking transient behaviour
on timescales of months to years, displaying a variety of
X-ray states (e.g. Makishima et al. 1986, Zdziarski et al.
2004, Dunn et al. 2008). It is classified as a microquasar
based upon its strong radio outbursts (Gallo et al. 2003).
Rapid optical variations were found in the source almost
three decades ago (Motch et al. 1982). Cyclotron radia-
tion from hot plasma clouds was proposed as the origin
of this variability, but these observations were never fol-
lowed up in greater detail (Fabian et al. 1982).

2. Observations

We used the rapid triple-beam camera ULTRACAM
(Dhillon et al. 2007) to observe GX 339–4, simul-
taneously with RXTE, for about 1 hour on each of
three nights in mid-June 2007 when ULTRACAM was
mounted on the Very Large Telescope (VLT) in Chile.
The source was in a low/hard X-ray state, having fin-
ished an outburst a few weeks before. The time res-
olutions ranged between ≈ 50 − 130 ms. The results
reported herein refer to photometry in the Sloan r

′ fil-
ter. Optical spectro-photometry around 5000 Å im-
plies a magnitude VVega ≈ 17 => λL

0.5 µm

λ ≈ 2.3 ×

1034(d/8 kpc)2 erg s−1, with a high line-of-sight Galac-
tic extinction implying an intrinsic luminosity which
is at least ∼ 20 − 25 times larger. The X-ray flux
F2−10 = 1.6×10−10 erg s−1 cm−2, => L2−10 = 1.2×1036

erg s−1, resulting in an optical:X-ray (V :2–10 keV) lumi-
nosity ratio ∼40%. X-ray lightcurves were extracted over
the full PCA energy range from standard GoodXenon
mode observations.

3. Cross-correlating the optical and X-ray lightcurves

3.1. Results

The net optical and X-ray light curves were translated to
a common time frame, and cross-correlated. The resul-
tant cross-correlation function (CCF) is shown in Fig. 1.
A single, significant peak at an optical lag of ∼150 ms
is clearly seen. The peak itself has a narrow core, with
a shallow rise a steep decline. Weaker, but significant
anti-correlation troughs are seen on either side. Or per-
haps there is a single broad trough from negative to pos-
itive lags, superposed with a narrow positive component.
Each of these structures is visible in all the observations
(in spite of some clear inter-night variation), suggesting

that they are real. The full details and observations have
been published in Gandhi et al. (2008).

3.2. Implications

The complex behaviour of the optical/X-ray CCF is diffi-
cult to reproduce with simple linear reprocessing models:
the timescales are too short for light-travel times to the
outer accretion disk or companion star, which ought to
be

∼
> 10 s for the wide binary orbit of the source. Further-

more, the anti-correlated optical and X-ray fluctuations
are contrary to linear transfer model predictions. Finally,
it has also been found that the optical auto-correlation
function (ACF) is narrower than the corresponding X-
ray one (Gandhi et al. 2008), which means that the
mean optical fluctuations have a shorter coherence time
as compared to the X-ray ones. In a reprocessing sce-
nario, one would expect the reprocessed component to be
smeared out on longer times as compared to the source
photons; hence the optical is not a result of X-ray driv-
ing, at least not the fast optical variability that concerns
us here.

3.3. Comparison with XTE J1118+480

Until our 2007 observation, only one other source was
known to show complex optical vs. X-ray flux cor-
relations not due to reprocessing. This was XTE
J1118+480, which also showed an asymmetric CCF with
anti-correlated components, as well as an optical ACF
narrower than in the X-rays (Kanbach et al. 2001, Spruit
& Kanbach 2002). A plethora of models have been pro-
pounded to explain the rapid optical variations, with
most invoking synchrotron emission from strong mag-
netic fields (e.g. Merloni et al. 2000, Esin et al. 2001,
Malzac et al. 2004, Yuan et al. 2005). The complex
time correlations may be explained if accretion energy is
being divided between two or more physical components
in the accretion flow, e.g. optical synchrotron from a jet
(typically associated with the low/hard state in which
the observations were carried out), and inverse Comp-
ton X-rays from the corona. The characteristic CCF
timescales can then be used to constrain the dimensions
of, or dominant accretion processes within, these physi-
cal components (See discussion in Gandhi et al. 2008).

4. Flux-scaling of optical variability amplitudes

Whatever the physical origin of the variability may be, it
must satisfy one more observable. Several recent works
have shown that the X-ray lightcurves of accreting black
hole candidates, neutron stars as well as active galactic
nuclei (AGN) follow a linear relationship between their
average flux and root-mean-square (rms) variation over
many different time-scales (e.g. Uttley & McHardy 2001,
Uttley 2004, Gleissner et al. 2004). In other words, the
absolute values of the instantaneous variance is not con-
stant, but is rather linked to longer-term flux averages.
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Fig. 1. Optical vs. X-ray cross-correlation function computed from many 60 s–long light curve sections on the three nights of observation
(Gandhi et al. 2008). A positive delay (in this case peaked at ≈ 150 ms) implies that optical lags X-rays on this plot. The CCF (especially
the peak) generally agrees well between the nights. The inset shows the zoom-in average CCF of Nights 1 and 2, and the shaded region
is the average scatter computed from an ensemble of light curve sections.

Uttley et al. (2005) point out that these properties imply
a lognormal distribution of instantaneous flare strength.
This, in turn, can be explained if the variations are com-
posed not by a superposition of independent shots, but
instead are a result of coupling of large-scale fluctuations
that propagate inwards and perturb inner flares. Inter-
estingly, a similar ‘rms–flux’ relation has been shown to
apply in solar coronal flares as well (Zhang 2007); it thus
seems to provide new constraints on hot astrophysical
plasmas in general.

4.1. Observations

In recent work, Gandhi (2009) found that the opti-
cal lightcurves of sources which show aperiodic, non-
reprocessed fluctuation components also possess an rms–
flux relation with properties similar to X-rays. By
computing the absolute rms variability level from the
lightcurve power spectra over various Fourier frequency
ranges, and binning these as a function of average source
flux, a linear relation with positive slope was found in
most cases. The slope is related to the fractional variabil-
ity amplitude over the Fourier frequency range in ques-
tion. The targets investigated were XTE J1118+480, GX
339–4 and Swift J1753.5–0127. Furthermore, the source

with the highest fractional variability also showed the
tightest rms–flux relation, with strongly non-linear (i.e.
lognormal) flaring, i.e. GX 339–4, and its results are
shown in Fig. 2.

4.2. Implications

What this means is that the optical variations cannot
arise as a result of independent shot impulses, just as
for X-rays. A variety of models have been invoked to
explain the ‘coupling’ of fluctuations that feed the X-
ray emission, including perturbations which propagate
inward through the accretion flow seeding the variations
over all inner regions, and large-scale magnetic fields in
which variability can diffuse quickly throughout the flow
(e.g. Lyubarskii 1997, Zhang 2007). If the optical vari-
ations are seeded in a similar fashion, then the fluctu-
ations must be propagating to the optical emission re-
gion. This is variously thought to be either the corona,
or the inner regions of the jet where the magnetic field
and electron temperatures are commensurate with opti-
cal synchrotron. This, in turn, means that the fluctua-
tions are free to traverse the various physical accretion
components, from the outer disc to the inner flow, corona
and/or jet.
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Fig. 2. Optical (Left) and X-ray (Right) rms–flux relations for GX 339–4 over various Fourier frequency ranges, as labelled. In each case, the
line is a simple linear fit (Gandhi 2009).

We note that a model by Malzac et al. (2004) could
prove to be consistent with all the above observations.
Their study proposes that the strength of the emergent
power scales in proportion to the total amount of en-
ergy stored in some ‘reservoir’. Cumulative build-up
and dissipation of energy in this reservoir can result in
the rms–flux relation (with only minor modification; see
Gandhi 2009), while sharing of this energy between the
jet and corona results in the complex optical/X-ray CCF.
A good candidate for the reservoir is a large-scale mag-
netic field connecting various parts of the flow.

5. Summary

Fast, sub-second timing observations of GX 339–4 have
been carried out simultaneously in optical and X-rays.
Rapid optical broad-band noise flickering is found in the
optical, as is usual for the X-ray lightcurves. Cross-
correlating lightcurves in the two bands shows complex
behaviour, with both positive and negative correlations.
Several lines of reasoning suggest that the fast optical
variations do not arise as a consequence of X-ray repro-
cessing. Models where variability in both optical and in
X-rays is seeded by perturbations across a wide range
of radii and timescales are preferred. Division of accre-
tion energy between the various optical/X-ray generation
components can lead to the complex timing correlations
observed.

Fast multi-wavelength variability studies can thus give
important new constraints on the physical conditions of
hot plasmas around accreting black holes, and perhaps
other astrophysical sources in general. Such observations
remain severely limited, and this work needs to be ex-
panded significantly.

References

Dhillon V. S. et al. 2007 MNRAS., 378, 825
Dunn R. J. H. et al. 2008 MNRAS., 387, 545
Esin A. A. et al. 2001 ApJ., 555, 483
Fabian A. C. et al. 1982 A&A., 111, L9
Gallo E., Fender R. P. and Pooley G. G. 2003 MNRAS.,

344, 60
Gandhi P. et al. 2008 MNRAS., 390, L29
Gandhi P. 2009 ApJ., 697, L167
Gleissner T., Wilms J., Pottschmidt K., Uttley P.,

Nowak M. A., & Staubert R. 2004 A&A., 414, 1091
Horne K. 1985 MNRAS., 213, 129
Hynes R. I., Steeghs D., Casares J., Charles P. A. and

O’Brien K. 2003 ApJL., 583, L95
Kanbach G., Straubmeier C., Spruit H. C. and Belloni

T. 2001 Nature, 414, 180
Lyubarskii Y. E. 1997 MNRAS., 292, 679
Makishima K. et al. 1986 ApJ., 308, 635
Malzac J., Merloni A. and Fabian A. C. 2004 MNRAS.,

351, 253
Marsh T. R., Horne K. 1988 MNRAS., 235, 269
Merloni A., Di Matteo T. and Fabian A. C. 2000 MN-

RAS., 318, L15
Motch C., Ilovaisky S. A., Chevalier C. 1982 A&A., 109,

L1
Spruit H. C. and Kanbach G. 2002 A&A., 391, 225
Uttley P., & McHardy I. M. 2001 MNRAS., 323, L26
Uttley P. 2004 MNRAS., 347, L61
Uttley P., McHardy I. M., & Vaughan S. 2005 MNRAS.,

359, 345
van der Klis, M. 1989, in Timing Neutron Stars, ed.
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Abstract

A Suzaku follow-up observation of the nearby galaxy NGC 1313 was performed on 2008 December 5 –
8. The 0.5 – 10 keV luminosity of the two ultraluminous X-ray sources (ULXs), X1 and X2, in the galaxy
was measured as 7.1 × 1039 ergs s−1 and 1.9 × 1039 ergs s−1, respectively, both of which are by a factor
of 4 lower than those of the scientific working group (SWG) observation in 2005. The X-ray spectrum of
X1 is described with a composite model, consisting of a power-law (PL) component with a high energy
cut off and a cool accretion disk emission. In comparison with the SWG observation, the innermost disk
temperature stayed relatively unchanged (Tin ∼ 0.25 keV), while the cut off energy became slightly higher
(Ecut = 6.8+4.9

−2.2
keV). On the other hand, X2 exhibited a transition from the disk-like spectrum to the PL-

dominated one with a photon index of Γ = 1.84+0.15

−0.19
, between the SWG and this follow-up observations.

These results re-confirmed that the spectral properties of these two ULXs are successfully interpreted,
on the basis of the very high and slim disk states of Galactic black holes at the sub- or trans-Eddington
luminosities. As a result, the intermediate-mass-black-hole interpretation for ULXs are supported.

Key words: accretion, accretion disks — black hole physics — galaxies: individual (NGC 1313)

1. Introduction

In numbers of nearby normal galaxies, luminous non-
nuclear X-ray sources with an X-ray luminosity of
LX ≫ 1039 ergs s−1 are frequently found (Fabbiano &
Trinchieri, 1987). They are called ultraluminous X-ray
sources (ULXs; Makishima et al. 2000). In spite of more
than two decades from their discovery, a definitive con-
sensus on the nature of the ULXs has not yet been ob-
tained. Especially, there are mainly two conflicting in-
terpretations; intermediate mass black holes (BHs) with
a mass of M ≫ 10M⊙ (where M⊙ is the solar mass)
radiating at sub- or trans-Eddington luminosities, and
stellar-mass BHs with a super critical mass accretion.

A luminosity-dependent spectral change or transition
is regarded as one of the important clues to solve the
nature of the ULXs. X-ray spectra of the ULXs are
naively divided into two types; a power-law (PL) like
and a multi-color-disk (MCD; Mitsuda et al. 1984) like
ones. Some PL-like ULXs are reported to exhibit a cool
MCD component (e.g., Miller et al. 2004). Moreover, a

transition between these two spectral states are reported
from an increasing number of ULXs (e.g., Kubota et al.
2001, Isobe et al. 2009). Recent progress in observa-
tional (e.g., Mizuno et al. 2001, Kubota & Makishima
2004, Tsunoda et al. 2008, Miyawaki et al. 2009) and
theoretical (e.g., Watarai et al. 2000) studies of ULXs
and Galactic BHs revealed that the MCD-like state of
the ULXs is interpreted as a theoretically predicted “slim
disk” state, in which a high accretion rate makes impor-
tant the effects of optically thick advection and/or pho-
ton trapping (Ohsuga et al. 2005), while the PL-like one
corresponds to a very high state (VHS) in which Comp-
tonization of disk photons in hot corona surrounding the
disk effectively works. The Galactic BHs are reported
to make transitions between these states (and the clas-
sical high/soft state) typically at the X-ray luminosity
of η = LX/LE = 0.2 – 1 (e.g., Kubota and Makishima
2004, Abe et al. 2005), where LE in the Eddington limit.
Therefore, the detection of the transition between these
two states from an ULX gives a rough estimation of its
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Table 1. Summary of the model fitting to the X-ray spectra of X1 and X2.

Source X1 X2
Model PL PL+MCD cutoffPL+MCD PL PL+MCD cutoffPL+MCD
NH(1021 cm−2) 0.67 ± 0.14 2.44 ± 0.76 1.56+0.68

−0.57
1.54+0.28

−0.27
2.39+1.19

−0.85
2.42+1.14

−0.96

FX
∗ 3.58 3.55 3.48 0.93 0.94 0.94

LX
† 7.33 7.27 7.12 1.90 1.93 1.93

Γ 1.71 ± 0.03 1.73 ± 0.05 1.11+0.27

−0.35
2.02+0.07

−0.06
1.84+0.15

−0.19
1.83+0.15

−0.69

Ecut (keV) – – 6.8+4.9

−2.2
– – ≥ 9.2

Tin (keV) – 0.18+0.03

−0.02
0.25+0.06

−0.04
– 0.26+0.11

−0.07
0.25+0.12

−0.06

Rin (km) – 7.7+5.7

−3.9
× 103 3.1+2.5

−1.4
× 103 – 1.6+3.6

−1.0
× 103 1.7+3.3

−1.1
× 103

Ldisk
‡ – 6.0 3.3 – 1.1 1.1

χ2/d.o.f 243.0/183 219.3/181 202.3/180 154.9/128 133.7/126 133.8/125
∗ Absorption-uncorrected 0.5 – 10 keV model flux in 10−12 ergs cm−2 s−1.
† Absorption-uncorrected 0.5 – 10 keV model luminosity in 1039 ergs s−1.

‡ Bolometric luminosity of the MCD component in 1039 ergs s−1.

50.000 49.750 49.500 49.250

-66.400

-66.500

-66.600

                       SN 1978K

BGD

X2

X1

Fig. 1. The 0.5 – 10 keV Suzaku XIS contour image of MGC 1313,
overlaid on the gray-scale optical one. The circles indicate the
integration regions for the X1, X2 and background signals.

mass under the assumption that the ULXs and Galac-
tic BHs share common physical nature. Actually, Isobe
et al. (2009) successfully applied this technique to the
spectral variation of the ULX, NGC 2403 source 3, and
estimated its mass as 10–20M⊙.

2. Targets and Observation

Locate at a distance of 4.13 Mpc (Mendez et al. 2002),
the nearby normal Sb galaxy NGC 1313 hosts two bright
ULXs, called X1 and X2 (Colbert et al. 2005). Although
both sources are extensively studied with ASCA (e.g.,
Mizuno et al. 2001) and XMM-Newton (e.g., Feng &
Kaaret 2006), a comprehensive picture to interpret their

spectral variation, and hence their nature, has not yet
been constructed.

Thanks to its high sensitivity up to 10 keV, the Suzaku
X-ray imaging spectrometer (XIS) has a great advan-
tage in distinguishing the spectral states of ULXs. In
2005 October, the first Suzaku exposure on NGC 1313
was performed, as a part of the scientific working group
(SWG) observations. A close examination in their spec-
tral variation revealed that X1 and X2 resided in the
VHS and slim disk state, respectively, during the SWG
observation (Mizuno et al. 2007).

In order to reinforce the VHS and slim disk interpre-
tation, it is important to confirm the spectral transition
between these two states from these ULXs. Therefore,
a follow-up Suzaku observation of NGC 1313 was con-
ducted on 2008 December 5 – 8 during the AO3 phase.

3. Results

Figure 1 shows the XIS image of NGC 1313. The two
ULXs, X1 and X2, are significantly detected, in addition
to a supernova remnant SK 1978K in the galaxy. Since
both ULXs exhibited no statistically significant variabil-
ity during this observation, only their time-averaged X-
ray spectra were analysed. The parameters for the spec-
tral fitting discussed below are summarised in Table 1.

The Suzaku XIS spectrum of the NGC 1313 X1 in the
AO3 observation is shown in Figure 2. The spectrum
appears to be featureless and hard. First, a PL model
subjected to a free absorption was examined. However,
as shown in Figure 2 (b), the PL model give only a
marginal fit (χ2/d.o.f = 243.0/183). Next, a cool MCD
component was introduced to the PL model (PL+MCD),
like in the case of several PL-like ULXs, including NGC
1313 X1 during a XMM-Newton observation (Miller et
al. 2003). The fit become slightly improved with the
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Fig. 2. The Suzaku XIS spectra of NGC 1313 X1 in the AO3 observa-
tion. The residuals for the PL, PL+MCD, cutoffPL+MCD models
are shown in the panel (b), (c), and (d), respectively. The dotted
lines in the panel (a) represent the best fit MCD and cutoffPL
components.

PL+MCD model (χ2/d.o.f = 219.3/181).
The PL+MCD residuals in Figure 2 (c) suggest a spec-

tral cut off around Ecut ∼ 6 keV. Then the observed
spectrum was re-analysed by replacing the PL compo-
nent with the cut-off PL one (cutoffPL+MCD), and
a reasonable fit was obtained (χ2/d.o.f = 202.3/180).
The photon index was derived as Γ = 1.11+0.27

−0.35
. The

cut-off energy, Ecut = 6.8+4.9

−2.2
keV, was slightly higher

than those of the bright phase in the SWG observation,
Ecut = 3.4+0.6

−0.4
keV (Mizuno et al. 2007). The inner-

most disk temperature and bolometric luminosity of the
MCD component was measured as Tin = 0.25+0.06

−0.04
keV

and Ldisk = 3.3 × 1039 ergs s−1, respectively, where the
disk inclination is assumed to be i = 60◦. The innermost
disk radius is calculated as Rin = 3.1+2.5

−1.4
× 103 km, us-

ing the relation of Ldisk = 4πσ(Rin/ξ)2(Tin/κ)4, where
σ is the Stefan-Boltzmann constant, ξ = 0.41 is a cor-
rection factor for inner boundary condition (Kubota et
al. 1998), and κ = 1.7 is the spectral hardening factor
(Shimura & Takahara 1995).

In the manner similar to X1, the XIS spectrum of
X2 shown in Figure 3 was investigated. Although
the PL model was marginally acceptable (χ2/d.o.f =
154.9/128), the fit was significantly improved by the
PL+MCD model (χ2/d.o.f = 133.7/126). In comparison
with the PL+MCD model, the cutoffPL+MCD model is

Fig. 3. The Suzaku XIS spectra of NGC 1313 X2. The residuals for
the PL, PL+MCD, models are shown in the panel (b), and (c),
respectively.

found to give no improvement (χ2/d.o.f = 133.8/125).
As a result, no spectral cut off is required for the X-ray
spectrum of X2 in the XIS energy range (Ecut ≥ 9.2
keV). The photon index of the PL component was de-
rived as Γ = 1.84+0.15

−0.19
. The innermost disk temperature

and disk luminosity of the MCD component was mea-
sured as Tin = 0.26+0.11

−0.07
keV and Ldisk = 1.1 × 1039

ergs s−1, respectively. These yielded the innermost disk
radius of Rin = 1.6+3.6

−1.0
× 103 km.

4. Discussion

As shown in the left panel of Figure 4, the X-ray lumi-
nosity of NGC 1313 X1 in the AO3 observation (LX =
7.1 × 1039 ergs s−1 in 0.5 – 10 keV) was by a factor of 4
lower than that in the SWG observation (LX = 2.7×1040

ergs s−1). The source apparently exhibited different X-
ray spectral shapes, between the two observations. How-
ever, these spectra can be commonly described with the
cutoffPL+MCD model (Mizuno et al. 2007), which prop-
erly approximates the X-ray spectrum of the disk Comp-
tonization for Galactic BHs. Therefore, it is regarded
that X1 resided in the VHS in both occasions. Between
the two observation, the parameters of the MCD com-
ponent were found to stay relatively unchanged. The
apparent spectral variation is supposed to be attributed
to the change of the physical condition in the hot corona.
Especially, an anti-correlation was suggested between
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Fig. 4. Unfolded X-ray spectra of NGC 1313 X1 (left) and X2 (right). The data obtained in the AO3 observation are shown with the black
points. Referring to Mizuno et al. (2007), the SWG data are divided into those in the bright (dark gray) and faint (light gray) phases.

Ecut and the source luminosity. This implies that the
electrons in the corona are effectively cooled down, due
to an enhanced Compton radiative cooling at the high
luminosity phase. A complex change of the physical con-
dition of the hot corona and accretion disk in the VHS
was reported from the Galactic BH, XTE J1550+564
(Kubota & Done 2004).

The right panel of Figure 4 compares the unfolded
X-ray spectra of NGC 1313 X2. Similar to X1, the
source faded by a factor of 4, from the SWG obser-
vation (LX = 8.0 × 1039 ergs s−1) to the AO3 one
(LX = 1.9×1039 ergs s−1). During the SWG observation,
X2 exhibited convex X-ray spectra, which is successfully
described by the MCD model (faint phase; Mizuno et al.
2007) or its extension (bright phase) in which the de-
pendence of the local temperature on the radius r from
the BH in the accretion disk is assumed to scale as r−p,
with p = 0.75 corresponding to the simple MCD model
(Mineshige et al. 1994). Because this extension of the
MCD model approximates the theoretically predicted X-
ray spectrum from the slim disk (Watarai et al. 2000),
X2 was concluded to harbor a slim accretion disk during
the SWG observation (Mizuno et al. 2007). On the other
hand, the AO3 spectrum of the source is significantly dif-
ferent, and is described by the PL+MCD model. This
suggests that X2 turned into the VHS. Non detection of
the spectral cut off (Ecut ≥ 9.2 keV) means that the elec-
tron temperature in the corona around X2 is higher than
that in X1. Thus, Suzaku has succeeded in detecting the
slim-disk-to-VHS transition from this ULXs.

Finally, the mass of these two ULXs are roughly esti-
mated, applying the fact that the Galactic BHs typically
make transitions between the slim disk state and VHS,
at the luminosity of η = LX/LE = 0.2 – 1. For X2, the
transition luminosity was expected to be in the range of
LX = (1.9–8.0) × 1039 ergs s−1. Based on this luminos-

ity, the mass of X2 is calculated as M ∼ (15–50)η−1M⊙.
Throughout the Suzaku observations, X1 did not make
any transitions from the VHS to slim disk state. There-
fore, the transition luminosity of the source is inferred to
be comparable to or higher than the highest luminosity
during the Suzaku observation. As a result, the mass of
X1 is estimated as M � 180η−1M⊙. Interestingly, De-
wangan et al. (2009) reported a similar value of 200M⊙

for the mass of X1, on the basis of the energetics in the
Comtonizing corona. These results support the idea that
the ULXs are heavier than Galactic BHs.
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Abstract

Suzaku wide-band spectra of temporary dips of Hercules X-1 were analyzed. From the orbital phase,
they are classified as anomalous dips. We successfully obtained the spectra from 0.3 to 60 keV with good
statistics, and investigated the physical state of the absorbing materials. The HXD-PIN spectra in the
20–60 keV band allows us to estimate the total hydrogen absorption column as ∼ 20 × 1022 cm−2, in the
deepest case, by attributing the dip mainly to the Thomson scattering. In the XIS soft X-ray spectra of
the dips, signature of O VII edge was observed, suggesting ionized nature of the absorbing materials, with
another evidence of partial covering. Time variability of the dips are typically explained by pile up of
∼200 s dips. Based on these observational results, we propose a model that the dips are made by a sum of
two types of geometrically thin absorbers, with ionization parameter of ∼0.5 erg cm−1 and ∼15 erg cm−1

located around the edge of the accretion disk.
Key words: stars: puslars: individual: Her X-1 — X-rays: binaries — X-rays: dips

1. Introduction

Hercules X-1 (hereafter Her X-1) is a well-studied binary
X-ray pulsar discovered by Uhuru (Tananbaum et al.
1972). Its X-ray variability is characterized by; the 1.24-s
spinning, the 1.70-d orbital motion, the 35-d on/off cy-
cle which is usually attributed to accretion disk preces-
sion, and sporadic intensity decrease for 1–10 ks, called a
dip, presumably caused by obstracting materials passing
through our line of sight (e.g. Giacconi et al. 1973). In
this paper, we dicuss the dip phenomenon.

Since the discovery by Giacconi et al. (1973), the dip
phenomenon has been studied extensively (Crosa and
Boynton 1980, Ushimaru et al. 1989, Mihara et al. 1991,
Reynolds and Parmar 1995, Leahy 1997, Stelzer et al.
1999, Shakura et al. 1999). According to these pre-
vious works, the dips are divided into two types; pre-
eclipse dips and anomalous dips, occuring at pre-eclipse
orbital phases and at random phases, respectively. From
spectral studies of these data, the obscuring materials
were suggested to be neutral by the EXOSAT observa-
tory (Reynolds and Parmer 1995), or to be ionized by the
Tenma satellite (Ushimaru et al. 1989). In these obser-
vations, however, the covered energy range were limited
to within 2–17 keV and 2.5–35 keV, respectively.

The Suzaku observatory (Mitsuda et al. 2007) covers
a wide band-path from 0.2 to 600 keV, and can provide
improved knowledge on the dip phenomenon. In this pa-
per, we investigate the ionization structure and possible

locations of the obscuring materials causing dips in the
Her X-1 system.

2. Observations

We observed Her X-1 three times with Suzaku since its
launch, aiming at calibration of the timing and energy
response (see Terada et al. 2008 and Enoto. et al. 2008,
respectively). Among them, the second observation was
held on 2006 March 29 UT 18:12 through March 30 15:22.
The HXD was operated in the standard mode, while the
XIS employed “1/8 window” option to improve the time
resolution (to 1 s) and to avoid event pile up. Obser-
vation date are chosen to catch main-on phases of the
35-day cycle of Her X-1, and to avoid its eclipses. In this
observation, we fortunately observed anomolous dips at
a 1.7 day binary phase of Φ1.7 ∼0.0–0.1, where Φ1.7 = 0
is defined as the inferior conjunction of Her X-1.

Figure 1 shows three-band light curves of the 2nd ob-
servation; the soft and middle bands, which is 0.2–2.0
keV and 2.0–10.0 keV photons detected in the XIS-1
chip, respectively, and the hard band, which is 13–50 keV
photons detected by the HXD-PIN. During the dips, the
0.2–2.0 keV count rate decreased to ∼ 10% of the normal
rate, while that in 2–10 keV was halved. Furthermore,
the dips are visible also in the HXD-PIN light curve.
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Fig. 1. Light curve of photons detected by XIS-1 in the 0.2–2.0 keV,
the 2–10 keV, and by HXI-PIN in the 13-50 keV, from top to the
bottom, respectively. Structures of dips are observed. Dashed
lines are assumed long-term trend of the pulsar X-ray emission.
Horizontal axis is the time since 19 : 29 : 46, 29th March 2005
(UT).

Fig. 2. Scatter plot of the depth of the dips in the soft (0.2–2.0 keV)
and the middle (2–10 keV) bands. Model lines represent a typical
case with cool absorber, and with 10% partial covering.

3. Timing Properties of the Dips

The variability of the energy dependence of the observed
dips carry important information as to their origin. In
figure 2, we show the scatter plot of “dip ratio”, as the
ratio of count rates in an energy range recorded during
dips, to the assumed normal count rate corresponding to
the non-dipping time. The non-dip count rate in a given
energy range was calculated by fitting a linear function
to the light curves over a period of (5.0 − 7.2) × 104 s,
manually excluding dip intervals. The fitted lines are
shown as dashed lines in figure 1.

First of all, a clear trend is visible that the dip ra-
tio of individual timing bins correlates to have a single
curve, even though the plot is made up of many dips with
different depth. Therefore, the source behavior during
the dips is likely to be described by a single parameter,
namely, the overall column density of the absorbing ma-
terials, even though the materials themselves may well
have composite multi-zone structures. Below, we use
these inferences for spectral analysis.

Table 1. Hydrogen column density of the three dip intervals.

Shallow Middle Deep
NH∗ (×1022 cm−2) 2.0–6.9 3.3–11 16–25
∗ Calculated from the Compton optical depth.

Secondly, the soft band dip depth saturates at 10%.
This could be understood as an evidence of ∼ 10% leak
of direct emission, i.e. partial covering nature of the
absorber.

Thirdly, these dips are not caused by a simple cold,
i.e. neutral absorber. Prediction of dip ratio relation as-
suming a cold absorber is shown in figure 2 in two cases,
with and without 10% of partial covering. The timing
variability of dip ratio shows a bit flatter curve than
these model, suggesting ionized nature of the absorber,
i.e. “the warm absorber”.

4. Spectral Analysis

4.1. A simple modeling

In this work, we utilized the spectra obtained from the
XIS-1 and the HXD-PIN for simplicity, since the combi-
nation of these two devices provides us with the widest
band coverage. The 0.3–50 keV combined spectra in the
non-dip time region can be explained by a model em-
ployed in Oosterbroek et al. (1997), made of a powerlaw
with a photon index of 0.8, a broad Fe-K line near 6.4
keV, a broad Fe-L line near 0.8 keV, and a ∼ 0.1 keV
blackbody. By adjusting normalizations of these compo-
nents, this model reproduced the non-dip XIS spectrum
to an accuracy of better than 1%.

Since the main focus of this work is only on absorp-
tion properties, however, we generated a ratio of the dip
and non-dip spectra, and fitted the absorption model di-
rectly to the ratio spectra. As shown in the last section,
the dip properties can be explained by one-parameter.
Therefore, we defined three intervals in terms of the 2–10
keV dip ratio, 0.0–0.6, 0.6–0.8, and 0.8–1.1, to be called
“deep dips”, “middle dips”, and “shallow dips”, respec-
tively. Then, we summed spectral data in each range
to obtain spectra with higher statistics. Note that the
long-term trend is removed in this analysis (see figure 1).

Thanks to the good sensitivity of HXD-PIN, the ra-
tio spectra covers up to 50 keV, as shown in figure 4.
Each ratio spectrum approaches a constant value to-
ward higher energies, which is slightly lower than unity,
even above 20 keV. By attributing this hard-band dip
to Thomson scattering, we derived the hydrogen column
density NH as shown in table 1.

As already pointed out at the last section, a ∼ 10% or
larger fraction of direct component is evident. Thus, we
tried a partial absorbing with cold material (hereafter
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the “baseline model”). The NH value is modeled to be
consistent with the HXD-PIN derived one. The model
requires much sharp cut-off in the soft-band spectra, and
the fit was far from acceptable.
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Fig. 3. The normalized dip spectra compared with the predictions of
the “Baseline model” (orange).

In the soft band, the spectra are characterized by a
dip-structure around 0.7–0.8 keV, and another struc-
ture around 1.7 keV apparent in the “deep dips” spec-
tra. Those two structures cannot be easily generated via
neutral absorber. In order to examine whether photo-
ionized absorbers can explain these structures, we used
a “warm absorber” model based on the software XSTAR
ver. 2.1ln81 , parametrized by the ionization parameter
ξ = L/nr2. Here L is the central source luminosity, n
is the absorber density, and r is the distance from the
central source to the absorber.

4.2. The tandem and parallel warm absorber models

Then we assumed that a part of the absorber is ionized,
so that it can be explained by a multiplication of neutral
and ionized absorber (hereafter “tandem model”). This
model, however, cannot explain the structures at the 0.7
keV and 1.7 keV at the same time, and the fit is not
acceptable. What is more, the ionization parameter ξ
increases with the dip deepness, although the increasing
NH should cause decrease in ξ.

As another model, we tried a three component model
made up of a partial dens warm absorber, another partial
thin warm absorber, and the partial direct component
(hereafter “parallel model”). The fitted parameters are
shown in table 2, and the spectra is shown in figure 4.
This model gives remarkably acceptable fit to all three
spectra, event though the spectral shape is not compli-
cated. Interestingly, ionization parameters ξ of the two
components were kept nearly constant regardless of the
dip deepth. Thus, the “parallel model” suggests the ex-
istence of two typical types of absorbers.

*1 see http://heasarc.gsfc.nasa.gov/docs/software/xstar/
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Fig. 4. Dip ratio spectra fitted with two component partial absorption
model, ”the parallel model”.

5. Combined Analysis

Independent important information to reveal the nature
of the absorber is hidden in the light-curve itself. Care-
fully looking into the light curve, we can identify a typical
dip with a duration of ∼ 200 sec. Even in the deepest dip,
the ∼ 200 sec structure is visible. This result suggests
that there is a typical size of the blobs, and the depth
of the dip may by connected with the piling-up effect of
these blobs. If we assume that the blobs are located at
the outer-edge of the accretion disk (r = 2 × 1011 cm)
rotating in Keplerian motion, the 200 sec interval can be
converted into geometrical width of ∼ 5 × 109 cm.

Ionization parameter ξ and column density NH pro-
vides us with a typical line-of-sight thickness D of the
absorber by assuming L = 2.5 × 1037 erg s−1 (the 1–50
keV luminosity by Enoto et al. 2008). The estimated
value is D = 1 and 2 ×108 cm, for the dens and thin
absorber components, respectively. If the absorber is lo-
cated much nearer to the pulser, differences in W and D
rapidly increases. Thus fact also suggests that they are
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Table 2. Parameters of Parallel model
ξl N l

H ξs Ns
H

Dip f (erg cm s−1) f l (×1022 cm−2) (erg cm s−1) 1 − f − f l (×1022 cm−2) χ2/dof
Shallow 0.33 0.29 0.23 18.6 15.3 0.44 1.51 210.5/152

+0.05
−0.05

+0.84
−0.19

+0.04
−0.03

+5.4
−3.2

+3.7
−2.2

+0.03
−0.04

+0.30
−0.40 = 1.38

Middle 0.14 0.41 0.50 14.3 12.5 0.35 1.07 144.9/155
+0.05
−0.05

+0.43
−0.22

+0.02
−0.04

+0.3
−3.0

+2.6
−2.9

+0.06
−0.03

+0.07
−0.08 = 0.93

Deep 0.11 0.38 0.79 27.8 0.17 0.11 1.67 89.9/93
+0.03
−0.03

+0.31
−0.15

+0.01
−0.02

+2.0
−1.6

+6.8
−0.16

+0.03
−0.02

+1.18
−0.68 = 0.97

Fig. 5. Ionization parameter as a function of NH of thin (left crosses)
and dens (right crosses) absorbers. Dashed line represents a cor-
relation assuming the ”disk outer-edge blob model”; absorbers
are located r = 2 × 1011 cm, and the absorber thickness to the
line-of-sight is D = 1.6 × 108 cm (see text for detail.)

located at or near the disk outer-edge. Interestingly, the
value of D is similar in two components, as shown in the
NH vs ξ plot in figure 5. In other words, both the two
types of absorbers have similar line-of-sight thickness,
regardless of the ionization state.

Since the width W of the blob is about 30-times larger
than the typical thickness D of the absorber, and the ra-
tio spectra can be successfully explained by the “parallel
model”, we propose a simple geometrical model of the
absorbing material as follows. The absorber is located
at the farthest point of the accretion disk from the com-
panion star, HZ Her. They are made of tens of filaments
with typical diameter of D = 1.6 × 108 cm, with two-
phase density, typically ndens = 1.3 × 1015 cm−3 and
nthin = 6 × 1013 cm−3. These filaments (or dots) form
a blob with typical size of W = 5 × 109 cm, crossing
our line-of-sight to the central pulser. There are tens of
blobs in total, forming the series of dip as seen in the
spectra.

6. Summary and conclusions

Using Suzaku, we analyzed the 0.3–50 keV wide-band
spectra of the anomalous dips of Her X-1. The dips are
characterized by ∼ 200 sec dip time scale, regardless of
the depth of the dips. The 0.3–50 keV wide-band spectra

can be modeled well by a three component partial cover-
ing warm absorber model consisting of a dens, a thin and
an open region. The ionization parameters ξ of the dens
and the thin components are ∼ 0.3 and ∼ 12 erg cm s−1,
respectively. The NH values are ∼ 20 and ∼ 1.5 × 1022

cm−2, respectively. If we assume that the absorber is
located at the outer-edge of the disk, the 200 sec typical
dip time scale is converted into the absorber blob geo-
metrical width of W = 5 × 109 cm, and the obtained
ξ and NH gives absorber blob geometrical thickness of
D =1–2×108 cm.

Based on these results, we propose an absorber made
of dens and thin filaments with a typical size of D in
group forming blobs of typical size of W are distributed
around the line-of-sight to us, and the blobs’ motion and
piling-up generates the dips with variety of deepness. In
near future, high-sensitivity wide-band observation with
high-resolution spectroscopy provided by ASTRO-H will
give us a better chance to dig into the physical state of
the absorber in much detail.

We are thankful to the Suzaku team for their deep con-
tribution to fabricate, launch and operating the observa-
tory.
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Abstract

Cyclotron lines are formed through transitions of electrons between discrete Landau levels in the accre-
tion columns of accreting neutron stars with strong (B ∼ 1012 G) magnetic fields. We summarize recent
results on the formation of the spectral continuum of such systems, describe recent advances in the mod-
eling of the lines based on a modification of the commonly used Monte Carlo approach, and discuss new
results on the dependence of the measured cyclotron line energy from the luminosity of transient neutron
star systems.

Key words: X-rays: binaries — stars: neutron — magnetic fields — line: formation

1. Accreting X-ray pulsars and Cyclotron Lines

Accreting X-ray pulsars are highly magnetized neutron
stars in a binary system, accreting matter from their
companion star. The mass transfer can take place via
Roche-Lobe overflow, strong stellar winds for giant stars
or the Be mechanism. Typical accretion rates are Ṁ ∼
10−9...−11 M� yr−1.

The accreted plasma couples to the B-field at the Alfvén
radius. For typical parameters (M ∼ 1.44M�, B ∼
1012 G) this radius is of the order of a few 1000 km. The
plasma is then funneled along the B field lines onto the
magnetic poles forming accretion columns and reaching
a free-fall velocity of v ∼ 0.7 c.

The X-ray spectra of accreting X-ray pulsars can usually
be described by a power law continuum modified by an
exponential cutoff which is due to Compton scattering.
Normally there is also a strong Fe Kα line.

Becker & Wolff (2005a, 2005b, 2007) describe this basic
spectral shape for high luminosity systems by bulk and
thermal comptonization in a radiative shock of source
terms including bremsstrahlung, cyclotron and black-
body emission. Ferrigno et al. (2009) have incorporated

this model into XSPEC and applied it to observations of
4U 0115+63.

Due to the strong B field, electron energies perpendicular
to the field are quantized (Landau levels):

En = mec
2

√
1 + 2n(B/Bcrit) sin2 θ − 1

sin2 θ
(1)

where n is the major quantum number and

Bcrit =
me

2c3

eh̄
∼ 4.4 × 1013 G (2)

For B � Bcrit, the distance between Landau levels can
be written as (“12 − B12-rule”):

Ecyc =
h̄e

mec
B = 11.6 keV

(
B

1012 G

)
(3)

Resonant scattering of photons with electrons at these
energies leads to Cyclotron Resonance Scattering Fea-
tures (CSRF) or “cyclotron lines” at:

En = n Ecyc = (1 + z) En,obs (4)
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where 1 + z ∼ 1.25 . . . 1.4 is the gravitational redshift.

The hot plasma leads to thermal broadening of the lines
with narrow lines perpendicular to the B-field and broad
lines for motion along the B-field. The expected line
width is ∆EFWHM/Ecyc ∼ √

kT e| cos θ| (Trümper et
al. 1978).

2. Observations

Cyclotron lines have by now been observed in ∼15
sources. The number of detection slowly increases with
new and improved data from recent observatories. Still,
a majority of X-ray pulsars remains without such fea-
tures being detected.

Accretion in (high mass) X-ray binaries can be strongly
variable on long timescales. Thus, observations can cover
a large range in luminosity (and thus presumably Ṁ).

Several cyclotron line sources have been shown to have
the energy of the fundamental cyclotron line change
with luminosity. In V 0332+53 a clear decrease of the
line energy with increasing luminosity has been observed
(Mowlavi et al. 2006; Tsygankov et al. 2006). Simi-
larly, for 4U 0115+63 (Mihara et al. 2004; Nakajima et
al. 2006). In contrast, Staubert et al. (2007) found a pos-
itive correlation between luminosity and cyclotron line
energy in Her X-1. Other sources, such as A 0535+26
(Caballero et al. 2007), Cep X-4, or 4U 1538-52 do not
show any significant line energy variation with L.

Staubert et al. (2007) explain these different results by
the different interaction of the ram pressure in the ac-
cretion stream and radiation pressure in sub- and super-
Eddington luminosity regimes.

3. Modeling Cyclotron Lines

While analyzing observations, cyclotron lines are usu-
ally simply approximated by Gaussian or Lorentzian ab-
sorption line shapes. For more detailed models, two ap-
proaches have been used in the recent literature.

Nishimura (2008, 2005) uses a Feautrier radiative trans-
fer code to model emission from complex line forming
regions consisting of multiple individual domains with
varying parameters, e.g., magnetic field strength; see also
Nishimura’s contribution in these proceedings.

Schönherr et al. (2007) use a Monte-Carlo method, based
on the work by Araya& Harding (2000), to implement a
Green’s functions approach, calculating the response of
the column to monoenergetic photons. This model has
been experimentally incorporated into XSPEC for direct
data fitting.

The CRSF shape depends on the non-resonant optical
depth and angle. The resonance depth is ∼ 105 · τT!

4. Simulations versus Data

Both the radiative transfer and the Monte-Carlo method
can qualitatively reproduce various of the observed fea-
tures in cyclotron line spectra, i.e., the complex, asym-
metric shape of the fundamental line in several sources;
anharmonic line ratios and the existence of very shal-
low fundamental lines “filled up” from contributions by
higher harmonics. But detailed quantitative results re-
quire still further improvements.

Direct fits of cyclotron line spectra of V 0332+53 with
the Monte-Carlo model of Schönherr et al. (2007) are
promising and allow to constrain the emission geome-
try, but also show some of the limitations like stronger
predicted line wings than found in the data.

Efforts are ongoing to incorporate more detailed physics,
e.g., B-field or temperature gradients into the models
and to make these models available for spectral fitting.
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Trümper J., Pietsch W., Reppin C., et al., 1978, ApJ
219, L105

Tsygankov S.S., Lutovinov A.A., Churazov E.M., Sun-
yaev R.A., 2006, MNRAS 371, 19

This document is provided by JAXA.



JAXA  Special  Publication     JAXA-SP-09-008E270

Quiescent State Spectra of Neutron Star X-ray Binaries

Osamu Nagae1, Hiromitsu Takahashi1, Yasushi Fukazawa1,
Tsunefumi Mizuno1

1 Department of Physical Science, School of Science, Hiroshima University,
1-3-1 Kagamiyama, Higashi-hiroshima, Hiroshima 739-8526

E-mail(ON): nagae@hep01.hepl.hiroshima-u.ac.jp

Abstract

Spectra and accretion picture of X-ray binaries in quiescent state (QS) have not been understood well.
Thus, we performed detailed spectral analyzes of neutron star X-ray binaries (NS-XRBs), 4U 1700+24
and IGR J16194-2810 in their quiescence. The continuum spectra of both objects can be represented by
two Comptonized radiations.
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1. Introduction

X-ray spectra of NS XRB exhibit several spectral states
which depend on their luminosity. When their luminosi-
ties are 10−2–10−3 LEdd and below 10−4 LEdd where
LEdd is Eddington luminosity, they are classified as
low/hard state (LHS) and QS, respectively. Although
their accretion pictures have been understood well above
10−3 LEdd, that of the QS has not been understood. The
purpose of this work is to learn the spectra and accretion
picture of QS.

Here we focus on 4U 1700+24 and IGR J16194-2810.
These two objects are NS-XRBs containing M-type gi-
ant star. The X-ray luminosity normalized by LEdd

of 4U 1700+24 is 10−4–10−6 LEdd and that of IGR
J16194-2810 is 10−3 LEdd, respectively. In this pa-
per, we present spectral analyzes of Suzaku datasets of
4U 1700+24 and IGR J16194-2810 and XMM-Newton
archive data of 4U 1700+24.

2. Observation

2.1. Suzaku observation

We observed 4U 1700+24 and IGR J16194-2810 with
Suzaku on 2007 August 22 and 2009 February 5, re-
spectively. The data were acquired with the X-ray
Imaging Spectrometer (XIS) and the Hard X-ray De-
tector (HXD). For the data analyzes of both objects, we
used cleaned events of the XIS and the PIN distributed
by Suzaku team. The non X-ray background (NXB)
event (“LCFITDT” version “2.0pre0804”; Fukazawa et
al. 2009) of the PIN datasets are distributed by HXD
team. In addition to the NXB, we have to con-
sider the contribution of the cosmic X-ray background
(CXB). The CXB was estimated with PIN response
for point source observed at the HXD nominal position

as 8.0 × 10−4
× (E/1 keV)−1.29

× exp(−E/40 keV)
photons/cm2/s/deg2/keV, where E is photon energy.

2.2. XMM-Newton observation

There are four archival data of 4U 1700+24 observed on
2002 August 11, 2003 March 7,9, and August 13. We
analyze three datasets (Newton A, Newton B, and New-
ton C, in the ascending order of the observational dates.)
without 2003 March 7 dataset. The datasets of the MOS
are affected by heavy pile-up, and we use PN and RGS
datasets. In this paper, we show analysis results of PN
only (Nagae et al. 2009 shows also RGS analysis results).

3. Results

We analyze the time averaged spectrum over each ob-
servation to examine spectral variability over the three
orders of luminosity. For 4U 1700+24, we fix the inter-
stellar absorption to be NH = 4 × 1020 cm−2 (Dickey &
Lockman 1990). On the other hand, the value of NH of
IGR J16194-2810 is free in our analyzes.

At first we start the analyzes using a black body (BB)
which is thought to be arisen from the NS surface. The
BB is unacceptable due to large hard and soft resid-
uals for both objects (See both second panels of Fig-
ure 1). The LHS spectra above ∼ 1 keV of NS-XRBs
are represented by a Comptonized BB radiation fixed
with the comptonizing electron temperature, ∼ 100 keV
(e.g., Barret et al. 2000). Thus, we try to represent
the spectra above ∼ 1 keV using the CompPS model
(Poutanen & Svensson 1996). Hereafter, this model is
denoted as CompPS-BB. The third panels of Figure 1
show the residuals with respect to the CompPS-BB. For
below ∼ 1 keV, we test several spectral models, thermal
bremsstrahlung, disk black body (DBB), BB, CompPS-
BB, and Comptonized DBB to provide physical expla-
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Fig. 1. Top panel shows the spectrum of 4U 1700+24 observed with
Suzaku. The PIN spectrum is not subtracted the CXB. The other
panels second to bottom show the residuals with respect to the
BB, CompPS-BB, and CompPS-DBB + CompPS-BB.

Fig. 2. IGR J16194-2810 spectrum observed with Suzaku and the
residuals with respect to the each models in the same manner of
Figure 1. Although the third panel indicates the CompPS-BB is
marginally acceptable, there is wavy residuals are remained.

nation. We also use the CompPS model for the Comp-
tonized DBB (hereafter CompPS-DBB) with fixing elec-
tron temperature 100 keV. We find that the spectra can
be represented by PL, CompPS-BB, or CompPS-DBB
(bottom panels of Figure 1). The candidates of the PL
type emission are thought to be the Synchrotron radi-
ation, the SSC. From our spectral fitting, however, we
cannot constrain which model is plausible. We discuss
the radiation mechanism of the continuum spectra below
∼ 1 keV in §4.

4. Discussion

We first exam whether the Synchrotron radiation. When
we assume the typical magnetic field around NS, B = 108

Gauss and the electron temperature, 100 keV, the calcu-
lated energy of the Synchrotron photon is ∼ 2 eV which is
much lower than ∼ 1 keV. Second, we calculated the In-
verse Comptonized photon energy by SSC. Assuming the
Comptonizing electron temperature is also 100 keV, the
Comptonized photon energy is estimated only ∼ 2 Esync

where Esync is the energy of the radiated seed photon.
In the case of these candidates, the MeV order electron
energy is needed. Therefore, the PL modeling (the Syn-
chrotron and the SSC) is not plausible origin of below 1
keV spectra. Third, we discuss the CompPS-BB model,
where the seed photon BB is assumed to be arisen from
the cooler region of the NS surface. The obtained tem-
perature of the seed photon is TBB ∼ 0.05 keV (See Nagae
et al. 2009 in detail), which is much lower than those ob-
served in isolated NSs (∼ 0.3 keV; e.g., Wijnands et al.
2003). Since the temperature of the NS surface increases
through the mass accretion onto the NS, the CompPS-

BB modeling is again unlikely origin. Finally, we discuss
the CompPS-DBB. For the DBB, the inner disk temper-

ature, TDBB is proportional to L
1/4

disk
where Ldisk is ac-

cretion disk luminosity. Generally, TDBB is about 1 keV
when the NS-XRBs luminosities are close to ∼ LEdd so
that TDBB of both objects (10−3–10−6 LEdd) is expected
to be ∼ 0.1 keV order or less, which is consistent with
the obtained TDBB of both objects (See Table 1).
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Table 1. Best fit parameters of continuum spectra of both objects.

Object TBB NormBB τBB χ2

TDBB NormDBB τDBB dof

IGR 1.03 ± 0.01 3.46 ± 0.35 0.61 ± 0.05 195

J16194 < 0.12 > 1.0×10
4 < 0.34 210

4U 1700 1.10 ± 0.01 45.2
+1.1
−0.5

2.02 ± 0.02 1633

Newton A 0.09 ± 0.01 2.06
+0.08
−0.15

×10
4

0.83
+0.02
−0.01

1298

4U 1700 1.05
+0.03
−0.04

8.53
+1.17
−1.21

0.07 1.17
+0.09
−0.11

538

Newton B 0.09
+0.02
−0.01

0.50
+0.40
−0.24

×10
4

1.10
+0.18
−0.14

517

4U 1700 1.03
+0.01
−0.02

12.2
+1.0
−0.4

1.40
+0.04
−0.04

1024

Newton C 0.09 ± 0.01 0.88
+0.03
−0.04

×10
4

0.79
+0.02
−0.01

930

4U 1700 0.76 ± 0.01 1.16 ± 0.10 0.33 ± 0.05 180

Suzaku < 0.05 > 2.40×10
4 < 0.35 190
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Fig. 1. Background-subtracted light-curve of AX J1745.6−2901 with XMM-Newton/pn. The X-axis starts at MJD 54191.6324138, whereas
the bin size is 200 sec. Pile-ups are not corrected. Three eclipses are seen, the first two of which are associated with the prior anomalous
and deep dipping structures, whereas the last one shows no apparent dip before or after it.

erg s−1 cm−2. On the other hand, the spectra during
the dips were found to show the similar index but heav-
ier absorption. We confirmed the existence of an iron
absorption-line at 6.7 keV (Hyodo et al. 2009), which is
deeper during the dips.

2.2. Discussion

The rapid change of the dips, which can disappear in
two periods, suggests that it is likely to be caused with
something in the inner edge of the accretion disk. For
example a precession of the accretion disk at its inner
edge could cause this. Although this sort of appearance
and disappearance of dips are often seen in other dipping
compact sources, the rapid timescale of 2 periods or 17
hours is rather extreme.

Given a large change of the flux while the spectral in-
dex was stable, the apparent dips must be a result of
blockage of the incoming X-rays. Partial-covering ab-
sorption must be therefore appropriate, as suggested by
Hyodo et al. 2009.

We have estimated the upper-limit of size of the lump,
which causes the absorption for dips, based on the orbital
period and timescale of the variability (∼1 ksec), to be
< 108 m. Considering the fact that it sometimes causes
almost complete blockage of X-rays, its column density
should be ≥ 1024 H cm−2. Hence the averaged density of
the lump should be extremely large, nH ≥ 1014 H cm−3.

3. Results and discussion on GRS 1741.9−2853

We analysed the INTEGRAL/JEM-X data for its 2626
individual observations, which points the Galactic Cen-
tre in every spring and autumn since October 2002.
GRS 1741.9−2853 was detected in two periods, Febru-
ary to April 2005 and February to April 2007, as well
as four and seven type-I bursts, respectively. We also

analysed 11 and 3 observations with XMM-Newton/pn
and Swift/XRT, respectively, between February 2002 and
March 2008. Whenever a burst is detected, it was found
to be during the outburst, in which the X-ray luminos-
ity is > 1035 erg s−1, whereas the quiescent luminosity
is ≤ 1032 erg s−1.

The spectral parameters of the persistent emission
during the outburst for the unabsorbed 2–8 keV flux of
(1 − 14) × 10−11 erg s−1 cm−2 were found to be almost
stable from observation to observation, and were con-
sistent with the past observations (Sakano et al. 2002).
So was the upper-limit of the distance, ∼7 kpc, derived
from the peak luminosity of the brightest burst that we
have observed.

Based on the observed fluence of the bursts for the
distance of 7 kpc and for the standard neutron star pa-
rameters of mass and radius, the theoretical recurrence
times of the bursts for the pure helium composition are
estimated to be 0.2–5.1 days, whereas it is shorter for the
hydrogen-rich mixed burst, for example, it is ∼0.3 days
for the XMM-Newton bursts for the solar composition
(see Trap et al. 2009 for detail). Hence the latter case is
rejected from our results. The relatively short timescales
of our observed bursts, ∼10 sec, also support the case
for the pure helium burning in the bursts. Therefore we
conclude that unstable pure helium fusion matches the
observations well in GRS 1741.9−2853.
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Abstract

We report Suzaku observation of the dipping, bursting low-mass X-ray binary XB 1323–619 focusing
on the iron absorption lines in the energy spectra. The source was found to be dim, 1.5×1036 ergs/s
(1-10 keV, 10 kpc), during the Suzaku observation in 2007 contrary to the brightening trend continued
between 1985 and 2003. Clear absorption lines of He/H-like iron ions were detected in the persistent and
dip spectra of the Suzaku data. In spite of the luminosity difference of a factor of 4, the equivalent widths
(EWs) of the absorption lines and their changes in the dip were not very different from those observed by
XMM-Newton in 2003. We considered the cause of similarity in EWs in the framework of the standard
disk model.

Key words: accretion disk — X-rays:general — X-ray:individual (XB1323-619)

1. Introduction

XB1323-619 is the dipping, bursting low-mass X-ray bi-
nary with an orbital period of 2.93 hr. It shows periodical
dips synchronus to the orbital motion, and regular type-
1 X-ray bursts. Its X-ray luminosity gradually increased
from 1.3×1036 ergs/s to 5.4×1036 ergs/s between 1985
and 2003. Absorption lines due to highly ionized ions
were detected with XMM-Newton (Church et al. 2005)
and Suzaku. In this paper, we study the change of the
line-forming absorber with the source luminosity, which
varied by a factor of 4 between the XMM-Newton and
Suzaku observations. Suzaku observation of XB 1323-
619 was reported in Ba�lucińska-Church et al. (2009).

2. Observation

XB1323-619 was observed with Suzaku from 2007 Jan. 9,
11:30, through Jan. 10, 22:00, for a net exposure of 56 ks.
XIS was operated with the 1/4 window option to increase
the time resolution to 2 sec, and the spaced-row change
injection was employed. In this paper, we analysed only
the XIS data, although significant flux was detected by
HXD.

3. Analysis and Results

During the Suzaku observation, XB1323-619 was rela-
tively dim (LX∼1.5×1036 ergs/s), but the regular dip-
ping and bursting activities were clearly detected. Be-
cause the type-1 X-ray burst rate was significantly low
in 2007 compared to the previous observations, the dim
state is considerd to be due to the real decrease in the
mass accretion rate. We divided the XIS data into 3,
namely persistent (1.8–2.4 c/s), dip1 (1.2–1.8 c/s), and
dip2 (0.0–1.2 c/s) depending on the count rate to see
how the absorption lines change with the dip. We could
see the absorption lines of He-like and H-like iron ions in
all the 3 sets of data. We estimated the parameters of
the absorption lines from the spectral analysis assuming
narrow gaussian profiles.
We also analysed the XMM-Newton archive data (2003
Jan. 29 09:03–22:47). During the XMM-Newton obser-
vation, the source luminosity was 5.4×1036 ergs/s on av-
erage. Because of the gradual change of the X-ray flux,
we divided the data into persistent, dip1 and dip2 by
eye and determined the parameters of the iron absorp-
tion lines. The results are shown in Figure 1.
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Fig. 1. The EWs of He/H-like iron absorption lines obtained with Suzaku and XMM-Newton are plotted as a function of count rates which
are normalized by those of the persistent emission. The EWs of Suzaku and XMM-Newton show similar behaviour in spite of a factor of
4 difference in luminosity.

4. Discussion

As shown in Figure 1, the EWs of the He/H-like iron
absorption lines and their changes with dips are very
similar between the Suzaku and XMM-Newton observa-
tions in spite of the luminosity difference of a factor of 4.
The EWs of He-like iron increase in the dip, while those
of H-like iron stay almost constant. This means that
ξ-parameter of the plasma decreases in the dip. We cal-
culated the column densities of iron ions from the curve-
of-growth analysis, and then the ξ-parameters. We found
that log ξ changes from ∼3.4 (persistent) to ∼2.6 (dip2).
We can estimate the distance of the line-forming region
from the neutron star using the ξ-parameter. The ξ-
parameter may be ralated to the distance as follows:

ξ ≡ L

nr2
∼ L

N(H)r
, (1)

where L represents the X-ray luminosity, n a number
density of the plasma, r distance of the line-forming
region from the neutron star, and N(H) hydrogen-
equivalent column density. Using the ξ and other esti-
mated parameters, we found that r was roughly ∼1010cm
for both the Suzaku and XMM-Newton data regardless
of persistent or dip. This means that the absorption
lines are formed near the outer edge of the accretion disk.
However, the line-forming region may be different from

the bulge of the disk, because the bulge is considered to
be in the low-ionization state (Ba�lucińska-Church et al.
2009).
In spite of a factor of 4 difference in luminosity, the EWs
of the absorption lines, hence the ξ–parameter, are not
very different between the Suzaku and the XMM-Newton
observations. This may be naturally explained in the
framework of the α-disk. If we assume that the length of
the disk material along the line-of-sight is proportional to
its scale height, we can rewrite the r and Ṁ dependence
of the ξ-parameter as follows:

ξ � L

N(H)r
∝ L

ρHr
∝ Ṁ

3
10 r−

1
4 , (2)

where ρ is the plasma density and H the height of the
disk. If we assume the location of the plasma is same at
the outer boundary of the disk, the luminosity change
of a factor of 4 produces only 1.4 times change in the ξ
parameter. This explains why the absorption lines look
similar between the Suzaku and XMM-Newton observa-
tions.
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Abstract

We have analysed data from five XMM-Newton observations of GX 13+1, to investigate the variability
of the photo-ionised absorber present in this source. We fit the EPIC spectra obtained from “persistent”
(non-variable) intervals with a model consisting of disc-blackbody and blackbody components together
with a Gaussian emission feature at ∼6.6 keV modified by absorption due to cold and photo-ionised
material. Observations with a hard spectrum, with high temperatures for the blackbody (kT∼1.6 keV)
and disc blackbody (kT∼1.1 keV) show a very ionised absorber with absorption due to FeXXVI and a
modest emission Gaussian, with an equivalent width of 70 eV. In contrast, observations with softer spectra,
with a colder blackbody (kT∼1.2 keV) and disc blackbody (kT∼0.75 keV) show a cooler absorber, with
FeXXV and FeXXVI features, and a stronger emission Gaussian, with an equivalent width of ∼180 eV.
This analysis reveals a direct relation between the continuum emission, the ionisation state of outflow and
the strength and ionisation of the iron emission line.

Key words: Accretion, accretion discs – X-rays: individual: GX 13+1

1. Introduction

GX13+1 is the most luminous “atoll” source known to
date, with an intermediate luminosity (∼0.1 Eddington
luminosity) between the so-called “Z” Low Mass X–ray
Binaries (LMXBs) and all other “atoll” sources.

Ueda et al. (2001) discovered narrow resonant ab-
sorption lines near 7 keV from the persistent LMXB
GX13+1 using ASCA. The same features were studied
with XMM-Newton by Sidoli et al. (2002) who found
a complex of features identified with resonant scatter-
ing from the Kα and Kβ lines of He- and H-like iron
(FeXXV and FeXXVI), H-like calcium (CaXX) Kα as
well as the presence of a deep (τ ∼ 0.2) Fe XXV ab-
sorption edge at 8.83 keV. The absorption lines are su-
perposed on a broad emission feature whose energy and
width are poorly determined, partly due to the presence
of the deep Fe Kα features. Chandra HETGS observa-
tions (Ueda et al. 2004) revealed that the features are
blue-shifted indicating an outflowing plasma with a ve-
locity of ∼400 km s−1.

GX13+1 is unusual in that all the other LMXB sys-
tems that exhibit prominent FeXXV and FeXXVI fea-
tures are dipping sources (see Table 5 of Boirin et al.
2004). Dipping sources are LMXB systems that are ob-
served from close to the plane of the accretion. The dips

are believed to be caused by periodic obscuration of the
central X-ray source by structure located in the outer
regions of a disc (White & Swank, 1982). The depth,
duration and spectral evolution of the dips varies from
source to source and often from cycle to cycle. The lack
of an orbital modulation of the absorption features out-
side of the dips indicates that the absorbing plasma is
located in a cylindrical geometry around the compact
object. The important role that photo-ionised plasmas
play in LMXBs was recognised by Boirin et al. (2005)
and Dı́az Trigo et al. (2006) who were able to model the
changes in both the narrow X-ray absorption features and
the continuum during the dips from all the bright dipping
LMXB observed by XMM-Newton by an increase in the
column density and a decrease in the amount of ionisa-
tion of a photo-ionised absorbing plasma. Since dipping
sources are normal LMXBs viewed from close to the or-
bital plane, this implies that photo-ionised plasmas are
common features of LMXBs. Outside of the dips, the
properties of the absorbers do not vary strongly with
orbital phase suggesting that the ionised plasma has a
cylindrical geometry with a maximum column density
close to the plane of the accretion disc.

Since GX13+1 also exhibits deep Fe absorption fea-
tures this suggests that the overall X-ray continuum
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Fig. 1. Ratio of the data to the continuum model for two of the
observations analysed in this work when the Fe K emission and
the warm absorber are set to 0.

may be similarly affected. In order to investigate the
magnitude of this effect, we performed fits to the over-
all XMM-Newton spectra including a photo-ionized ab-
sorber. Here, we report the results of the five XMM-
Newton observations of GX13+1 performed in 2008.

2. Observations

We observed GX13+1 five times with XMM-Newton
during 2008. We used the EPIC pn in Timing Mode with
the Thin filter. Only single and double events (patterns
0 to 4) were selected and source events were extracted
from a 53′′ wide column centred on the source position.
We investigated the presence of pile-up before extract-
ing the spectra. We used the SAS task epatplot as a
diagnostic tool in the pn camera Timing mode data and
found that all the spectra were affected by pile-up. We
obtained spectra free of pile-up once events within the
inner 5 columns were excluded.

For the observations showing variability, we first se-
lected intervals of “persistent” or “non-variable” emis-
sion. Spectra were accumulated corresponding to these
intervals. We rebinned the EPIC pn spectra to over-
sample the FWHM of the energy resolution by a factor
3 and to have a minimum of 25 counts per bin, to allow
the use of the χ2 statistic. We performed spectral anal-
ysis using XSPEC (Arnaud et al. 1996) version 12.3.1.

We fitted the 0.7–10 keV EPIC pn spectra of GX13+1
with a model consisting of a disc blackbody and a black-
body, both modified by photo-electric absorption from
neutral and ionised material together with one Gaus-
sian emission feature at ∼6.6 keV modified by neutral
absorption only and one Gaussian absorption feature
at ∼1.8 keV to account for an incorrect modeling of
the Si absorption in the CCD detectors by the EPIC
pn calibration (tbabs*warmabs*(diskbb+bbodyrad) +

tbabs*(gau) +gau).

The warmabs component models the absorption due
to a photo-ionised plasma in the line of sight and is nec-
essary to account for the complex residuals evident near
7 keV as well as for modifying the overall continuum
shape. The χ2

ν of the resulting fits is between 1.0 and
1.2 for 550 to 600 degrees of freedom. The residuals of

the fit are shown in Fig. 1 for two of the observations.

3. Discussion

We have analysed five XMM-Newton observations of the
LMXB GX13+1. The X-ray spectra are well fitted by
a model consisting of a blackbody and disc-blackbody
components absorbed by neutral and ionised material.
A highly-ionised absorber is present in all observations
of GX13+1.

The temperature of the blackbody and disc black-
body components is higher for observations showing very
ionised absorption, with only H-like Fe XXVI features.
For these observations, the temperature of the blackbody
component is 1.6 keV while the disc blackbody shows a
lower temperature of 1.1 keV.

The temperature of both the blackbody and disc
blackbody components is significantly lower, 1.25 keV
and 0.75 keV respectively for two of the observations.
This change is accompanied by a cooling of the ionised
absorber, where He-like Fe XXV features are stronger
than H-like ones.

The XMM-Newton 2008 observations of GX13+1 re-
veal for first time a clear strong dependence of the ion-
isation state of the wind with the continuum emission.
Evidence of variation of the ionisation state of the wind
with the continuum flux was already reported by Ueda
et al. (2004). However, a correlation between the varia-
tions of the flux and the continuum components was not
established. Here, we associate the cooling of the outflow
to the decrease of the mass accretion rate.

A moderately broad (σ ∼0.6 keV) Fe emission line at
∼6.7 keV with EW∼70–200 eV is present in the spectra.
The emission feature is weak and moderately broad. It is
not necessary to invoke relativistic effects to explain the
moderate line width, which could be due to mechanisms
such as Compton broadening.

4. References

Arnaud, K. A. 1996, in ASP Conf. Ser. 101: Astronom-
ical Data Analysis Software and Systems V, 17

Boirin, L., Parmar, A. N., Barret, D., Paltani, S. &
Grindlay, J. E. 2004, A&A, 418, 1061

Boirin, L., Méndez, M., Dı́az Trigo, M., Parmar, A. N.,
& Kaastra, J. 2005, A&A, 436, 195

Dı́az Trigo, M., Parmar, A. N., Boirin, L., Méndez, M.
& Kaastra, J. 2006, A&A, 445, 179

Sidoli, L., Parmar, A. N., Oosterbroek, T. & Lumb, D.
2002, A&A, 385, 940

Ueda, Y., Asai, K., Yamaoka, K., Dotani, T., & Inoue,
H. 2001, ApJ, 556, L87

Ueda, Y., Murakami, H., Yamaoka, K., Dotani, T., &
Ebisawa, K. 2004, ApJ, 609, 325

White, N. E. & Swank, J. H. 1982, ApJ, 253, L61

This document is provided by JAXA.



JAXA  Special  Publication     JAXA-SP-09-008E278

Suzaku Observation of IGR J16318−4848

Laura Barragán1, Jörn Wilms1, Katja Pottschmidt2,3,
Michael A. Nowak4 Ingo Kreykenbohm1 and Roland Walter5,6

1 Dr. Karl Remeis-Sternwarte and ECAP, Sternwartstr. 7, 96049 Bamberg, Germany
2 CRESST, University of Maryland Baltimore County, 1000 Hilltop Circle, Baltimore, MD 21250, USA

3 NASA Goddard Space Flight Center, ASD, Code 661, Greenbelt, MD 20771, USA
4 MIT Kavli Institute for Astrophysics and Space Research,

77, Massachusetts Avenue, 37-241, Cambridge, MA 02139, USA
5 INTEGRAL Science Data Centre, Chemin d’Écogia 16, 1290 Versoix, Switzerland
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Abstract

IGR J16318−4848 is the first example of a new class of highly absorbed X-ray binaries that has been
discovered by the INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) in the last years.
We analysed the first Suzaku observation of this source (2006 August 14-17), and its spectral characteristics
suggest a neutron star as the compact object in the binary system. However no pulsations were found
between 1 s and 10 ks, and we could not conclude this suggestion.

The lightcurve varies significantly in hours; however the source remains always in a hard state.

Key words: stars: individual (IGR J16318−4848) — binaries: general — X-ray: binaries

1. IGR J16318−4848

IGR J16318−4848 was discovered on 2003 Jan 29 with
the IBIS/ISGRI soft gamma-ray detector onboard IN-
TEGRAL. It has been proposed (e.g. Filliatre et al.
2004; Walter et al. 2004) that the source is a High Mass
X-ray Binary (HMXB) with an sgB[e] star as the mass
donor surrounded by a dense and absorbing circumstel-
lar material. The distance is estimated to be between
0.9 and 6.2 kpc.

Observations of some of the other newly-discovered
INTEGRAL sources have revealed that some of them
share similar spectral properties (e.g. Rodriguez et al.
2003, Patel et al. 2004), and IGR J16318−4848 would
then be one of the most extreme examples of this new
class of highly absorbed X-ray binaries (see, e.g., Kuulk-
ers et al. 2005).

2. Spectral Analysis

Fig. 1 shows the spectrum in the 1.2 − 100 keV band.
The soft excess below 5 keV is most problably due to a
serendipitous source close to IGR J16318−4848 (Ibarra
et al. 2007; Matt et al. 2003), thus it was not in-
cluded in our fit model. We described the spectral con-
tinuum with an absorbed cutoff powerlaw, taking into
account non-relativistic Compton scattering; photoab-
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Fig. 1. Broad-band spectrum of IGR J16318-4848 covered by the
Suzaku instruments XIS (1.2–12 keV), PIN (1.2–60 keV) and GSO
(40–100 keV).

sorption was modeled with a revised version of the TBabs
model (Wilms et al. 2000; Wilms et al. 2006) and the
strong fluorescent emission lines appearing in the spec-
trum: Fe Kα1, Kα2, Kβ1, Kβ2 and Ni Kα as Gaussians
fixed to a width of σ = 0.1 eV (Fig. 2).

The fit to the model was good (χ2/dof = 305.6/264),
and revealed a very high column density 1.95(3) ×
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Fig. 2. Close up of the spectrum focusing on the fluorescent emission
lines interval [6–8 keV]. No clear Compton shoulder was detected
in the spectrum.
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Fig. 3. Light curves for the XIS, the PIN and GSO.

1024 cm−2, however no clear Compton shoulder was de-
tected in the spectrum, consistent with previous results,
e.g., Walter et al. (2003), which could be due to a
strongly inhomogeneous absorbing medium. The fold-
ing energy, 20.5(6) keV, together with the other spectral
characteristics derived from the fit as the hard photon
index (0.68(4)) are typical parameters for accreting neu-
tron stars (Naik et al. 2004; Hill et al. 2008), suggesting
this might be the nature of IGR J16318−4848, as already
pointed out by Walter et al. 2004). Our fit requires a
slight overabundance of iron with respect to the ISM val-
ues of Wilms et al. (2000), as one would expect for an
evolved star. Furthermore, the flux ratio of Fe and Ni
also points towards a Ni overabundance by a factor of
∼2 with respect to Fe.

3. Variability

The light curves for the energy range 1.2–100 keV of
the combined XISs, the PIN and the GSO are shown
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Fig. 4. Light curve for the XIS (5.0–12.0 keV) and the PIN
(12–60 keV), together with the hardness ratio.

in Fig. 3. The source is varying significantly in time as
shown by the behavior on different energy bands. The
light curves for the Kα region (6.2–6.6 keV), the XIS
continuum (8–12 keV) and the PIN (12–60 keV) follow
a similar trend, but not the one for the soft excess in the
XIS (1.2–5.0 keV), which may be due to the fact that
this excess is caused by another source in the vicinity of
IGR J16318−4848 (Ibarra et al. 2007).

Fig. 4 shows the light curves for the XIS (5.0–12 keV)
and the PIN (12–60 keV) together with the hardness ra-
tio (HR). We can see that the source remains always in
a hard state (the points where it seems to be softer have
large error bars, still compatible with the hard state) al-
though it varies slightly over the time of the observation.

No pulsations were found between 1 s and 10 ks, so it
cannot be concluded unambiguously that the compact
object of the binary system is a neutron star (although
the spectral values are pointing to this fact).

This research was supported by BMWi via DLR grant
50 OR0701
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Abstract

We present the Suzaku observations of two unidentified sources discovered with ROSAT towards the
Galactic bulge. We obtained the wide-band spectra of these sources above 2 keV, for the first time.
The X-ray spectrum of 1RXS J165256.3−264503 showed a Kα emission line from He-like Ne and was
well reproduced by two thin-thermal plasma components with temperatures of 0.7 and 2.4 keV, which is
reminiscent of a spectrum of an active binary. On the other hand, the spectrum of 1RXS J174459.5−172640,
extending up to 20 keV, was well represented with a cut-off powerlaw model with a photon index of 2.2 and
a cut-off energy of 17 keV, or a multi-color disk blackbody (kT ∼ 0.2 keV) plus Comptonized blackbody
model, where the electron temperature is 19 keV. Therefore, we inferred that the former is a RS-CVn type
binary and the latter is a low-mass X-ray binary (LMXB) with a luminosity of ∼ 1035 erg s−1, at which
the X-ray emission mechanism of the LMXB has seldom been studied systematically.

Key words: Galaxy: bulge — X-rays: stars — stars: binaries: general

1. Introduction

A galactic bulge is a gravitationally-relaxed spheroidal
rotator surrounding the galaxy. Since the bulge is pre-
sumed to be an old (∼ 109 yr) galactic component, the
primordial stars in the bulge with a mass over 8M⊙

have already evolved into compact objects such as neu-
tron stars or black holes. These compact objects should
form binary systems together with slowly evolving low-
mass stars and emit X-rays via accretion flow from their
companions. We picked up the X-ray source candidates
located in the Galactic bulge from the ROSAT Bright
Source Catalogue, using the absorption estimated from
the X-ray spectral color for each source. In order to re-
veal the nature of these unidentified bulge sources, we
conducted the observations of 1RXS J165256.3−264503
and 1RXS J174459.5−172640 with Suzaku.

2. Analysis and Results

2.1. 1RXS J165256.3−264503

The XIS image showed that no point-like and/or dif-
fuse sources except for 1RXS J165256.3−264503 within
the XIS field of view. Then, we accumulated the XIS
photons from a 4′.3 circle centered on the RBSC source
position. We chose the background region as an annulus
surrounding the source region. Since no variability was
found in the background-subtracted XIS lightcurve, we
extracted the XIS spectra during the whole time inter-

val. On the other hand, we found no significant signals
from the HXD PIN data.

We show the XIS spectra obtained with FI and BI
CCDs in figure 1 (left). We can see a Kα emission
line at 1 keV from highly-ionized Ne in both spectra.
Thus, we first tried to fit the spectra with a thin ther-
mal plasma model in collisional ionization equilibrium
(CIE) affected by photoelectric absorption. However, the
fit was statistically unacceptable (χ2 = 545/241 d.o.f.).
Since the residual indicated a marginal emission-line fea-
ture and an excess above 3 keV, we fitted the spectra
by two CIE plasma components with the same absorp-
tion column density (NH). We set the elemental abun-
dances to be free parameters but tied them between the
two plasma components. We obtained an acceptable fit
(χ2 = 179/238 d.o.f.). The temperatures of the plasma
were 0.7 and 2.4 keV. The elemental abundances were
∼ 30% relative to the solar values except for Mg and Ne;
Ne was overabundant in these plasma. We superposed
the best-fit model on the data, together with each CIE
plasma component in figure 1 (left).

Since the absorption column density of NH ∼ 1 ×

1021 cm−2 is consistent with the HI column density in the
line sight of the source (Dickey and Lockman 1990), the
source is probably located in our Galaxy. The tempera-
ture combination (0.7 and 2.4 keV) suggests that the ori-
gin of the X-ray emission is a coronal plasma associated
with an active star binary (e.g., Swank et al. 1981). Fur-
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Fig. 1. Spectra of 1RXS J165256.3−264503 (left) and 1RXS J174459.5−172640 (right). The data obtained with FI CCD, BI CCD, and HXD
PIN are indicated with black, red, and green crosses. We superposed the best-fit model on the data, together with each component.

thermore, using the SIMBAD database, we found a RS-
CVn type star, HD 152178 (Fekel et al. 1999), located
∼ 4” away from 1RXS J165256.3−264503. This posi-
tion coincidence also supports our identification. Since
the distance to HD 152178 is estimated to be 472 pc
from its parallax, we can infer the X-ray luminosity of
6.0 × 1031 erg s−1, an order of magnitude brighter than
that of a typical RS CVn star.

2.2. 1RXS J174459.5−172640

We first made the background-subtracted lightcurves in
the XIS and HXD PIN energy bands. For the XIS data,
the source and background extraction regions were cho-
sen to be a 6′.1 circle and its surrounding annulus, respec-
tively. For the HXD-PIN spectra, we estimated the con-
tribution of the Galactic Ridge X-ray Emission (GRXE;
Koyama et al. 1986) within the HXD-PIN field of view
to be 4.9 × 10−13 erg s−1 cm−2, which is lower than the
detection limit at > 3σ confidence. Hence, we only gen-
erated the CXB spectrum followed by Boldt (1987) and
then subtracted it, together with the NXB spectrum,
from a raw HXD spectrum.

We show the X-ray spectra of 1RXS
J174459.5−172640 extending up to ∼ 20 keV in figure 1.
Since the XIS spectra show no line feature, we fitted
the spectra with an absorbed power-law model. This
model well reproduced the overall spectral shape, how-
ever, there was a subtle deviation above 8 keV between
the data and the model. We then included an exponen-
tial cutoff in the power-law model. The fit was signifi-
cantly improved (χ2 = 386/336 d.o.f.). The best-fit pa-
rameters were as follows: NH = (3.51+0.05

−0.03)×1021 cm−2,

Γ = 2.17 ± 0.06, and Ecut = 17+7

−4
keV.

We also tried to fit the spectra with some two-
component models which have a physical or observa-
tional basis. We used a multi-color disk blackbody model
(diskbb in XSPEC; Mitsuda et al. 1984) from an accre-

tion disk to explain the soft X-ray emission. For the
hard X-ray emission, we tried to fit the spectrum with
a blackbody, power-law, or a Comptonized blackbody
model. We tied an absorption column density between
the two components. We obtained an acceptable fit
by the disk blackbody plus the Comptonized blackbody
model (χ2 = 315/330 d.o.f.). The temperature at the
innermost disk radius was kTin = 110+2

−3
eV. The tem-

perature of the Comptonized blackbody component was
kT = 188+10

−3
eV and the electron temperature of the hot

plasma was kTe = 19.7+0.7
−0.4 keV, which is slightly larger

than the cutoff energy described above. In the two com-
ponent model, we obtained the higher absorption column
density of NH = (5.3 ± 0.2) × 1021 cm−2.

The X-ray spectrum dominated by continuum emis-
sion suggests that the source is an X-ray binary in-
cluding a compact object. Furthermore, the XIS and
HXD lightcurves show no pulsation and flux variabil-
ity. Thus, we infer this source to be a low-mass X-
ray binary (LMXB). In the SIMBAD database, 1RXS
J174459.5−172640 is identified with a near-infrared
(NIR) source, 2MASS J17445953−1726397. Using the
Galactic absorption towards the source and its appar-
ent colors, we inferred the color excess of the source
to be (J − H)0 = 0.27 ± 0.03 mag and (H − K)0 =
0.02 ± 0.03 mag, which is consistent with that of an F-
type main sequence star. The result strengthens that the
system would be a LMXB class.
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Fig. 2. Color-color diagram (left panel) and hardness-intensity dia-
gram (right panel) of all three Suzaku observations.

have to be squeezed within a 2 pc region (Chandra limit),
which is unlikely to be the case.

2.2. Beaming Effect?

From the persistent brightness of the source (for a pe-
riod over 30 years), and the spectra (not a typical pulsar
spectrum), the relativistic beaming is unlikely to be re-
sponsible for such a high luminosity. However, consider-
ing a neutron star binary scenario, the high luminosity
might be explained by anisotropic beaming due to the
strong outflow and corona surrounding the neutron star.

2.3. Black Hole Binary? or Neutron Star Binary?

Since the source is associated with a GC, it is most likely
a low-mass X-ray binary (LMXB). Because we did not
find any pulsation nor radio emission from the obser-
vations, the source could either be a stellar-mass black
hole binary in its high state, or a weak magnetic field
slow-rotating neutron star binary with strong outflow
and high mass accreting rate. The real difficulty and
challenge is to distinguish these two systems, since they
have many similarities in spectral behavior and intensity
variability. We first examined the color-color diagram
and hardness-intensity diagram (Figure 2.) of all ob-
servations and we did not see any obvious pattern like
those seen in Galactic X-ray binaries. A similar accre-
tion disk structure is commonly considered for either a
stellar-mass black hole binary, or a neutron star binary.
For the black hole case, the soft thermal emission is usu-
ally suggested as the multi-color black body emission
from the accretion disk. For the neutron star case, it
is thought to be from the neutron star surface, or the
boundary layer between the neutron star and the accre-
tion disk, or the combination of both. The difference
between high-luminosity neutron star LMXBs and black
hole LMXBs is that a neutron star has a surface, but

Fig. 3. Simultaneous spectral fit of Suzaku XIS0, XIS1 and XIS3
(0.3 to 10 keV) detectors of Bo375 from observation 701028010.
The spectrum was best fitted with an absorbed power law plus
blackbody model.

the black hole does not. Many studies have shown that
the high-luminosity neutron star LMXBs can be well fit-
ted by a simple black body component plus a power-law
model. This black body emission is interpreted as emis-
sion from the neutron star surface. However, a 3-4 solar-
mass black hole might also show very similar properties.
Two widely used properties to diagnose whether or not
the central object in a binary system is a black hole are
the ultra-soft spectra, and a power-law tail above 20 keV.
In our Suzaku HXD observations, we did not see any tail
above 20 keV, and the spectra are not soft (Figure 3.
and Table 1). But this does not lead to the conclusion of
a black hole scenario. In recent years, it has been discov-
ered that there are more sources found not to follow the
classical trend of the diagnoses. For an ambiguous case
like Bo375, the task seems to be more difficult. Due to
the limited quality of the current data, we are unable to
determine the source nature at this current stage. Fur-
ther observations are needed in order to draw a complete
picture of the source. A properly sampled monitoring
program will certainly provide us with more information
to constrain the physical properties and nature of the
source.

Table 1. Spectral fits of Suzaku Observations

ObsID NH
3 Γ TKT or Tin

4 χ2/dof

7010280101 1.67 +

−

0.28 1.87 +

−

0.09 0.89 +

−

0.05 0.96/449

7010280102 1.06 +

−

0.53 1.72 +

−

0.45 1.56 +

−

0.18 0.96/449

7010280201 1.63 +

−

0.29 1.89 +

−

0.10 0.95 +

−

0.06 0.91/464

7010280202 1.18 +

−

0.66 1.99 +

−

0.66 1.74 +

−

0.19 0.92/464

7010280301 1.33 +

−

0.33 1.63 +

−

0.08 0.87 +

−

0.14 0.82/331

7010280302 1.05 +

−

0.46 1.50 +

−

0.21 1.43 +

−

0.35 0.82/331

1Power-law+blackbody. 2Power-law+disk blackbody.
3In units of 1021cm−2. 4In units of keV.
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Abstract

We report on the spectral analysis of the High Mass X-ray Binary 4U1700-37 with Suzaku.
Key words: stars:individual(4U1700-37=HD153919) — X-rays:binaries — X-ray:spectra

1. Introduction

4U1700-37 is a High Mass X-ray Binary (HMXB) dis-
covered by Uhuru satellite [1], whose companion star
HD153919 is the brightest one in the visible light. Phys-
ical parameters of 4U1700-37 are summerized in Table.1.

There have been several observations of this source
with X-ray satellites. BeppoSAX observed 4U1700-37 in
1997, and a spectrum obtained in 10 ksec was fitted with
a cutoff power-law model [2] in the energy band 0.5-200
keV [3]. The Chandra spectrum in 1-10 Å was explained
with two power-law components with different absorp-
tions [4]. Three low flux period spectra in the range
of 0.5-10 keV were investigated with XMM-Newton [5].
With Suzaku, we aim to analyze a wider spectrum with
high time resolution to investigate the temporal change
of the electron energy distribution in HMXBs.

Table 1. Physical parameters of 4U1700-37

RA (J2000) 17h 03m 56.772s [6]
DE (J2000) -37d 50m 38.92s [6]
Orbital Period 3.41days [7]
Stellar Mass 58±11M⊙ [8]
Compact Object Mass 2.44±0.27M⊙ [8]
Distance 1.9kpc [9]

2. Observation

4U1700-37 was observed with Suzaku from September
13th to 14th, 2006. The observational period corre-
sponded to an orbital phase of 0.30-0.72, and the XIS
mode was set to be 1/4 window mode with 1 sec Burst
mode. As shown Figure 1, the light curve of 4U1700-37
fluctuated a factor of 10 and divided four energy bands
sometimes changed differently.

3. Data Analysis

We firstly tried to explain hard spectra below 100 keV
by a single power-law with an absorption model, but

Fig. 1. The Light Curve of Each Energy Band

realized that these spectra in all range were more prop-
erly shown by a cutoff power-law with absorption model.
Therefore all observation data were divided into 1000 sec
periods and the extracted spectrum from each period was
fitted by the cutoff power-law model. A light curve of
best-fit parameters is plotted in Figure 2.

4. Light Curve of Best-Fit Parameters

Several results were revealed from Fig.2. The normal-
ization of power-law and line flux was fluctuating by a
factor of 10, and the absorption was also making a vari-
ation such order.

However, the power-law index approximately stayed
in a range of 0.7-1.2, except a short period in which the
value dropped smaller than 0. We defined this period
as a ”transition duration” and analyzed in detail. We
made a light curve normalized by a 7-12 keV band flux
to examine the transition duration. It was discovered
that the duration was approximately only 100 sec. Then
we tried to study the spectral change in the transition
duration. We defined the Red Spectrum as a spectrum
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Fig. 2. The Light Curve of Model Parameters

accumulated in 1500 seconds before the transition point
at 30500 sec in Fig.1 and the Blue Spectrum as that ob-
tained in 1500 seconds after. As shown in Figure 3, the
power-law index declined from 1.3 to 0.2, the fold en-
ergy halved, and the line width rapidly increased by a
factor of 105, although the reduced χ2 was not so good
at the Blue Spectrum probably due to the descrepancy
above 30 keV. The cutoff and folding energy stayed com-
paratively flat, changing between 4 and 14 keV, 5 and
25 keV, respectivley. The line center energy almost re-
mained constant.

Fig. 3. Spectrum around the Transition Duration

5. Correlation of Best Fit Parameters

As shown Figure 4, we made correlation diagrams to in-
vestigate whether there was correlation between param-
eters or not. As a result, the index became soften when
the power-law flux increased. This implied that the dis-
tribution of electron energy became depressed when the

Fig. 4. Correlation Diagrams

accretion matter increased. We also confirmed that the
power-law index fluctuation was not responsible for the
absorption, because the spectra became soft when the
absorption was large. The fact that there was no cor-
relation between the absorption and the power-law flux
claimed that the accretion and absorption matter may
have been different. The power-law flux was positively
correlated with the line flux and it indicated the accre-
tion matter and the Fe line emission matter may have
had a same origin.
6. Conclusion

We for the first time resolved wide-band spectra of
4U1700-37 with high time resolution and obtained tem-
poral behaviors of individual parameters. The fitting
revealed that the flux of the absorption, continuum and
6.4 keV line were fluctuating by a factor of 10 in 1000
sec timescale, but the power-law, cutoff energy and fold
energy were not. The correlation diagrams of these pa-
rameters implied that the accretion and absorption mat-
ter were different, despite the accretion and line emission
one were same.

We also discovered the transition period that the
power-law index became hard. In that period, the power-
law index decreased from 1.3 to 0.2, the fold energy also
decreased and line broad extremely expanded. These
transition happened in only 100 sec.
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Abstract

We present the results of optical spectroscopic observations of the mass donor star in SS 433 with
Subaru and Gemini. Subaru/FOCAS observations were performed on 4 nights of 2007 October, covering
the orbital phase of φ ≈ 0. We calculate cross correlation function of these spectra with that of the reference
star HD 9233 in spectral regions that are selected to avoid “strong” absorption lines accompanied with
contaminating emission components. The same analysis is applied to the archive data of Gemini/GMOS
by Hillwig and Gies (2008). From the Subaru and Gemini CCF results, the amplitude of radial velocity
curve of the donor star is determined to be 56.7±3.7 km s−1 with a systemic velocity of 61.3±2.5 km
s−1. Combining with the radial velocity of the compact object, we derive the mass of the donor star and
compact object to be MO = 12.2+2.3

−2.1 M� and MX = 4.1+0.8
−0.7 M�, respectively. However, these values

should be taken as upper limits if we consider the heating effects (Kubota et al. 2009). We conclude that
the compact star in SS 433 is most likely a low mass black hole, although the possibility of a massive
neutron star cannot be firmly ruled out.

Key words: accretion, accretion disks — stars: individual (SS 433)

1. Introduction

The microquasar SS 433 is a target of great interest
in modern astronomy as a unique Galactic source that
shows steady relativistic (v = 0.26c) jets (for a review,
see Margon 1984; Fabrika 2004). Although it has been
studied for about 30 years since its discovery, the iden-
tification of the compact object has remained unsolved.

A simple way to identify the compact object in SS 433
is to determine its mass function by directly measuring
the Doppler shifts of the mass donor star due to the or-
bital motion. Since most of the optical light from SS 433
is emitted from the compact object, it is relatively easy
to measure the radial velocity of the compact object.
The measurement of the radial velocity of the donor star
is more complicated, however. In this paper, we present
the most updated determination of the radial velocity of
the donor star.

2. Subaru observations of SS 433

We observed SS 433 with the FOCAS instrument on the
Subaru telescope on 2007 October 6, 7, 8, and 10. The
jets of this source are known to exhibit precession with
a period of 162.15 days. This epoch was chosen to catch
the system in a special precession phase where the disk
is the most open toward us (ψ ≈ 0), to prevent the gas
stream from the donor to the compact object from inter-
secting the line-of-sight, and in orbital phases around the

eclipse of the compact object by the donor star (φ ≈ 0).

Since a large fraction of the optical emission of SS 433
originates from the compact object, absorption lines
from the donor star become very weak, and hence careful
analysis is required to study their features. For the anal-
ysis of cross-correlation function (CCF) with the spec-
trum of a reference star, we define three different re-
gions that are free from prominent emission lines from
the compact object; Region 1 (4490–4630 Å), Region 2
(4740–4840 Å), and Region 3 (4950–4990 Å). To make
the absorption features clearly visible, we further divide
the normalized spectra by a continuum function modeled
by Legendre polynomials of ≈15 orders in each region.
We call the resultant spectra “highly rectified spectra”.

Figures 1 and 2 show the highly rectified spectra of
SS 433 in Region 1 and Region 2–3, respectively, to-
gether with the normalized spectrum of the reference star
HD 9233, observed with Subaru. HD 9233, spectral type
of A4 Iab, is known to have a similar spectrum to the
donor star of SS 433 (Hillwig et al. 2004). To make easy
comparison, all the spectra have been shifted into the
rest frame. As noticed from the figures, the spectra of
HD 9233 and SS 433 contain the same absorption lines.
These absorption features in the SS 433 spectra become
deeper as the donor star hides the compact star, pro-
viding evidence that they are originated from the donor
star.
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3. Radial velocity of the donor star

Figure 3 shows the radial velocity curve of the donor
star in SS 433 as determined from the CCF analysis of
the Subaru spectra. We find that the amplitudes of the
radial velocity is different between spectral regions used
in the analysis (Region 2 > Region 3 > Region 1). The
difference in the amplitude is related to the strength of
the spectral features; the absorption lines in Region 1 are
the deepest and have underlying emission components,
while those in Region 2 are the weakest and mainly do
not have emission components. We interpret that the
strong absorption lines are more significantly affected by
emission from the wind, gas stream, and/or heated sur-
face of the donor star, making the amplitude of the radial
velocity curve apparently smaller.

In this context, to select “weak” lines are important to
trace the true motion of the donor star. Under this as-
sumption, we can estimate the amplitude of the radial ve-
locity by fitting them with a Keplerian solution. From all
the Subaru and Gemini results obtained from the CCF
analysis of Region 2, we obtain the semi-amplitude of the
radial velocity of KO = 56.7 ± 3.7 km s−1 and systemic
velocity of γO = 61.3 ± 2.5 km s−1.

4. An estimate for the mass of the compact star in SS 433

Combining KO with the amplitude of the radial velocity
of the compact object, which we adopt KX=168±10 km
s−1 (the averaged value of Fabrika & Bachkova 1990,
Fabrika et al. 1997, Gies et al. 2002, and our estimate
from the HeII emission line), we derive the mass of the
donor star and compact object to be MO = 12.2+2.3

−2.1

M� and MX = 4.1+0.8
−0.7 M�, respectively. However, these

values should be taken only as upper limits if we consider
the heating effect (Kubota et al. 2009). We conclude that
the compact star in SS 433 is most likely a low mass black
hole, although the possibility of a massive neutron star
cannot be firmly ruled out.

This work was partly supported by Grant-in-Aid for
JSPS Fellows for young researchers (KK).

References

Fabrika S. 2004 Astrophys. and Space Phys. Rev., 12, 1
Fabrika S. & Bychkova L. V. 1990 A&A, 240, L5
Fabrika S. et al. 1997 Bull.Special Astrophys.Obs.,43,75
Gies D. R. et al. 2002 ApJ, 566, 1069
Goranskii V. P. et al. 1998 Astronomy Reports, 42, 209
Hillwig T. C. & Gies D. R. 2008 ApJ, 676, L37
Hillwig T. C. et al. 2004 ApJ, 615, 422
Hobbs L. M. et al. 2008 ApJ, 680, 1256
Kubota et al. 2009 ApJ submitted
Margon B. 1984 ARA&A, 22, 507
Margon B. & Anderson S. F. 1989 Apj, 347, 448

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 1.4

 1.5

 4500  4550  4600

N
or

m
al

iz
ed

 In
te

ns
ity

Wavelength (Angstrom)

Fe
 II

 4
50

8.
28

Fe
 II

 4
51

5.
34

Fe
 II

 4
52

0.
22

Fe
 II

 4
52

2.
63

Ti
 II

 4
53

3.
97

Fe
 II

 4
54

1.
52

Fe
 II

, T
i I

I
45

49
.5

4
Fe

 II
 4

55
5.

89
C

r I
I 4

55
8.

66
Ti

 II
 4

56
3.

76

Ti
 II

 4
57

1.
97

Fe
 II

 4
57

6.
33

Fe
 II

 4
58

3.
83

C
r I

I 4
58

8.
22

Ti
 II

 4
58

9.
96

Fe
 II

 4
59

2.
09

C
r I

I 4
61

6.
64

C
r I

I 4
61

8.
83

Fe
 II

 4
62

0.
51

3

HD9233

0.262

0.115

0.034

0.956

Fig. 1. Spectra of SS 433 (highly rectified) and HD 9233 (normalized)
in Region 1 obtained with the Subaru FOCAS. The numbers on
the right side indicate the corresponding orbital phases φ. The
flux level of HD 9233 spectrum is reduced by a factor of 0.36
(Hillwig et al. 2004). The absorption feature near 4501.79 Å is
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Abstract

We investigate an orbital X-ray modulation of the enigmatic X-ray binary, Cygnus X-3. It is a close
binary system, composed of a Wolf-Rayet (WR) star and a compact star with a 4.8h orbital period. We
determine a new precise orbital ephemeris and found that the orbital period is monotonically increasing
with 1

2
PṖ = (5.62 ± 0.09) × 10−11 day, over more than three decades from 1970s. The obtained period

derivative is explained by an intense stellar wind from the WR star with ∼ 10−6∼−5 M� yr−1. This mass
loss rate is a reasonable value as a Wolf-Rayet star. This thick wind exposed to intense X-rays should be
photo-ionized. Observed rich emission lines come from this photo-ionized plasma as well as some narrow
radiative recombination continuums (RRCs). We investigate an orbital modulation of the emissions lines
and the RRCs. We found that the emission lines show a large equivalent width around phase 0.0 (phase
0.0 means the X-ray intensity minimum phase). However, the RRCs show different modulation pattern
from that of the emission lines.

Key words: Binaries: close — X-rays: binaries — stars: individual(Cygnus X-3)

1. Introduction

Cygnus X-3 is a bright X-ray source consisting of a com-
pact star and a Wolf-Rayet (WR) star (van Kerkwijk
1992) with a 4.8 h orbital period. The dense wind from
the WR star exposed to the intense X-rays from the com-
pact star makes a unique binary system, providing inter-
esting laboratory of a photoionized plasma. This system
is also a unique sample of an end of evolution of massive
binary stars. Here we provide a new ephemeris of the 4.8
h orbital period and orbital modulations of the spectral
features obtained with Suzaku.

2. New Orbital Ephemeris

Suzaku observation of Cyg X-3 was performed from Nov.
13 to 15, 2006. The light curve of the energy range
from 1 keV to 10 keV, obtained by the XIS onboard
Suzaku, is shown in figure 1. A clear 4.8 h modulation
can be seen. This light curve was fitted by a template
light curve published by van der Klis & Bonnet Bidaud
(1989) and the phase 0 time was determined. The tem-
plate light curve with a slow rise and a steep decline can
well fit the Suzaku light curve. This fact means that the
light curve shape does not significantly change since the
1980s, when the template light curve was constructed by
van der Klis & Bonnet Bidaud (1989). By compiling all
published data, we determined a new ephemeris of the
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Fig. 1. The light curve in the energy range from 1 keV to 10 keV
observed with XIS onboard Suzaku. The data points around 0 are
residuals from the best fit template.

0 2×104 4×104 6×104

0
0.

05

R
es

id
ua

l (
d)

Orbit Number

Cygnus X−3: modelCONST

Fig. 2. Residuals of the phase 0 time from the constant period model.
The quadratic curve means a positive Ṗ .
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orbital period. Figure 2 shows the residual times from
the best fit constant period model as a function of the or-
bital number from Uhulu data (Leach et al. 1975). The
parabolic residuals means a positive Ṗ . Thus we fitted
the data points by a constant Ṗ model. The constant
Ṗ model well fitted the observed data points over the
30 years. The best fit period and its derivative were ob-
tained as P0 =0.199684509± 0.000000053 day and 1

2
PṖ

= (5.62 ± 0.09) × 10−11 day. These are completely con-
sistent with the previous works (Kitamoto et al.1995;
Singh et al. 2002). This value is consistent with a ex-
pected value of the spherical mass loss from the WR star
with ∼ 10−5∼−6 M� yr−1.

3. Energy Spectra

In figure 3, spectra of Cyg X-3 in three intervals of the or-
bital phase are shown. We can recognize various emission
lines and can find a clear change of iron line equivalent
width. Its equivalent width at the small-intensity phase
is larger than the high-intensity phases. This modulation
pattern is consistent to the observation result by ASCA
(Kitamoto et al. 1994).

In figure 4, another plot of the spectrum is shown.
In the upper panel, identifications of emission lines and
RRCs are indicated. The RRC around 3.5 keV is from
S XVI and is isolated well from other lines. Ratios of
the spectral data in the phase 0.9-1.1 to that in 0.1-0.3
are plotted in the lower panel. The ratios of continuum
region have values around 0.4. However those of lines
have ∼0.45. This means that the equivalent width of the
lines changes. The new finding is that the ratio around
RRCs, especially the 3.5 keV RRC, is ∼ 0.4, which is the
value of the continuum and is not of the emission lines.

This fact means that the modulation pattern between
emission lines and RRCs is different from each other, and
the RRCs modulates its intensity in the same manner as
the the continuum emission.
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4. Summary

We provide a new orbital ephemeris of Cyg X-3. The his-
tory of the orbital period is well described by a constant
Ṗ model. The value of Ṗ can be explained by a spher-
ical wind from the WR star. The light curve shape is
consistent with that observed in 1980s. We obtained an
orbital modulation of the emission lines and the RRCs.
We found that the behavior of the orbital modulation of
the RRCs are different from that of the emission lines
but rather similat to the continuum. This fact indicates
that the line emissions and RRCs does not originate from
a simple equilibrium photoionized plasma.
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Abstract

Daily X-ray monitoring observations with the RXTE/ASM and the Swift/BAT provide unique insight
into the long-term spectral evolution of the brightest persistent and transient X-ray binaries. The spectral
state transitions seen with the RXTE/ASM and the Swift/BAT in the past few years confirm that there is
a correlation between the luminosity of the hard-to-soft transition and the luminosity a source can reach in
the following soft state. This correlation span over two orders of magnitude, showing persistent sources and
transient sources, falling on the same empirical relation, differ in the rate-of-change of the observed X-ray
luminosity. Therefore the luminosity at which a hard-to-soft transition occur can be primarily described
by the rate-of-increase of the luminosity, a likely surrogate of the rate-of-increase of the mass accretion
rate in the accretion flow, which appears as the dominating parameter which determines luminosity of the
hard-to-soft transition.

Key words: X-ray binaries

1. Introduction

X-ray observations in the past decades have shown two
major spectral states in X-ray binaries, namely the low-
hard state and the high-soft state (for a recent review, see
Remillard & McClinktock 2006 and Done et al. 2007).
In the hard state, the X-ray spectrum is characterized
by a power-law component with a high energy cutoff,
while in the soft state the X-ray spectrum is dominated
by a thermal component, sometime with a weak steep
power-law component. In persistent sources like Cygnus
X-1, the spectral state transitions between the hard state
and the soft state occur at nearly constant luminosity
(see e.g., Zhang et al. 1997; Zdziarski et al. 2004;
Wilms et al. 2006); while in transient sources during
outbursts, the hard-to-soft state transition during the
rising phase of an outburst always occurs at a higher
luminosity than the soft-to-hard transition during the
decay phase (Miyamoto et al. 1995; Nowak 1995; Mac-
carone & Coppi 2003). The later is usually referred to
as the hysteresis effect of spectral state transitions. Re-
cent studies of the hard-to-soft transitions in a number of
transients suggest that the luminosity of the hard-to-soft
transition can vary by a factor of 10 in a single source
(Yu et al. 2004; Yu & Dolence 2007).

Despite these observations, current models for spectral
state transitions primarily rely on the assumption that
the mass accretion rate is the dominating parameter, i.e.,

spectral state transitions occur when the mass accretion
rate increases above or decreases below a threshold value
(e.g., Esin et al. 1997). This is inconsistent with the hys-
teresis effect seen in transient sources, which requires at
least an additional parameter other than the mass ac-
cretion rate (e.g,, Homan et al. 2001). In addition, even
in the few persistent black hole binaries, observational
evidence contradicting with the simple assumption that
the threshold is set by the mass accretion rate has been
seen (Smith et al. 2002).

2. RXTE/ASM and Swift/BAT Observations of Spectral
State Transitions

Determining the parameters that are responsible for
spectral state transitions are extremely important from
both observational and theoretical point of view. It
would tell us the mechanism of spectral state transitions
as well as help choosing the right parameters in accre-
tion modeling and X-ray spectral modeling. Correlations
of the luminosity of the hard-to-soft transition in single
sources do not suffer from the uncertainties in the esti-
mates of the mass and the orbital period of those binary
systems, i.e., the correlation between the transition lumi-
nosity and the peak luminosity of the following soft state
over a luminosity range of one order of magnitude should
originate from properties of the accretion flow (Yu et al.
2004; Yu et al. 2007; Yu & Dolence 2007). This indi-
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cates that the transition luminosity is not set arbitrarily,
but by some underneath unknown parameter(s) in the
accretion flow which should be sort of surrogate of the
peak luminosity of an outburst or flare.

Daily monitoring observations of the bright X-ray bi-
naries with the RXTE/ASM and the Swift/BAT provide
the perfect opportunity to reveal the underneath param-
eters that drive the hard-to-soft spectral state transi-
tions. Yu & Yan (2009) have studied the spectral state
transitions in the brightest X-ray binaries seen in a pe-
riod of about three years with the RXTE/ASM and
Swift/BAT. They have confirmed that the transition lu-
minosity correlates with the peak luminosity of the fol-
lowing soft state. In addition, they show that the transi-
tion luminosity correlates with the rate-of-change of the
luminosity as well.

These empirical relations suggest the hard-to-soft
spectral state transition is composed of the effects from
two dominating parameters: 1) the mass accretion rate
Ṁ , which determines the transition under stationary ac-
cretion at luminosity L0 when the rate-of-change of the
mass accretion rate dṀ/dt is negligible; 2) the rate-of-
change of the mass accretion rate dṀ/dt, which could
introduce a luminosity range of at least two orders of
magnitude in addition to the reference luminosity L0 set
by the mass accretion rate (Yu & Yan 2009). The actual
transition luminosity Ltr is then

Ltr = L0 + k
dL

dt
(1)

where L0, dL

dt
and the factor k can be determined from

observations.
Based Yu & Yan (2009), L0 is as small as 0.001 Ed-

dington luminosity in the 15-50 keV range, which cor-
responds to roughly 0.003 Eddington luminosity in the
entire X-ray band and is usually an order of magnitude
lower than the transition luminosity seen in the bright
Galactic X-ray binaries, and k is about 1 day per Ed-
dington luminosity in 2–12 keV to 10 day per Eddington
luminosity in 15–50 keV (see Fig. 26 in Yu & Yan 2009).

The empirical relations suggest that dL

dt
is a dominat-

ing observable quantity that describes the luminosity of
the hard-to-soft transition. The rate-of-change of the lu-
minosity is probably a surrogate of the rate-of-change
of the mass accretion rate dṀ

dt
if the radiation efficiency

of the accretion flow remains approximately the same
above about a few times 0.001 Eddington luminosity.
This should hold for all the neutron star systems in which
the compact star has a hard surface, but it is not clear if
it holds for black hole systems in which the compact star
is a black hole and the matter accreted can be dumped
into the black hole without radiating much of the ac-
cretion energy. However, if the radiation efficiency is
proportional to the mass accretion rate itself, as pre-
dicted in the radiative inefficient accretion flow model

(e.g., Narayan & Yi 1995), the rate-of-change of the X-
ray luminosity also should reflect the rate-of-change of
the mass accretion rate. This strongly suggests that the
rate-of-change of the mass accretion rate can be the pa-
rameter, in addition to the mass accretion rate itself,
that determines transition luminosity. Since most of the
hard-to-soft transition seen in the bright X-ray binaries
occur at luminosities much higher than the reference lu-
minosity set by the mass accretion rate threshold around
0.003 Eddington luminosity under the picture suggested
by Yu & Yan (2009), the rate-of-change of the mass ac-
cretion rate appears dominant over the mass accretion
rate in determining the luminosity of most of the hard-
to-soft spectral state transitions we observe.

3. Discussion

The RXTE/ASM and the Swift/BAT observations sug-
gests that the rate-of-change of the mass accretion rate
actually drives most of the hard-to-soft spectral state
transitions seen in the bright X-ray binaries because
most of the hard-to-soft transition involves strong in-
fluence of non-stationary accretion.
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Abstract

We re-analyzed the Suzaku data of the black hole binary GX 339-4, obtained in 2007 February. We
observe an Fe-K emission line in the XIS spectrum, but the data do not require its extremely relativistic
broadening claimed by Miller et al. (2008). Furthermore, the disk emission seen in the softest end of the
continuum yields Rin/ Rg ∼ 11, assuming a black-hole mass of 7 solar masses and a distance of 8 kpc.
Thus, the disk is likely to be truncated at > 6 Rg, and hence the Suzaku data can be fully explained
in terms of a non-rapidly-spinning black hole (Yamada, Makishima et al. 2009, ApJL, submitted). The
above results were obtained using the XIS, HXD-PIN, and HXD-GSO data covering 0.5–300 keV, in which
the XIS data were carefully corrected for event pile-up effects and telemetry saturation. The source was
found in the “Very High” state, with a 0.5–200 keV luminosity of 3.8 × 1038 erg/s/cm2. We successfully
reproduced the wide-band spectrum as a combination of a power-law with Γ ∼ 2.6, a disk blackbody with
Tin ∼ 0.7 keV, a narrow iron line with an EW ∼ 40 eV, and a reflection with Ω/ 2 π ∼ 0.6. In short, we
need a particular caution in quoting a disk penetration down to ∼ Rg.

Key words: workshop: proceedings — individual (GX 339-4) — X-rays: binaries

1. Introduction

X-ray emission from mass-accreting black holes provides
valuable probes into general relativity. Such examples
include broad Fe-K lines, thought to reflect relativistic
effects around BHs. These days, possible broad Fe-K
line emitters are found in black hole binaries (BHBs)
(Miller et al. 2007), including in particular GX 339−4.
This BHB has a binary period of ∼ 1.7 day, a mass of
MBH >∼ 6 M⊙ (Hynes et al. 2004), a distance of ∼ 8
kpc (Zdziarski et al. 2004), and an inclination of i ∼ 25◦

(Gallo et al. 2004). This BHB brightened up in late 2006
(Swank et al. 2006), and was observed with Suzaku in
2007 February. Analyzing the obtained spectra, Miller
et al. (2008), identified a broad Fe-K feature, and argued
that the object is an extreme Kerr BH with Rin ∼ Rg.

We noticed not only that the Suzaku XIS data of GX
339−4 suffer heavy photon pile up effects and a teleme-
try saturation, which MEA08 did not correct for, but
also that the broad line is strongly dependent on the
chose of the underlying continuum. We hence carefully
re-analyzed the same Suzaku data, concluding that the
disk is truncated at Rin/ Rg ∼ 11.

2. The continuum and the broad iron line

We tentatively fitted XIS0 spectrum from 0 − 4′ (black
one in Figure 1a), by a power-law (PL) plus diskBB
model, but ignoring the 4–7 keV range. When using
the PL photon index of Γ = 2.2 which is found with the
XIS data (appended by Miller 2009), the ratio, shown in
red in Figure 1, indeed revealed the broad Fe-K line fea-
ture. However, the feature becomes much narrower and
weaker, if we employ Γ = 2.44, shown in blue in Figure
1. Thus, the large Fe-K line width claimed by Miller et
al. 2008, in fact, depends on the employed continuum
slopes, The slope would not differ by ∆Γ ∼ 0.2 between
the XIS and PIN (suzaku memo-2008-06) and the softer
index is preferred by HXD-PIN.

3. A preliminary spectral model fitting

We analyzed the spectra from > 3′ to avoid the pile-
up distortion. We chose a tentative spectral model
consisting of a PL, a reflection associated to it, and a
diskBB. and a relativistic line model (diskline( Fabian
et al. 1989). This model was moderately successful
(χ2/ν = 136.1/125). Figure 2a shows the residuals when
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Fig. 1. (a) The uncorrected XIS0 spectrum from the 0′ − 4′ region
and different PL+ diskBB models. (b) The spectra divided by
the same models as shown in (a).

an iron line is excluded from this model, while figure
2b shows that from this model, yielding a disk tem-
perature of Tin = 0.72 keV, a reflector solid angle of
Ω/2π = 0.56, Γ = 2.64 for the PL, Ec = 6.95+0.48

−0.22 keV
and RFe < 12.3Rg (down to the model limit at 6Rg).
This Rin is consistent with either a Schwarzschild BH
or a one with significant rotation. However, the de-
rived line equivalent width (EW), 203+52

−67 eV, is too large
as expected from the theoretical estimations (George &
Fabian 1991).

The above fit gave a rather high value of Ec, sug-
gestive of an ionized reprocessor. We hence replaced
pexrav with pexriv and the diskline model with a
simple narrow Gaussian. Then, as shown in figure 2c,
the fit was further improved and became acceptable
(χ2/ν = 120.5/124), when the iron abundance is 1.6±0.2
times solar. (Fixing this at 1.0 solar resulted in χ2/ν =
151.9/125.) The model yielded Ω/2π = 0.58 ± 0.04,
and the ionization parameter ξ = 41.3+81

−36.5. The nar-
row Gaussian has Ec = 6.83+0.17

−0.16 keV, and an EW
of 31 ± 23 eV. The continuum parameters were deter-
mined as Tin = 0.67± 0.01 keV, Rin(

√
cos i/

√
cos 30◦) =

(50±5)d8 km after applying the correction factor of 1.18,
and Γ = 2.66+0.02

−0.04. The column density of neutral mate-
rial is 6.2×1021 cm2. The obtained Rin is in fact a lower
limit, because the PL component is considered to result
from thermal Comptonization of soft disk photons by
some hot electron clouds (Kubota & Makishima 2004).
Since the 0.5–200 keV photon number in the PL com-
ponent is ∼ 4 times larger than that contained in the
0.5–10 keV diskBB emission, the estimated radius will
increase by a factor of

√
1 + 4, to Rin ∼ 112 km or ∼ 11

Rg, assuming a black-hole mass of 7 solar masses and a
distance of 8 kpc. Figure 2d shows the νFν spectrum
corresponding to the narrow-line solution, in which the

detector response was removed. Thus, the disk emission
is not a dominant component even in energies below ∼ 5
keV.
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Fig. 2. (a) Residuals from a fit with a diskBB+PL+reflection (neu-
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+diskline model. (c) Residuals from a fit with diskBB, a PL,
an ionized reflection, and a narrow Gaussian. (d)A deconvolved
νFν form of the data (black) and the models as shown in (c).

4. Summary

The present value of Rin/ Rg ∼ 11 suggests that the
disk gradually retreats as the system evolves from the
High/Soft state to deeper Very High states (Kubota &
Done 2004; Done & Kubota 2006). As we have shown
so far, the Suzaku data suggest that the optically-thick
accretion disk is truncated at a radius significantly larger
than Rg. Further refinement and examination of the de-
rived spectrum model, as well as comparison with other
data of this object, will be reported elsewhere.
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Abstract

We present results from simultaneous observations of the high-mass X-ray binary system CygnusX-1 /
HDE 226868 with Suzaku, Chandra-HETGS, XMM-Newton, RXTE, INTEGRAL, and Swift in 2008 April.
Performed shortly after orbital phase 0, when our line of sight to the black hole passes through the densest
part of the O-star’s wind, these obervations show common transient absorption dips in the soft X-ray band.
For the first time, however, we detect a simultaneous scattering trough in the hard X-ray light curves.
The more neutral clump is thus only the core of a larger ionized blob, which contains a significant fraction
of the total wind mass. The diluted wind outside of these clumps is almost completely photoionized.

Key words: X-rays: binaries — stars: individual (Cyg X-1, HDE 226868) — stars: winds, outflows

1. Introduction

In an high-mass X-ray binary system (HMXB), the com-
pact object is embedded in its companion’s stellar wind
and accretes from it. This environment can modulate
the observed X-ray emission if our line of sight probes
different parts of the wind – differing in, e.g., density
and ionization state – along the binary orbit. As the ac-
cretion flow may depend on these properties of the wind
– both are likely to differ, e.g., between the low/hard and
high/soft states (e.g., Smith et al. 2002; Gies et al. 2003)
– a thorough understanding of the wind is required for a
complete picture of HMXBs and their state(-transition)s.

Due to its persistent brightness, the HMXB CygX-1
allows for a detailed study of its wind. Based on a Chan-

dra-HETGS observation in 2003, Hanke et al. (2009) re-
port a highly photoionized wind seen at orbital phase
φ= 0.93–0.03 in the low/hard state; the high-resolution
spectrum shows a multitude of absorption lines of H- and
He-like ions. Inhomogeneities in the wind – dense clumps
at lower ionization stage – lead to absorption dips in the
soft X-ray light curve (Hanke et al. in prep.).

While Chandra-HETGS is suitable for narrow absorp-
tion lines, other instruments are required to measure the
broad-band spectrum. Due to the violent variability dur-
ing absorption dips, simultaneous observations are in-
dispensable. We have therefore scheduled a joint multi-
satellite observation (comprising all X-/γ-ray missions)
on 2009 April 18/19 (MJD 54574/5) at φ= 0.97–0.21.
At this time, CygX-1 was in the low/hard state as well
(see also Hanke et al. 2008).
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Fig. 1. Scattering of hard X-rays in the wind: The hard X-ray light
curves of Suzaku-PIN (blue) and INTEGRAL-IBIS (black) show a
scattering trough around φ=0.03, indicated by a linear fit (red).
The lowest count rate of this fit is 69% of its highest count rate.

2. Soft X-ray Absorption and (Hard) X-ray Scattering

Similarly to the Chandra observation in 2003, the soft
X-ray light curves are shaped by several absorption dips
with complex substructure. This observation, however,
extending to later phases, has revealed that dipping takes
still place at φ≈0.2. Some of the dips are even apparent
at higher energies and have been detected with RXTE-
PCA, Suzaku-PIN, and INTEGRAL-IBIS.

The Suzaku-PIN and INTEGRAL-IBIS light curves
(in the 12–60keV and 20–40keV band, respectively)
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show a pronounced scattering trough extending over
≈ 9 h (see Fig. 1). Its minimum occurs at φ=0.03 and
coincides with one of the deepest dips seen at lower en-
ergies, but the trough lasts much longer than the central
dip. While the latter is caused by photoelectric absorp-
tion in a nearly neutral, dense clump in the wind, the
former might be associated with an ionized halo around
this clump. As the reduction by 31% (corresponding to
∆Ne = 6×1023 cm−2) is removed until φ = 0.07, we ex-
clude that it is caused by the orbital modulation in an
homogeneous – even if focused (Friend & Castor 1982)
– wind. Conversely, the wind has to be quite clumpy, as
this ∆Ne is almost the total column density of the wind.

Time-resolved spectroscopy allows to infer the scatter-
ing trough even from the soft X-ray data: Fig. 2 shows
the XMM-Newton EPIC-pn light curve and fit parame-
ters of spectra integrated over 48 s segments. The latter
have been divided by the non-dip spectrum (the average
of the five spectra at highest count rate) and described
with an absorption model and a multiplicative constant,
which gives a good fit to the 2–10keV spectrum. The ab-
sorption measures the neutral column density in clumps,
while the flux normalization factor – if due to Thomson
scattering – measures the ionized column. The latter is
remarkably accordant with the hard X-rays in Fig. 1.

In our scenario, the wind contains an ionized blob
(causing the scattering trough), which has a larger core
and a few smaller clumps being (at least: more) neutral.
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a) XMM-EPIC-pn(burst) 0.3–10 keV light curve at 48 s resolution.
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b) equivalent H column density of the neutral absorption model,
tracking the neutral core and smaller clumps in the ionized blob;
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the scattering trough seen in hard X-rays. The red curve is the
linear model from Fig. 1, scaled to match the flux normalization.
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Fig. 3. Suzaku-XIS color-color diagram (left) and spectra (right),
demonstrating the soft excess beyond pure neutral absorption.

3. Covering Fraction of the Absorber

Soft X-ray spectroscopy can reveal even more properties
of the absorber during the dips. A color-color diagram
(which completely ignores the scattering because of the
ratio of count rates) and corresponding spectra (Fig. 3)
show that there is a soft excess beyond pure neutral ab-
sorption. While both colors initially harden during dip-
ping, the 1.5–3keV band is from some point on stronger
reduced than the 0.5–1.5 keV band, causing a reincrease
of the low energy softness. This effect can be explained
if the absorber only partially covers the X-ray source
(Hanke et al. 2008; Hanke et al. in prep.).

4. Ionization State of the Wind

While the high-resolution Chandra-HETGS spectra of
non-dip phases show absorption lines merely of the high-
est ionization stages (elements other than iron appear
only H- or He-like; Hanke et al. 2009), lower ionization
stages are recognized in the dip spectra from resonance
Kα absorption lines of Ar, Si, and Al. This result is
consistent with the model presented above: the largest
part of the wind in front of the black hole is almost com-
pletely photoionized; only dense blobs produce enough
self-shielding in order to contain lower ionization stages.
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Abstract

We present optical spectroscopic observations of the brightest ultraluminous X-ray source (ULX),
ULX4, in NGC 6946 (associated with optical source MF16). Some 50 lines are identified, almost double
the number of any previous study. The 3100-9360 Å spectrum, obtained via Keck long-slit spectroscopy,
is dominated by emission lines, suggesting that we are observing a circum-source nebula or the accretion
disk rather than the companion star. The emission lines include not only low-excitation lines, but high-
ionization lines such as the emission-line pair [Ne V] 3346, 3426, and the emission lines [Ne III] 3869, N V
4604, He II 4686 and [Ar IV] 7171. The photoionizing luminosity of 5 × 1039 erg/s necessary to create
the He II 4686 line rules out the beaming scenario. Thus, NGC 6946 ULX4 is truly ultraluminous; it can
either be an intermediate-mass BH or a stellar-mass BH with super-Eddington flows.

Key words: accreting objects: primary and reprocessed emission — black hole physics — workshop:
proceedings

1. Introduction

Ultraluminous X-ray sources (ULXs, Makishima et al.
2000) are non-nuclear point X-ray sources with X-ray
luminosities intermediate between those of stellar mass
black holes and supermassive black holes. If accretion
onto these ULXs obeys the Eddington limit, they could
be a new class of intermediate-mass black holes (100-
1000 M⊙).

NGC 6946 is a nearby (5.5 Mpc, Tully 1988), nearly
face-on spiral galaxy, containing five ULXs, the brightest
of which is ULX4. On 2005 May 11 UT, a spectrum of
NGC 6946 ULX4 was obtained using the Low Resolution
Imaging Spectrometer on the Keck 1 10-meter telescope
on Mauna Kea, Hawaii, USA. The observation details
are summarized in Table 1. Though there are several
sources within the Chandra raw position error circle of
0.6′′, the slit was positioned on the source singled out by
the corrected position error circle of 0.4′′. The spectral
resolution was ∼ 6 Å (as measured from the FWHM of
sky emission lines).

2. Discussion

The spectrum of NGC 6946 ULX4 is presented in Figure
1. Of the ∼50 lines identified, we will concentrate on He
II 4686 in this discussion.

Table 1. Observation Log for NGC 6946 ULX4

Parameter Value
UT Date 2005 May 11

Exposure (s) 300
Airmass 1.34

Slit Position Angle (deg.) 205
Parallactic Angle (deg.) 201

Slitwidth (′′) 1
Seeing (′′) 0.6

2.1. He II 4686

This line is formed in or close to the accretion disk (as-
sumed to be a multicolour disk blackbody; i.e., one of the
components of the best-fit model in Roberts & Colbert
2003) around the black hole.

The He II 4686 line luminosity found here is 1.3×1037

erg/s. This is about two orders of magnitude greater
than that observed from a similar nebula around the
black hole candidate LMC X-1 (Pakull & Angebault
1986), and a factor of five higher than in the Holmberg
II X-1 ULX (Kaaret, Ward, & Zezas 2004) suggesting
that NGC 6946 ULX4 contains a much more powerful
soft X-ray/far UV source.
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He II 4686 is a recombination line, entailing that a
He+ ion in its ground state has become photoionized by
a single Lyman continuum (E > 54.4 eV, λ < 228 Å) pho-
ton; the resulting He++ ion recombines with an electron
resulting in the emission of a (n=4 → n=3) λ=4686 Å
photon. The line thus acts as a photon counter of the
original Lyman photons. Because two luminosities (He II
4686 and the total Lyman luminosities) are being com-
pared, the distance factor “cancels out”; this line is a
way of ruling out the beaming scenario for ULXs.

2.2. Cloudy Simulations

Cloudy is a photoionization code that calculates the re-
combination processes (first order effects) but also takes
into account second order effects. Given the measured
He II luminosity, calculations were performed with ver-
sion 07.02 of Cloudy, last described by Ferland et al.
(1998) in order to find the luminosity of the original Ly-
man continuum.

We used and obtained the following parameters:

• The hydrogen density was kept fixed at log
(nH)(cm−3)=2.60 (BFS01).

• We used the solar (default) abundance set in Cloudy,
with a metallicity of 0.75 we determined using the
abundance diagnostics in Kewley & Dopita (2002)
e.g., log([N II] 6583/[O II] 3726). Changing the
metallicity by a factor of 10 only changes the flux
by a factor of 0.25.

• We defined the geometry of the nebula to be spher-
ical with an outer radius of 5 parsecs. This radius
was chosen to match optical narrowband images.

• We also required that the radial profiles (flux as a
function of distance from the center of the nebula) of
the lines match the input radius, rather than getting
absorbed in the outer part of the nebula. The filling
factor that allowed for this was 0.17.

• We further refined the model by requiring the
Cloudy run to reproduce the observed ratio of [Ne
V] 3426/He II 4686, within errors. The neon to
helium ratio was chosen because it is likely to be
sensitive to photoionization (as opposed to [O III]
5007/Hβ 4861, which is more likely to have some
shock-ionized component). This model is within
error of the observed value of [Ne V] 3426/He II
4686=1.3+0.3

−0.2.

To summarize, a number of simulations were run until
a photoionizing luminosity and temperature was found
that came closest to reproducing our observed He II lu-
minosity. The model we obtained was a multi-colour
disk blackbody continuum of log L(erg/s)=39.66±0.09
and log T(K)=5.70.

Fig. 1. Keck LRIS spectrum of NGC ULX4 as a function of dered-
shifted wavelength. Some emission lines are labelled. Note that
there is very little continuum. Some 50 lines are identified, almost
double the number of any previous study.
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Abstract

Holmberg IX X-1 is a well-known ultraluminous X-ray source with an X-ray luminosity of ∼ 1040 erg s−1.
The source has been monitored by the X-ray Telescope of Swift regularly. Since 2009 April, the source has
been in an extended low luminosity state. We utilize the co-added spectra taken at different luminosity
states to study the spectral behavior of the source. The best overall fits are provided by a dual thermal
model with a cool blackbody and a warm disk blackbody. This suggests that Holmberg IX X-1 may be
a stellar-mass black hole accreting at or above the Eddington limit and we are observing both the inner
regions of the accretion disk and outflows from the compact object.

Key words: accretion, accretion disks – binaries: close – stars: individual: Holmberg IX X-1 – X-rays:
black holes — X-rays: binaries

1. Introduction

Holmberg IX X-1 is a famous ultraluminous X-ray source
(ULX) located near the galaxy M81 and it is about 2 ar-
cmin from M81’s dwarf companion, Holmberg IX. The
source has been observed by all major X-ray observato-
ries throughout the last 20 years (La Parolo et al. 2001).
Apart from the X-ray flux variability, Holmberg IX X-
1 is also one of the first ULXs shown to have a cool
(∼ 0.1− 0.2 keV) accretion disk, leading to a suggestion
of an intermediate-mass black hole accretor (Miller et al.
2004a). It is proven that monitoring observations can
reveal the physical nature of Galactic X-ray binaries by
tracking their flux and spectral evolution as well as their
correlation. Until now, it has been quite difficult to mon-
itor ULXs due to their distances and crowding location.
Swift is the first X-ray telescope with reasonable spatial
resolution and sensitivity to perform such observations.
In this paper, we report a Swift monitoring observation
of the ULX, Holmberg IX X-1 with a focus on the spec-
tral behaviors.

2. Data Analysis and Results

Holmberg IX X-1 is one of the ULXs monitored with the
X-ray Telescope (XRT) of Swift (Kaaret & Feng 2009).
The source has been observed with Swift regularly since
2006. In particular, there is a guest observing program
for an intensive monitoring of Holmberg IX X-1 since
2008 December. Furthermore, we proposed a follow-up
monitoring program in mid-April 2009 and all the data
obtained after April 24, 2009 are from this new program.
In this work, we focus on the data obtained in between

2008 December and 2009 August. We only used data
taken in photon counting mode. For earlier data, reader
can refer to Kaaret & Feng (2009) for discussion. Dur-
ing the period we are interested, we obtained 115 XRT
observations of Holmberg IX X-1 with a total exposure
time of 178.6 ks.

The X-ray long-term light curve of Holmberg IX X-1
in the 0.3-10 keV is shown in Fig. 1. Because of the low
count rate for each Swift observation, we added all the
spectra in similar state together to study the spectral be-
havior. We divided the light curve into two parts: 1) the
“low” state with data taken after 2009 April, and 2) the
“variable” state with data taken between 2008 Decem-
ber and 2009 early-April. We also considered a co-added
spectrum from all the data. All spectra cannot be fit-
ted satisfactorily with a power-law model or multi-color
disk (MCD) blackbody model (Mitsuda et al. 1984). We
next considered to apply a MCD plus power-law model
that provides good fits to a sample of ULXs (e.g. Miller
et al. 2004a). The additional MCD component is sta-
tistically significant for both states. For the “low” state
spectrum, the addition of a disk component is significant
at the > 4σ level of confidence. In particular, the best-
fitting disk temperature is very low with kT = 0.19 keV,
which is consistent with previous observations (Miller
et al. 2004b). For the “variable” state spectrum, al-
though the additional MCD component is statistically
required, the spectral parameters are completely differ-
ent comparing to the “low” state spectrum. The disk
temperature is much higher (2.25 keV against 0.19 keV)
and the photon index is also very different (2.65 against
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Fig. 1. Swift XRT 0.3–10 keV lightcurve of Holmberg IX X-1. The first data point was taken on 2008 December 1. Since 2009 April (Day
121), Holmberg IX X-1 has stayed in the “low” state.

1.68). Furthermore, this model is only marginally ac-
ceptable. Finally we consider a dual thermal model con-
sisting of a cool blackbody continuum at low energies
and a hot disk blackbody component at high energies
(Stobbart et al. 2006). This model provides the best
fitting for both states as well as all the data combined
with very similar spectral parameters (kT = 0.2 keV and
kTin = 2 keV).

3. Discussion

We obtained a long-term X-ray light curve of Holmberg
IX X-1 by using Swift XRT and found that the source
transited from a “variable” state to a “low” state. The
co-added spectra of both states can be best described
with a dual thermal model (blackbody plus MCD). This
dual thermal model is motivated by the presence of op-
tically thick outflowing winds from a black hole accret-
ing at or above the Eddington limit (King & Pounds
2003). When this happens, the accretion energy must
be emitted from the photosphere corresponding to a cer-
tain blackbody temperature. This blackbody tempera-
ture may explain the ultrasoft (∼ 0.1 keV) X-ray compo-
nent of some ULXs, indicating that we may be observ-
ing both the accretion disk as well as the wind from the
central black hole. In this scenario, the ULX is simply
the extension of stellar-mass black hole accreting at or
above the Eddington limit. Holmberg IX X-1 has been
observed with XMM-Newton several times and indeed it
is one of the first ULXs to test the cool disk model (Miller
et al. 2004b). In Stobbart et al. (2006), the cool disk
model provides a better fit than the dual thermal model
although both are statistically acceptable. In our Swift

monitoring observation, the dual thermal model can al-
way provide the best fit while the cool disk model is only
acceptable in the “low” state data. If this is true, Holm-
berg IX X-1 may be a stellar-mass black hole accreting at

or above the Eddington limit, instead of an intermediate-
mass black hole. This model is also supported by a re-
cent study of Holmberg IX X-1 using XMM-Newton and
ASCA data in which the spectra can be described by a
slim disk model indicating that the source is accreting
near the Eddington limit (Tsunoda et al. 2006). There-
fore it is likely that the source during our Swift moni-
toring as well as the XMM-Newton observation taken in
2001 and ASCA observation taken in 1999 (Tsunoda et
al. 2006) is in a disk-dominant state.

The nature of the compact object of Holmberg IX X-1
is still a mystery. Previous XMM-Newton observations
suggest that it is an intermediate-mass black hole based
on a cool accretion disk model. Our study using the
long-term Swift monitoring observations indicates that a
dual thermal model can provide a better fit suggesting
an extreme stellar-mass black hole accreting at or above
the Eddington limit. By comparing our Swift monitoring
observations with previous XMM-Newton and ASCA ob-
servations, there is an indication that Holmberg IX X-1
occasionally switches between a disk-dominant state and
a power-law dominant state (see e.g., La Parola et al.
2001; Miller et al. 2004b; Tsunoda et al. 2006). In order
to investigate if there is any spectral change and also the
nature of the black hole, Holmberg IX X-1 is therefore
deserved for further study using monitoring campaign.
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Abstract

We report the X-ray study of five brightest ultraluminous X-ray sources (ULXs) in the interacting
galaxy system NGC4490 and NGC4485 using the archived data from three Chandra and one XMM-
Newton observations. To investigate spectral variations of these ULXs, we plotted their disk luminosities
against the innermost disk temperatures estimated via the multi-color disk model. We found that the
observed spectral variations are classified into two types; one indicating a power-law relation between the
luminosity and the innermost disk temperature and the other without such a relation. The latter type
shows flux changes more than an order. We discuss spectral state changes for individual sources.

Key words: accretion, accretion disks — black hole physics — X-rays: binaries

1. Introduction

Ultraluminous X-ray sources (ULXs) are off-nuclear
point-like sources detected in the X-ray bandpass with
luminosities of >1039−41 ergs s−1 (Fabbiano 2006). A
possible interpretation is that ULXs are black holes
(BHs) with a mass comparable to or slightly larger than
that of Galactic BHs (GBHs) of <40 M� (Ebisawa et
al. 2003), and that the super-Eddington luminosity is
interpreted as a consequence of ULXs being in the slim-
disk (SD) state (Abramowitz et al. 1988) rather than
in the standard disk state (Shakura, & Sunyaev 1973).
An alternative interpretation is that ULXs are BHs with
a mass of 100–1000 M� shining at sub-Eddington lumi-
nosities (Miller, & Colbert 2004).

Some ULXs are known to show transitions between
the two states called the power-law (PL) like state and
the curved spectrum state (Kubota et al. 2001). Previ-
ous studies (e.g. Kubota et al. 2002) proposed that the
two states correspond to the two high accretion states
of GBHs, which are so-called the “very high state” and
the “apparent standard state”, respectively. An obser-
vational test of this hypothesis is to examine the simi-
larities and differences in the state transitions, including
their frequencies and time scales of transitions.

ULXs in interacting galaxy systems at 5–10 Mpc are
fainter in flux than those in nearby galaxies (<5 Mpc).
However, the density of ULX per galaxy is much higher,
enabling us to monitor a large number of ULXs simul-
taneously. Thus, the NGC4490 and NGC4485 system

(hereafter NGC4490/85) at ∼8 Mpc, which hosts eight
ULXs, is a suitable target to study long-term variation
of multiple ULXs at a time. Previous X-ray studies
(Roberts et al. 2002; Fridriksson et al. 2008) presented
the long-term variation in flux and color in some ULXs.
We apply physical models and discuss the nature of spec-
tral variations.

2. Analysis and Results

We analyzed the ULXs in NGC4490/85 using all the
archived data sets of Chandra and XMM-Newton. We
labeled the three Chandra and the one XMM-Newton
observations as C1-3 and X1, respectively.

Eight ULXs are known in NGC4490/85 (ULX-1–8).
Among them, we focus on the sources with the maxi-
mum counts more than 1000 per observation, which are
practically bright enough for our spectral analysis. Five
sources are thus selected; ULX-2, 3, 4, 6, and 8.

We applied a PL model and a multi-color disk (MCD)
model, which are commonly used for the continuum
emission of GBH binaries or ULXs. In addition, we used
a SD model calculated by Kawaguchi (2003). All the
models yielded acceptable fits for all the data sets. Glad-
stone, & Roberts (2009) derived similar results using the
same data sets, and also discussed state transitions with
the PL and the MCD model.

In order to investigate the spectral variations of the
five ULXs, we examined parameters derived from the
MCD model, the innermost disk temperature Tin and
the disk luminosity LX. We constructed a plot of LX
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Fig. 1. Plot of X-ray luminosity LX against the innermost disk temperature Tin based on the MCD fitting results. The dashed lines show the
LX ∝ Tin

4 relation with several representative masses, while the dotted line indicates the Eddington luminosities for the standard disk.

against Tin in Figure 1. We confirmed time variations in
all the sources. Some sources show a simple correlation
between LX and Tin, while others do not. A simple PL
relation is expected as LX ∝ Tin

2 for the SD and as
LX ∝ Tin

4 for the standard disk.
We interpret the complex pattern of variation as the

mixture of two different origins of time variability — the
“intra-state variation”, which is in a single state caused
presumably by the change in the mass accretion rate,
and the “inter-state variation”, which takes place be-
tween two different states. We consider that the intra-
state and the inter-state variation can be distinguished
in phenomenological fits by the MCD model. If the vari-
ation follows a simple PL relation between LX and Tin

with an index of ∼2, as is seen for ULX-8, it is likely
that the variation originates from the intra-state vari-
ability in the SD state. If the variation does not follow
such a PL relation and the flux changes more than an
order of magnitude, as is seen for ULX-6, it is likely that
the variation originates from the inter-state variability.

3. Discussion

3.1. ULX-8

We speculate that the observed spectral variability is
most likely interpreted as the intra-state variability in
the SD state based on the two lines of evidence. The first
is the correlation in the LX–Tin plot. The second is the
estimated Eddington ratio (LX/LEdd) by the SD model.
By fixing the MBH value among the four observations,
the BH mass MBH is ∼37 M� (Table 1). Resultantly,
the ratio is 0.28–0.47, which is similar to those of other

Table 1. Best-fit parameters of the SD model for ULX-8

Data Absorption Accretion LX

label column density rate
(1022 cm−2) (LEdd c−2) (1038 ergs s−1)

C1 0.68+0.10
−0.09 12+2

−1 21.4 ± 0.8

C2 0.55+0.07
−0.06 10+1

−1 15.5 ± 0.4

C3 0.68+0.06
−0.06 15+2

−1 25.8 ± 0.6

X1 0.38+0.05
−0.04 11+1

−1 18.1 ± 0.6

MBH (M�) 36.9+2.1
−1.9

Red−χ2 (d.o.f.) 1.04(143)

ULXs in the SD state (Vierdayanti, et al. 2006).

3.2. ULX-6

ULX-6 shows the largest flux variation among the five
ULXs. There is no MBH range common among the four
observations both for the MCD and the SD fits. This in-
fers that the source did not remain either in the standard
or SD states during the four observations. Thus, ULX-6
is considered to have exhibited an inter-state transition.
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Abstract

We analyzed two observations of M92 from the Chandra X-ray Observatory. We combined the two
datasets with a total exposure of ∼52 ks. With the combined observation, we detected 10 X-ray sources
inside the half-mass radius (1.09�), while 5 of them inside the core radius (0.23�) of M92. The luminosities of
the 10 sources are roughly within the range of 1030–1032 ergs s−1 assuming cluster memberships. We fitted
the spectrum of the brightest source with photon counts > 150 within the half-mass radius and the color-
color diagram showed that most of the X-ray sources have relatively soft spectral features. Furthermore,
the short term light curves of the brightest sources do not show obvious variation. In order to study
the possible formation mechanisms of the X-ray sources in M92, we need to identify these X-ray sources.
Therefore, further information from optical observations is necessary for the identification and we will
outline our ongoing works using data taken with the Hubble Space Telescope (HST ) and CFHT.

Key words: binaries: close—globular clusters: individual (M92)—novae, cataclysmic variables—X-
rays: binaries

1. Introduction

X-ray sources are much more easier to be found in globu-
lar clusters than that in the galactic disk. Most of the X-
ray sources in globular clusters are close binary systems
which are not well studied and investigated. Studying on
X-ray sources in globular clusters can help us know more
about not only the populations but also the properties of
the X-ray binary systems. With these information, we
could further constrain the formation mechanisms and
dynamical evolution scenarios for both the X-ray binary
systems and the globular clusters.

Previous studies of X-ray sources in globular clusters
mainly focus on high-density core globular clusters be-
cause background contamination is not a major problem.
These X-ray sources can be formed by primordial bina-
ries or dynamical interactions. Pooley & Hut (2006) and
Bassa et al. (2008) report that the number of X-ray
sources with luminosity LX < 1034.5 ergs s−1 in the 0.5
to 6.0 keV range will scale with the encounter rate (for
the case of dynamical origin) and the total mass (for the
case of primordial origin) of globular clusters. M92 has a
relatively high encounter rate and an intermediate mass
when compared with other previously studied globular
clusters. The physical properties of M92 make it suit-
able to investigate the correlation between the number
of X-ray sources and the encounter rate as well as the

Fig. 1. Color-color diagram of the X-ray sources in M92. The points
with error bars are the X-ray sources within the half-mass radius;
source numbers are labelled. The blue lines are the hardness ratios
predicted from power law models with different column densities
(star and cross points) with a photon index of 1 (upper line)
and 2 (lower line). The column density from left to right is 1 ×
1019, 1.06 × 1020, 5 × 1020, 1 × 1021, and 1 × 1022 cm−2,
respectively.
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Fig. 2. Left: the spectrum of CX1 from the observation 3778. The cross represents the data points. The counts per spectral bin is 15 and
we fitted the spectrum with an absorbed two-blackbody model (solid line). The lower panel is the ratio. Right: the light curve of CX1 in
the energy range 0.3 to 7.0 keV from the observation 3778. For each bin time is 2000 seconds. Total exposure time is ∼ 29.6 ks. The
probability of constancy tested by a Kolmogorov-Smirnov (K-S) test is 27.64%.

mass of globular clusters between the low and high core
density end.

2. Data Analysis

M92 was observed by Chandra X-ray Observatory on
Oct. 2003 (Obs. ID 3778 & 5241). The aim point is on
the ACIS-S3 chip. We reprocessed the level 1 event files
of both datasets by CALDB 3.4.2 and combined the two
datasets with a total exposure of ∼52 ks by CIAO 3.4.
We then performed source detections by wavdetect im-
posing a detection threshold of 10−6, which corresponds
to less than one false detection due to background fluc-
tuations.

The source detections were performed on the soft (0.3–
1 keV), medium (1–2 keV), hard (2–7 keV), and total
(0.3–7 keV) energy bands. A total of 39 Chandra X-
ray sources were detected on the ACIS-S3 chip and 10
sources are inside the half-mass radius of M92. We also
estimated the number of background sources from the
logN–logS relation derived from the Chandra Deep Field
(Brandt et al. 2001). A total of 22 ∼ 34 sources within
the ACIS-S3 chip and 1 ∼ 2 sources within the half-mass
radius are expected to be backgrounds. We therefore can
conclude that the majority of the sources within the half-
mass radius are associated with M92.

We constructed the color-color diagram by calculat-
ing the color ratios of the X-ray sources (Figure 1). We
further extracted the energy spectrum for the most lumi-
nous X-ray source inside the half-mass radius (CX1) and
fitted it with an absorbed two-blackbody model. The fit-
ted temperatures are 0.157 ± 0.019 and 0.807 ± 0.631
keV respectively. The estimated flux from the fitting of
CX1 is 3.81 × 10−14 ergs s−1 cm−2. The light curve

of CX1 is also extracted with a time resolution of 2000
seconds (Figure 2).

3. Discussion & Outlook

Most of the Chandra X-ray sources are faint with lu-
minosities ∼ 1030–1032 ergs s−1 and have relatively soft
spectral feature (Figure 2). With current information
from the Chandra X-ray observations, we can not clas-
sify these X-ray sources securely because of their low
count rates. From the background estimation, at least
8 sources inside the half-mass radius are related to
M92. Therefore, we will further investigate the HST and
CFHT observations of M92 in order to find the possible
optical counterparts with astrometric calibrations. We
will then construct the color-magnitude diagram of M92
from the HST data to see whether the optical counter-
parts have special colors (e.g. excess in UV and/or Hα
emission), which is one of the indicators of X-ray binary
systems. Finally, we will be able to identify the nature of
the X-ray sources (cataclysmic variables, active binaries,
or quiescent low mass X-ray binaries). With the infor-
mation of the X-ray sources classification, we can further
investigate the correlation between the number of faint
X-ray sources, and the encounter rate, and the mass of
globular clusters, which can help us study and construct
the possible formation mechanisms of these sources in
M92.
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Abstract

In explaining the spectral properties of active galactic nuclei (AGNs) and X-ray binaries, it is often
assumed that they consists of a geometrically thin, optically thick disk and hot, optically thin corona
surrounding the thin disk. As for a model of a corona, we adopt the simulation data of three-dimensional
MHD accretion flows, while for a thin disk we assume a standard disk. We perform Monte Carlo radiative
transfer simulations in the corona, taking into account the Compton scattering of the soft photons from
the thin disk by hot thermal electrons. We can reproduce the emergent spectra which are consistent with
those of typical Seyfert galaxies, and we also find the rapid time variability in X-ray emission spectra,
originating from the density fluctuation in the corona.
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1. Introduction

Accreting black holes, such as active galactic nuclei
(AGNs) and black hole binaries (BHBs) during their
very-high spectral state [state with luminosities around
a few tenths of the Eddington limit (LEdd)], show the ra-
diation spectra dominated by two components; the ther-
mal bump in UV/soft X-ray band and the power-law
emission with a spectral index of α ∼ 1 in the X-ray
band (possibly with a high energy cutoff around MeV).
These components are often explained by the disk-corona
model (Liang & Price 1977; Bisnovatyi-Kogan & Blin-
nikov 1977; Haardt & Maraschi 1991, 1993). In this
model, the accretion flow consists of geometrically thin,
optically thick accretion disk whose structure is studied
by Shakura & Sunyaev (1973), and hot, optically thin
corona surrounding the disk. The thermal bump is be-
lieved as the thermal emission from the optically thick
disk, and the power-law component is interpreted to be
formed by photons which are emitted from the disk and
Compton up-scattered by hot electrons in the corona. So
far, however, most of theoretical corona models assume
that the coronal structure is steady in time and then the
spectral energy distribution is also steady. Such feature
cannot explain the highly time-variable spectral behavior
of accreting black holes.

In this study, we adopted the three-dimensional simu-
lation data of radiatively inefficient accretion flows (RI-

AFs) by Kato et al. (2004, hereafter KMS04) as a model
of the corona, and calculate for the first time the emer-
gent spectra of disk-corona accretion flow systems. We
assume that the optically thick, geometrically thin disk
is embedded in the corona, and that this disk is emit-
ting soft photons with thermal spectrum. We perform
three-dimensional Monte Carlo radiative transfer simu-
lations to properly calculate the radiation processes and
the emergent spectra predicted from this disk corona
model (for the detail see Kawanaka et al. 2008).

2. Model and Calculation Method

KMS04 investigated the evolution of a torus threaded
by weak localized poloidal magnetic fields by performing
the three-dimensional MHD simulation. The simulated
MHD flow has almost steady structure, but is slightly os-
cillating because of the turbulence driven by MRI, and
geometrically thick density distribution is produced. In
this quasi-steady accretion flow, the density profile is
ρ ∝ r in the inner part (r < 20rS), while æρ ∝ r?1

in the outer part (r > 20rS) (see Fig. 4 in KMS04). In
the MHD simulations with no radiative loss the density
is given as non-dimensional number ρ̄æ with the normal-
ization factor ρ0, which is treated a free parameter in our
calculation. As for the electron temperature Te, we can
evaluate that through the energy balance of the electrons
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between Coulomb collisions with ions and radiative cool-
ing via inverse Compton scattering.

In calculating the radiative cooling rate of coronal elec-
trons as well as the radiation spectra from the disk-
corona system, we set the standard disk (Shakura &
Sunyaev 1973) on the equatorial plane in the simulated
coronal flow artificially, and solve the radiative trans-
fer using the Monte Carlo simulation (Pozdnyakov et al.
1977). In the following calculations, we set rin = 3rS,
Ṁdisk = 10−3ṀEdd, and the mass of the black hole to
be M = 108M� for AGNs and M = 20M� for X-ray
binaries.

3. Results and Discussions

Due to the limitation of the space, here we only present
the results of AGNs. We show the emergent spectra from
the accretion disk with MHD coronal flow with the den-
sity parameter ρ0 = 1.6 × 10−14g cm−3 for the corona
in Fig. 1. This spectral variation caused by the time
variation of MHD coronal flow structure. As for the
soft X-ray band (with log ν � 17 − 18) where the spec-
tra show a smooth power-law shape, the spectral index
slightly changes with time, and then the X-ray flux fluc-
tuates a little. According to the MHD simulation on
which our radiative transfer calculations are based, the
three-dimensional structure of the coronal accretion flow
is fluctuating everywhere in each timestep. On the other
hand, the spectral index depends on the distribution of
the Compton y-parameter of the corona. So we can con-
clude that the fluctuations of the spectral indices of the
computed spectra in Fig. 1 reflect the fluctuation of y,
which comes from the density fluctuations (which is sup-
posed to be due to MRI) in the coronal flow. Here we find
the significant variability of the power-law component of
the X-ray emission. The flux of this component pre-
dicted from our model changes by a few tens of percent
on timescales of the orbital period near the last stable
orbit, which is about 103(M/108M�)sec. This variabil-
ity comes purely from the fluctuation of the coronal flow
around r ∼ 20rS, where the scattering optical depth of
the coronal flow attains its largest value in its structure.
This fluctuation is driven by the turbulence as a result
of MRI.

The Compton y-parameter of the coronal flow has a
radial distribution, and so the power-law index of the
hard X-ray emission α from our simulated flows cannot
be determined uniquely by the famous formula for un-
saturated Compton scatterings,

α = −
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Such a coronal flow can be used for the interpretation of
the spectral feature of X-ray binaries in their low/hard
state (LHS). Recently, Suzaku revealed the broadband
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Fig. 1. Spectral variation of the Comptonized emission predicted from

the standard disk with a MHD coronal flow around a black hole of

108
M�. Here we set the density parameter as 1.6×10−14gcm−3.

X-ray spectra of black hole binaries such as GRO J1655-
40 (Takahashi et al. 2008) and Cyg X-1 (Makishima et
al. 2008) and it has been realized that they can be fitted
by “double Compton” model. In that model hard X-ray
emission is produced in hot Comptonizing corona which
has two characteristic optical depths, and the seed pho-
tons are provided by a geometrically thin and optically
thick disk. The fact that two coronal components which
have different optical depths implies that the corona has
a spatial distribution in the optical depth. These fea-
tures are well reproduced in our corona model. As for
the spectral variability, the observed spectrum becomes
softer in the high flux phase, which implies the lower
coronal temperature, and the underlying disk is sup-
posed to remain unchanged. The coronal temperature
should be lowered if Compton upscatterings occur effi-
ciently and vice versa, so this observation can be inter-
preted as follows: X-ray luminosity varies solely because
of the oscillation in the Comptonizing coronal flow while
the underlying disk which emits seed photons into the
corona does not need to vary. This interpretation is fully
consistent with our corona model.
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Abstract

Supercritical accretion flows inevitably produce radiation-pressure driven outflows, which will Compton
up-scatter soft photons from the underlying accretion flow, thereby making hard emission. We performed
two dimensional radiation hydrodynamic simulations of supercritical accretion flows and outflows, incor-
porating such Compton scattering effects, and demonstrate that there appears a new hard spectral state
“Comptonizing outflow state” at higher photon luminosities than that of the slim-disk state. In this state,
as the photon luminosity increases, the photon index decreases and the fraction of the hard emission in-
creases.The Compton y-parameter is of the order of unity (and thus the photon index will be ∼ 2) when
the apparent photon luminosity is ∼30LE (with LE being the Eddington luminosity) for nearly face-on
sources. This explains the fact that brighter ULXs possess harder X-ray spectra (Berghea et al. 2008).
Furthermore, expected SED of the Comptonizing outflow state is consistent with that of the ultraluminous
state, which consists of the disk and the cool, optically thick corona (Gladstone et al. 2009).

Key words: accretion, accretion disks — black hole physics — hydrodynamics — radiative transfer

1. Introduction

Ultraluminous X-ray sources (ULXs), which are found
in the off-center region of nearby external galaxies, show
both the soft thermal and the hard power-law spectra
Notably, the typical photon luminosities of ULXs range
Lph � 1039−41 erg s−1, which exceeds the Eddington lu-
minosity for neutron stars and stellar-mass black holes.
There are two possible models considered to account
for such large photon luminosities: subcritical accretion
(i.e., accretion below the Eddington accretion rate) onto
an intermediate-mass black hole (IMBH) and supercrit-
ical accretion onto a stellar-mass black hole. Since the
black hole masses of ULXs are poorly known, we cannot
discriminate these two models at present.

An interesting trend has been reported recently.
Berghea et al. (2008) found that the brighter ULXs have
harder spectra, whose photon index is Γ < 1.7. It is
also shown that “ultraluminous state”,which consists of
a disk and cool, optically thick corona, can explain the
hard spectra of brighter ULXs with supercritical accre-
tion flow around a stellar-mass black hole (Gladstone et
al. 2009). From another theoretical point of view, this

luminous and hard accretion state seems to be a natu-
rally explained: supercritical accretion flows inevitably
produce radiation-pressure driven outflows and such out-
flows will Compton up-scatter the soft photons, thereby
making a hard emission component. The higher the pho-
ton luminosity is, the harder emission we expect. In this
proceedings we will demonstrate that new spectral state
“Comptonizing outflow state” is indeed feasible based
on new two-dimensional radiation-hydrodynamic (RHD)
simulations, which incorporate the Compton scattering
effects.

2. Numerical Methods

Following Ohsuga et al. (2005), but also considering the
effects of Compton scattering in the energy exchange be-
tween photons and electrons, we solve the RHD equa-
tions in spherical coordinates (r, θ, φ). The radiative
transfer equation is solved using the flux-limited diffusion
approximation (Levermore & Pomraning 1981). The
general relativistic effects are incorporated by a pseudo-
Newtonian potential (Paczyńsky & Witta 1980). The
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Fig. 1. Schematic pictures of the states of super-Eddington accretion disks: (a) Comptonizing outflow state, which consists of supercritical
accretion flows (i.e., slim disks) and Comptonizing outflows, and (b) slim disk state. The SED of the new state is harder than that of the
slim disk state, because the new state includes a mildly hot outflow which up-scatters seed photons from the underlying disk.

mass of the black hole is set to 10M�. We assume that
the flow is non-self gravitating, axisymmetric with re-
spect to the rotation axis (i.e., ∂/∂φ = 0), and sym-
metric relative to the equatorial plane (where θ = π/2).
We also adopt the α viscosity prescription (Shakura &
Sunyaev 1973) and set α = 0.1. The basic equations
and numerical model are reported in Kawashima et al.
(2009).

3. Spectral Hardness and New Spectral State

We calculated Compton y-parameter of the radiatively
driven outflow by using simulation data to discuss the
spectral properties of supercritical accretion flows with
various accretion rate. We found that as the photon lu-
minosity increases, Compton y-parameter also increases.
Especially, y-parameter exceeds 1 when isotropic photon
luminosity reaches ∼30LE. This is because the larger
mass accretion rate is, the more outflow is driven, and,
hence, the larger becomes the Thomson optical depth in
the outflow region. The electron temperature of the out-
flow is 107.5−8 K and is not significantly affected by mass
accretion rate. When an isotropic luminosity is ∼30LE,
the number of scattering becomes ∼100 and, therefore,
y∼1. See Kawashima et al. (2009) for more detail.

We expect that a hard spectral state exists in the su-
percritical regimes for the supercritical accretion model
for ULXs (i.e., central black holes are stellar-mass black
holes) to be viable. In this new supercritical state
(Comptonizing outflow state), higher photon luminosi-
ties correspond to harder SEDs, in analogy to black
hole binaries in the very high state, but at even higher
photon luminosities (Fig. 1). The presence of Comp-
tonizing outflow state is consistent with the fact that
brighter ULXs possess harder X-ray spectra (Berghea et
al. 2008). Furthermore, expected SED of the Comp-
tonizing outflow state agrees well with that of the ultra-
luminous state, which consists of the disk and the cool,
optically thick corona (Gladstone et al. 2009).
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Abstract

We present the results of formation of the inner torus in black hole accretion flows obtained from three
dimensional magneto-hydrodynamic simulations. We focus on the dependence of numerical results on the
gas temperature supplied from the outer region. General relativisitc effects are taken into account using
the pseudo-Newtonian potential. We ignore the radiative cooling of the accreting gas. The initial state is
a torus threaded by a weak azimuthal magnetic field.

We found that mass accretion rate and the mass outflow rate strongly depend on the temperature of the
initial torus. In the cool model, a constant angular momentum inner torus is formed around 4−8rs where rs

is the Schwarzschild radius. This radius is near the maximum radius of the radial epyciclic frequency. This
inner torus deforms itself from a circle to a crescent quasi-periodically. During this deformation, the mass
accretion torus returns to a circular shape and starts the next cycle. The time interval of this deformation
is caused by the magnetic dynamo activitis driven by MRI. When the magnetic energy released, magnetic
pressure driven outflows blow from the inner torus.

Power spectral density (PSD) of the time variation of the mass accretion rate in the coolo model has a
low frequency peak around 10Hz when we assumed a 10M� black hole. The PSD of the hot model is flat
in 1− 30Hz. The slope of the PSD in the cool model is steeper than than in the hot model in 30− 100Hz.

Key words: Accretion disks — MHD — QPOs

1. Introduction

After the RXTE satellite launched, a detailed timing
analysis of X-ray binaries has been carried out. During
state transition of black hole X-ray binaries, black hole
candidates sometimes show the quasi-periodic oscillation
(QPO) in its power spectral density. When the disk lu-
minosity exceeds 1% of the Eddington luminosity, broad
low frequency QPOs with frequency 1−10Hz appear. As
the disk completes the transition to high/soft state, QPO
disappears. Therefore, it seems that the QPOs are asso-
ciated with the cooling of the disk and state transition.
Machida et al. (2006) showed that when the mass accre-
tion rate reached the limit of ADAF solutions, cooling
instability growed. Then the transition from the radia-
tively inefficient, optically thin disk to a magnetically
supported, cool, optically thin disk occured. They ar-
gued that this magnetically supported disk correspons
to the bright hard state.

In this paper, we present the results of global three-
dimensional magneto-hydrodynamic (MHD) simulations

of the black hole accretion disk whose state corresponds
to the bright hard state. This paper is based on Machida
and Matsumoto (2008).

2. Initial condition

We solved the resistive MHD equations in a cylindri-
cal coordinate system using a modified Lax-Wendroff
scheme with an artificial viscosity. The units of
length and velocity were the Schwarzschild radius
rs and the light speed, respectively. We used
(N�, Nϕ, Nz)=(250,64,384) meshed. The grid size was
∆� = ∆z = 0.1 for 0 < �/rs < 10, and |z|/rs < 10.

The initial state of our simulation was an equilibrium
torus threaded by a weak toroidal magnetic field. In this
paper, we assumed two outer torus. One is the hot torus
with a sound speed of cs = 0.03c correspond to the hard
state (model HT), and the other is the cool torus with
cs = 0.01c corresponds to the bright hard state (model
LT).
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Fig. 1. Radial distribution of the Power Specral Density of the
time vaiation of the mass-accretion rate for model HT mea-
sured in 23000¡t/t0¡ 32000(left) and for model LT measured in
55000¡t/t0¡64000(right)

3. Numerical Results

In both model, the disks become the magnetic turbulence
by the magneto-rotational instability (MRI). The aver-
aged plasma β where plasma β is the ratio of the gas
pressure to magnetic pressure becomes about 10. The
angular momentum transport rate α in model HT is sat-
urated around α ∼ 0.05. The disk gas accretes to the
black hole through dense, spiral channels. In model LT,
however, the averaged α becomes less than 0.01. There-
fore, the inner torus is formed around � ∼ 5 − 10rs.
This result indicates that the angular momentum trans-
port rate strongly depends on the temperature of the gas
supplied from the outer region.

The inner torus in model LT deforms itself from the
circular shape to the crescent shape, respectively. The
deformation of the inner torus takes place due to the
growth of the Papaloizou-Pringle instability. Inside the
torus, magnetic fields are amplified by the MRI. As the
local plasma β approaches β ∼ 1, magnetic energy is sud-
denly released by magnetic reconnection. Subsequently,
the torus returns to the circular shape. When the torus
returns to the circular shape, the large mass accretes to
the central black hole and the outflow blows from the
inner torus. The outflow rate is 1-10% of the mass ac-
cretion rate.

Figure 1 shows the spatial distribution of the Fourier
amplitude νPν of the time variation of the mass accretion
rate. Left panel shows the model HT, and right panel is
the model LT. Horizontal axis shows the radius and the
vertical axis shows the frequency. Here, we assumed the
10M� black hole. In model HT, various peaks appear
at various radius. On the other hand, in model LT, low-
frequency QPOs around 10Hz appear in 5 < �/rs < 10,
where the inner torus is formed.

Figure 2 shows the Power Spectral Density (PSD) of
the time variation of the mass accretion rate averaged in

Fig. 2. Power spectrum, νPν where Pν is the Fourier power
of the time variation of the mass-accretion rate averaged in
2.5 < �/rs < 29 and |z|/�s < 1 for model LT (black) and
for model HT(gray).

3 < �/rs < 29 and |z|/rs < 1. Black and gray curves
show PSD for model LT and model HT, respectively.
The PSD for model LT has a broad low-frequency peak
around 10Hz. This low-frequency peak corresponds to
the oscillation of the inner torus caused by the magnetic
activities. The PSD for model HT becomes flat in 1-30
Hz. The slope of the PSD in the model LT is steeper
than in the model HT.

4. Summary

We carried out global three-dimensional MHD simula-
tion of the black hole accreton disk. In this paper, we
studied the dependence of the structure and the time
variation of the black hole accretion flows on the gas tem-
perature supplied from the outer region. In such cool ac-
cretion disk, the averaged angular momentum transport
rate becomes less than 0.01, although plasma β inside
the disk is comparable to that of radiatively inefficient
hot accretion flows (β ∼ 10). Since the angular mo-
mentum transport becomes inefficient, the inner torus
is formed around 4 − 10rs. This inner torus deforms
itself from circle to crescent, repeatedly. Such deforma-
tion takes place due to the growth of a non-axisymmetric
instability in geometrically thick tori. As the magnetic
energy enhanced in the inner torus by MRI is released by
magnetic reconnection, the crescent-shaped inner torus
returnes to a weakly magnetized, axisymmetric torus.
The PSD of the mass accretion rate has a broad pead
around 10Hz. This frequency corresponds to the time
scale of the amplification and release of the magnetic
energy in the inner torus.
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Abstract

The massive accretion disk producing a gamma-ray burst is investigated on the bases of the microphysics
of neutrinos and the generalrelativity. The accreting matter is consists of heavy nuclei, free nucleons,
degenerated electrons, photons and neutrinos. The fractions of leptons are calculated by using the network
of lepton reactions. It is shown that the electron neutrinos are almost trapped in the massive accreting disk
with the accretion rate, while the antielectron neutrinos penetrate through the disk and a large quantity of
antielectron neutrinos with the large luminosity is ejected from the disk. The fraction of free neutrons per
an unit number of baryons, and that of anti-electron neutrinos, increase to be, at the inner disk, while the
fractions of free protons and electron neutrinos decrease to be infinitesimal. The cooling by the antielectron
neutrinos produces the geometrically thin disk with great density and somewhat low temperature where
the scattering optical depth and the degeneracy of the antielectron neutrinos become large. The high mean
energy of the antielectron neutrinos and the large luminosity emitted from the accretion disk around a
rapidly rotating black hole could drive the out flow, ”neutrino driven jets”, from the disk.

Key words: gamma rays: bursts — neutrinos — accretion, accretion disks — black hole physics —
jets

1. Information

In the widely believed model of gamma-ray bursts, the
high-energy emission arises in the relativistic jets ejected
from a central engine. The formation of a relativistic
jet has been investigated in two ways. One is owing
to magnetic field. The rotating magnetized compact ob-
jects with matter accretion can generates strong toroidal
magnetic fields driving highly magnetized plasmas into
relativistic jets5.. The other is owing to neutrinos. The
νν̄-annihilation near accreting black holes can rise the
energy deposition in the close vicinity of the black holes
by the reactions, ν+ ν̄ → e++e− → γ+γ. The resulting
e+e−− pair plasma-photon fireball can power a relativis-
tic outflow of baryons. However, it has been showed in
the model of GRBs that most of neutrinos are trapped
in accreting matter falling into a black hole 5. 5.. Nev-
ertheless, it should be recognized first that the interac-
tion of heavy nuclei with ambient free nucleons, which
has been ignored in the previous works, produces rich
free neutrons and rare free protons in high dense mat-
ter. The gradual viscous heating of a standard accretion
disk (STAD) with Keplerian angular momentum main-
tains the disk to be relatively low temperature and to be
in the domain of heavy nuclei. These different aspects
in the massive accretion from the previous works pro-
duce the new thermal history of accreting matter and
drive the neutrino ejection from the disk as a source of
relativistic jets.

2. Microphysics of Accreting matter

In the previous works of ADAF, the free nucleons have
been treated to be independent of heavy nuclei even in
the dominant of heavy nuclei. We investigate here the
neutrino reactions to the evaporated free nucleons inter-
acting with heavy nuclei, where the chemical potentials
of neutrons and protons, µn and µp, are equal in the
two phase of evaporated free nucleon gas and the con-
densed heavy nucleus 5. 5.. It is shown that the accre-
tion disk at the all region, rin ≈ rg < r ≤ 102rg, is
cooled mainly by antielectron neutrinos, where rg is the
gravitational radius of a black hole. The massively ac-
creting matter in STAD is in the domain of heavy nuclei
all over the flow accreting onto a black hole. There-
fore, the emitting rates of neutrinos are be precisely ex-
pressed in the existence of heavy nuclei. The profiles
of density ρ(r̃) and temperature T (r̃), are expressed ap-
proximately as ρ(r̃) ≈ 2 × 1014r̃−2.5 ṁm−2 g cm−3 and
T (r̃) ≈ 5 × 1010r̃−1/4 m−1/3 K, where r̃ is normarized
by gravitational radius rg, ṁ is normarized by Ṁ� and
m is normarized by M�.

3. Degeneracy of Accreting Particles

The profiles of degeneracy factors of electrons ηe(=
µe/kT ), neutron-proton difference ηnp(= (µn−µp)/kT ),
degeneracy of antielectron neutrinos ην̄e

, electron neu-
trinos ηνe

and heavy neutrinos ηνx
are shown in Fig.1,

where the accretion rate is taken as Ṁ = 1.0M� sec−1
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Fig. 1. The profiles of the degeneracy factors. The degeneracy factors of electrons ηe(= µe/kT ), neutron-proton difference
ηnp(= (µn − µp)/kT ), degeneracy of antielectron neutrinos ην̄e

, electron neutrinos ηνe
and heavy neutrinos ηνx

are shown, where

the accretion rate is taken as Ṁ = 1.0M� sec−1 and the central mass of a black hole is MBH =3M�.

and the central mass of a black hole is MBH =3M�.
The degeneracy of electrons ηe and that of neutron-
proton difference ηnp are very strong, ηe ≈ 5 ∼ 25 and
ηnp ≈ 10 ∼ 20. In the previous works in ADAF 5., the
degeneracy of electrons is mild, ηe ≈ 1 ∼ 3. The number
ratio of the free proton to the free neutron is proportional
to the degeneracy factor,

np

nn
≈ exp−ηnp ≈ 10−4∼−8. (1)

The free protons are strongly suppressed in the massive
accretion disk with heavy nuclei.

4. Emissivities and Opacities of Neutrinos

The absorbing opacity of electron neutrinos κa(νe) is
by far larger than those of other flavors of neutrino,
κa(νe) � κa(ν̄e) ≥ κa(νx). The electron neutrino νe

is absorbed mainly by dense free neutrons through the
reaction, νe + n → e + p, while the antielectron neutrino
ν̄e is little absorbed by rare free protons, ν̄e+p → e++n.
The scattering opacities of ν̄e and νe are in same order,
τν̄es ≈ τνes ∼ 102. The antielectron neutrino acts as
the most efficient source of emissivity. At the inner side
of the disk, the emissivity by heavy neutrinos qνx

be-
comes efficient. The emissivity of electron neutrinos qνe

is one order of magnitude less than qν̄e
since the pro-

ton fraction Yp is infinitesimal. The emissivity of neu-
trinos rapidly increases along the flow. The total emis-
sivity is expressed as q = qν̄e

+ qνe
+ qνx

≈ 1035r̃−4.25

erg cm−3 sec−1. The flux density of antielectron neu-
trinos at the surface of the disk Fν̄e

rapidly increases
along the accreting flow while that of electron neutri-
nos Fνe

maintains almost the constant value. The ratio
of the flux density of ν̄e to that of νe becomes large to
be Fν̄e

/Fνe
≈ 103∼4 at the inside of the disk, since the

electron neutrinos are almost absorbed by dense neu-
trons. The flux density of νx rapidly increases in the
vicinity of the inner boundary and reaches to be com-
parable with Fν̄e

. The total flux density is expressed as
F (r) = Fνe

+Fν̄e
+Fνx

≈ 3.8×1040r̃−2.9 erg cm−2 sec−1

in the typical case of the accretion.

5. Luminosity and Mean Energy of Neutrinos

(1) The luminosity Lν and the mean energy Ēν are pro-
portional to the specific angular momentum of a black
hole, Lν ∝ a and Ēν ∝ a. (2) The luminosity is pro-
portional to the accretion rate, Lν ∝ ṁ, but it is al-
most independent of the mass scale of a black hole,
Lν ≈ constant, for m = 1 ∼ 10. (3) The mean energy
of neutrinos Ēν is proportional the accretion rate while
it is inversely proportional to the mass of a black hole,
Ēν ∝ ṁ0.8m−1.07. The typical accretion disk provides
the luminosity, Lν ∼ 1052 erg sec−1, and the mean en-
ergy, Ēν ∼ 20MeV, which is several times larger than the
thermal energy of a particle in the disk. This high mean
energy Ē is caused by the large degeneracy, ην̄e

≈ 5 ∼ 10.
The energy flux, Lν ∼ 1052 erg sec−1, with the mean en-
ergy, Ēν ∼ 20MeV, emitted from a disk could produce
the outward flow in the vertical direction to the disk.
The huge neutrinos extract the thermal energy (liber-
ated gravitational energy) in the disk and may play an
important role in the formation of relativistic jets emit-
ting γ-ray bursts.
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Abstract

We study corrugation instabilities in slow shocks in ideal MHD. Stone & Edelman (1995) suggested
that slow, oblique MHD shocks were unconditionally unstable based on a linear analysis, supported by
a nonlinear simulation of an oblique three-dimensional (3-D) MHD shock. We explore this suggestion
modeling 3-D oblique MHD shocks using Imogen, our recently developed MHD computer code. Using
Imogen, we find, in agreement with Stone & Edelman, that the corrugation instability produces dense
fingers which extend from the shock front into the postshock region, growing until they reach the end of
the computational grid. We currently perform longterm simulations to determine the ultimate fate of the
fingers.

Key words: MHD – shock waves — instabilities

1. INTRODUCTION

The high energy emission from a broad range of as-
trophysical sources is produced by shocks which form
as plasma accretes onto a compact object. Such radi-
ating shocks play important roles in the neutron star
X-ray pulsars and in the Polar and Intermediate Polar
white dwarf binaries. These systems all contain strongly
magnetic compact objects and magnetohydrodynamics
(MHD) effects must be taken into account. The effects
of magnetic fields on the equilibrium flow properties and
plasma emission mechanisms has garnered much interest
over the years, much less effort has been directed toward
the effects of the strong magnetic fields on the stability
properties of the shocks. Further, although the stabil-
ity of MHD shocks has been studied for over forty years,
most of the attention has been directed toward fast MHD
shocks, shocks corresponding to the fast wave mode.
In the Polar and Intermediate Polar systems mentioned
above, the shock corresponds to the slow wave mode. In
either case, the physical problem is complex because per-
turbations to the shock front can generate MHD waves
which are able to propagate upstream as well as down-
stream of the shock. The stability of such slow MHD
shock waves to corrugation instabilities was initially in-
vestigated by Lessen & Deshpande (1967). Lessen &
Deshpande found that oblique MHD shocks were unsta-
ble to perturbations in the plane defined by the direc-
tions of preshock and postshock magnetic fields. Oblique
MHD shocks are unstable when the angle formed by the
preshock magnetic field and the shock normal β is either
small or close to 90◦. They are stable for intermediate

values of β. Lessen & Deshpande also found that the
instability growth rates were proportional to the square
of the Alfvénic Mach number, MA. They thus suggested
that slow MHD shock waves were stable in the limit of
strong magnetic field B. Stone & Edelman (1995) re-
visited the problem of the stability of slow MHD shocks
to corrugation instabilities. They found that slow MHD
shocks were unconditionally unstable if one considered
more general perturbations, perturbations in the direc-
tion perpendicular to the plane defined by the preshock
and postshock magnetic fields. Based on a linear sta-
bility analysis, supported by a representative nonlinear
shock simulation, Stone & Edelman (1995) suggested
that slow MHD shocks were unconditionally unstable.
Either aperiodic instabilities would cause MHD shocks
to degenerate into turbulence or overstable modes would
lead to short timescale quasi-periodic variability. If con-
firmed, this conjecture would have far-reaching conse-
quences because of the ubiquity of MHD shocks. Here,
we investigate the corrugation instability in MHD shocks
for a broad range of conditions using a newly developed
nonlinear numerical MHD code.

2. PHYSICAL PROBLEM

We envision a shock embedded in a flow of magnetic
plasma, homogeneous in front of and behind the shock
where the magnetic field and unperturbed flow are anti-
parallel. The properties of the preshock flow are de-
fined by β, its sonic Mach number, Ms = vin/cs, and its
Alfvénic Mach number, MA = vin/vA, where vin, cs, and
vA are the flow speed, sound speed, and Alfvén speed, re-
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Fig. 1. Mass contours of the corrugation instability for a parallel shock with sonic Mach number of 10 and Alfvénic Mach number of 0.5,
(a) as viewed from the preshock region, and (b) as viewed from the post-shock region. The contour coloring signifies magnetic wave
generation as the magnitude of the transverse component, in this case z, of the magnetic field, which is initially zero throughout the
simulated domain.

spectively. The flow and the field remain aligned behind
the shock but they may refract. The postshock flow con-
ditions are defined by the MHD shock jump conditions
(e.g., see Stone & Edelman 1995). Given these initial
conditions we model the evolution of MHD shocks using
the nonlinear 3-D MHD computer code, Imogen. Imogen
is a high-performance MHD computer code developed by
the Imamura group (Ernst et al. 2009). Imogen was cre-
ated in 2007 after we conducted examinations of existing
and publicly available computer codes and found them
lacking the functionality and extensibility necessary to
achieve our research goals. Imogen has been rigorously
tested for both hydrodynamic and MHD cases and agrees
well with published test problems (Ernst et al. 2009).
With a capable MHD code, the problem in modeling cor-
rugation instabilities arises from the artificial boundary
conditions for the edges of the computational domain,
which must be transparent to outflow while maintain-
ing an inflow that is modified by wave propagation from
the instability into the preshock region. In the artifi-
cial boundary condition community, this is considered
a case of the turbulent outflow problem, a difficult and
largely unsolved problem (Colonius 2004). Our solution
to the outflow condition is to use a technique of dis-
sipative interpolation based on the assumption that the
waves die out over some finite distance along the external
domain solution. The interpolation profile is anisotropic
to ensure that advected fields are treated according to lo-
calized propagation directions, preventing any numerical
noise generated by the artificial boundaries from entering
the domain of interest.

3. PRELIMINARY RESULTS

We have performed 3D nonlinear simulations of corru-
gation instabilities in strong, sonic Mach numbers of 10,
slow MHD shock waves with Alfvénic Mach numbers of
0.125 and 0.5, and incoming flow attack angles of β = 0◦,
10◦, 22.5◦, 45◦, and 60◦. The simulations were conducted

on a grid with cell dimensions of 300x48x48 and evolved
for approximately 100 Alfvén crossing times. The cross-
ing length was defined to be the smallest spatial grid
length.

Confirming the results of previous inquiries, we find
the shock waves to be generally unstable for this parame-
ter regime. Only the parallel shock, β = 0◦ and Alfvénic
Mach of 0.125 case appeared stable to long-term evo-
lution. Of particular interest in the unstable case is a
growth behavior in the post-shock region, where the cor-
rugation of the front is accompanied by distinct finger-
like formations that protrude into the post shock region
as shown in Figure 1 (a) & (b). In all cases these fin-
gers grow steadily as the instability evolves, eventually
extending beyond the edge of the computational domain
and imposing a limit on the maximum simulation time
for a particular grid size.

4. ONGOING WORK

Recently, we improved our computing power through in-
creases in memory, processors, and computational speed.
We are extending the computational domain to enable
longer shock evolutions to determine the ultimate out-
come of corrugation instabilities, expanding the range of
sonic Mach numbers we consider, and adding optically
thin cooling (e.g., see Bertschinger 1986, Edelman 1991a,
Strickland & Blondin 1995).
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Abstract

We have investigated spectral variation of the Seyfert 1 galaxy MCG-6-30-15 observed with Suzaku in
January 2006 for three separate periods spreading over fourteen days. We found that the time-averaged
continuum energy spectrum between 1 keV and 40 keV can be approximated with a spectral model
composed of the direct power-law component, its reflection component, two warm absorbers with different
ionization states, and neutral absorption. We found a clear correlation between the intensity in the 6 – 10
keV band and the spectral ratio of 0.5 – 3.0 keV/6.0– 10 keV. Such a spectral variation requires change of
the apparent slope of the direct component, whereas the shape and intensity of the reflection component
being invariable. The observed apparent spectral change is explained by variation of the ionization degree
of one of the two warm absorbers due to intrinsic source luminosity variation. Current results suggest that
the warm absorber has a critical role to explain the observed continuum spectral shape and variation of
MCG-6-30-15, which is essential to constrain parameters of the putatively broadened iron line emission
feature.

Key words: galaxies: active – galaxies: individual (MCG-6-30-15) – galaxies: Seyfert – X-rays

1. Introduction

ASCA discovered a broad and skewed emission line fea-
ture around 5–7 keV in the spectrum of MCG-6-30-15
for the first time (Tanaka et al. 1995). The iron line
is emitted as a part of the reflection spectrum from the
accretion disk, irradiated by a primary continuum of the
central engine. Miniutti et al. (2007) claim that the
strong reflection, the broad iron line and invariability
of the iron line observed with Suzaku may be explained
with the light-bending model, and suggest that the in-
nermost disk radius extends down to about as low as two
gravitational radii. Young et al. (2005) reported a weak
and narrow emission line at 6.4 keV, which indicates that
some reflection does take place in a distant material,
e.g., the narrow-line region or the pc-scale torus. The
broad band continuum in MCG-6-30-15 is complex, with
strong modification from warm absorbers (e.g., Miller et
al. 2008).

In this paper we attempt to comprehensively charac-
terize the spectral variability of the source in a model
independent manner as much as possible. We character-
ize spectral variations at different timescales, as well as
at different source flux levels. We use Suzaku data taken
in Jan 2006 (total exposure time is 339 ksec) for this
purpose. Our goal is to find a reasonable spectral model

of MCG-6-30-15 which is able to explain the observed
spectral variation at various timescales with minimum
numbers of parameters, and to study effects of warm ab-
sorbers.

2. Observation and Data Reduction

The Suzaku satellite (Mitsuda et al. 2007) has observed
MCG-6-30-15 four times. In 2006 January, the source
was observed three times, between 9–14 (143 ksec ex-
posure), 23–26 (99 ksec), and 27–30 (97 ksec). In this
paper, we use the data taken in 2006 January. For data
reduction, see Miyakawa et al. (2009).

3. Data Analysis and Results

First, we study spectral variation of the source in a
model-independent manner. As for making “intensity-
sliced energy spectra”, “bright spectra” and “faint spec-
tra”, see Miyakawa et al. (2009). From the eight
intensity-sliced spectra, six bright spectra and six faint
spectra thus created, we studied spectral variations in
a model independent manner by calculating spectral
hardness radios between different energy bands. Conse-
quently, we discovered a significant correlation between
the intensity in the 6.0 – 10 keV and the spectral ratio
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Fig. 1. Spectral fit result for the time-averaged XIS and PIN spectra
(1–40 keV) with a broad iron emission line (intrinsic line width is
allowed to be free and 1 σ=290 eV.)

Fig. 2. Correlation between the flux in 6.0–10 keV and the hardness
ratio of 0.5–3.0 keV/6.0–10 keV for the “intensity-sliced spectra”
(black), “bright spectra” (red) and “faint spectra” (blue).

of 0.5 – 3.0 keV/6.0 – 10 keV. This correlation is shown
in Figure 2.

Second, we study the time-average spectrum of MCG-
6-30-15 to find a physically plausible spectral model.
Then, we will use the same spectral model to see
which parameters are variable to explain the observed
spectral variation. The spectral model we adopt is
the following; (1) power-law with an exponential cut-
off, (2) disk reflection component from neutral matter
(“pexrav”; Magdziarz & Zdziarski 1995), (3) iron emis-
sion line, (4) two warm absorbers with different ion-
ization states, and (5) neutral photoelectric absorption
(“phabs”; Balucinska-Church & McCammon 1992). (6)
a narrow gaussian absorption line to account for the in-
strumental feature around the Au M-edge.

To model the warm absorber, we used XSTAR Version

Fig. 3. Relation between the ionization degree and power-law nor-
malization for the bright, faint and sliced spectra.

2.1kn8 (Kallman et al. 2004). We analyzed the total
average spectrum (the intrinsic line width to be free),
the fit significantly improved, where reduced chisq is 1.20
(χ2/d.o.f = 267.4/222). Central energy of the line is
6.42±0.06 keV, and the width is 1 σ = 290 ± 60 eV
(Figure 1). The equivalent width is 100±20 eV. In Fig.1,
we show the fitting result for the total average spectrum
with a broad line. Note that our model does not require
an extremely broadened iron emission line, which may
be expected from very vicinity of a fast rotating black
hole.

We also fit the eight intensity-sliced spectra with the
model varying the power-law normalization and the ion-
ization parameter, where reduced chisq is 1.24 (χ2/d.o.f
= 267.4/222). Central energy of the line and line width
are fixed at 6.35 keV, and 10 eV, respectively. In Fig.
3, we show relation between the power-law normaliza-
tion and the ionization degree of the lower ionized warm
absorber, which indicates a clear correlation as log ξ=
(1.7±0.2) × log K + (4.7±0.3).
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Abstract

Based on a large collection of 149 XMM-Newton archival data of un-obscured radio-quiet AGN, the
FERO project is addressed to systematically study the properties of relativistic emission in type 1 active
galaxies, both in individual objects and collectively as a sample. We will describe here the details of the
analysis carried out and discuss briefly the main results and conclusions of the study, including, detection
fractions, broad line average properties and dependence of line properties with physical parameters.
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1. Introduction

The detection of a broadened and skewed Fe Kα line
in AGN spectra is generally interpreted as an effect on
X-ray photons due to the gravitational field of the cen-
tral black hole. Measuring the parameters of broad Fe
lines provides therefore a diagnostic of the accretion disc
structure. The presence of this feature has been debated
among the AGN community for a long time. Most stud-
ies of bright individual sources have shown that the de-
tection of a broad line can be very dependent on the
assumed spectral model. Recent works on large samples
of AGNs converged to say that the broad line is more
common in low luminosity AGN (Nandra et al. 1997,
2006, Streblyanska et al. 2005, Guainazzi et al. 2006)
but there is no agreement on the fraction of detected
broad Fe lines and on the average line intensity. The
FERO project is designed to address these questions in a
systematic way, by looking at the properties of relativis-
tic emission in type 1 active galaxies, both in individual
objects and collectively as a sample. Two papers are in
preparation, one to report on the spectral analysis of the
individual sources of the sample (de la Calle I. et al. in
preparation), and a second one devoted to the analysis
of the stacked spectra (Longinotti et al. in preparation),
where full details of the work will be given. Here we only
highlight the main aspects of the work.

2. The Sample

The FERO sample proceeds from the CAIXA sample
(Bianchi et al. 2009), and consists of 149 radio-quiet
type 1 AGN (67 are classified as Quasars (RQQs) and
82 classified as Seyfert 1s (Sy)). Only sources with NH ≤

2 1022 cm−2 are included in the sample to avoid heavily
absorbed spectra in the 2 to 10 keV spectral region. No
redshift restriction has been imposed to the sample selec-
tion (90% of sources with redshift ≤0.5). When needed,
source properties are extracted from the CAIXA sample.
The FERO sources were cross-correlated with the RXTE
all-sky Slew Survey (Revnivtsev et al. 2004) sources hav-
ing a count rate in the 3-8 keV energy band greater than
1 cts/sec. This defines a flux-limited sample of 31 sources
that are used as a control sample.

3. Analysis

The data used for the FERO project comes from >200
XMM-Newton observations public up to April 2008.
Individual observation exposure times range between
1 ksec and 400 ksec, with 90% of observations <100 ksec
exposure. Where multiple observations of the same
source were available, the individual spectra were com-
bined and treated, for all purposes, as a single obser-
vation. Only EPIC-pn data, from different observing
modes, has been used. The time-averaged spectra were
re-binned with 25 background subtracted cts/channel,
and >3 channels. For the spectral analysis, a pre-
analysis cut is imposed: only source spectra with good
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statistics are fitted (>17 d.o.f). The fit was restricted to
the 2 to 10 keV energy rest frame, and the same model
has been uniformly applied to the whole sample. In the
stacked spectra analysis, only sources with broad line up-
per limits are considered. Stacked ratios are calculated
as weighted means of individual ratio plots.

4. The Model

All spectra have been uniformly fitted with the follow-
ing baseline model (9 components with a total of 14 free
independently-fitted parameters): warm absorber (ab-
sori), Compton reflection from neutral material (pexrav),
a series of five zero-width lines, 6.4 keV (neutral Fe I Kα),
6.7 keV (ionized Fe XXV), 6.96 keV (ionized Fe XXVI)
and 7.06 keV (neutral Fe I Kβ) and Fe I 6.4 keV Comp-
ton Shoulder, and last, a relativistic broad line (kyrline).
During the fitting procedure some limitations are intro-
duced to some model parameters as well as carrying out
different runs to tests different model components. In
particular, we tested ionized reflection (pexriv) and rela-
tivistic 6.7 keV Fe line. The results presented here come
from a merge of the two runs, neutral and ionized reflec-
tion.

5. Results

The results presented are given based on the analysis of
individual sources and in terms of the stacked spectra.

5.1. Fe Broad Line Detections

The fraction of relativistic Fe lines detected in the FERO
sample is 7±3% (11/149). Considering only the sources
from the flux-limited sample, the detection fraction rises
to 36±14% (11/31). Figure 1 shows the equivalent width
of the broad 6.4 keV Fe Kα line vs. hard X-ray counts
(2-10 keV) for the FERO sources. Two caveats apply
in the derivation of the detection fractions. First, the
detections of 1H0707-495 and PG1211+143 are not con-
sidered. Second, these fractions include the detections
from the neutral and ionized reflection runs. The neu-
tral run yields 9 detections, and the ionized run yields
two extra detections: Mrk766 and ARK120, and is fa-
vored over the neutral run for Mrk509.

The average broad line EW is of the order of 100 eV
(never higher than 300 eV for any given source). The
average system properties (as inferred from the kyrline
model) are: < φ >∼28±5◦ for the disk inclination angle
and < β >∼2.4±0.4 for the disk emissivity. With only
two spin measurements (MCG-6-30-15: 0.86 (+0.01

−0.02) and

Mrk509: 0.78 (+0.03
−0.04)) no mean value has been derived.

In terms of correlations, no significant correlations have
been found between the broad line EW and any of the
source physical properties investigated: accretion rate,
hard X-ray luminosity or Black Hole Mass.

Fig. 1. Equivalent width of the broad 6.4 keV Fe Kα line vs. hard
X-ray counts (2-10 keV) for the FERO sources. Filled circles
indicate line detections at the 5σ confidence level (where error
bars indicate the 90% c.l. intervals), while filled squares indicate
line upper limits at the 90% c.l.. White stars indicate sources
belonging to the flux-limited sample.

5.2. Stacked Spectra

Broad lines in the stack spectra are weak, being the line
intensity never higher than 80 eV. There is tentative ev-
idence of a trend with hard X-ray luminosity, where a
broad line is favored in lower luminosity sources. Pos-
sible trends with physical property drivers are inconclu-
sive, and those with source type are to be investigated
(like Seyferts and Quasars or narrow line and broad line).

6. Conclusions

The main results of this work may be summarized as fol-
lows: a) Strong broad Fe lines are found only in AGN
with spectra of extremely good statistical quality b)
Stacking of the upper limits shows that the red wing
is far less common than expected and that any broad
line emission is nearly absent in sources at higher 2-10
keV luminosity.
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Abstract

We reanalyzed 30 archival Suzaku data sets of 18 AGNs, focusing on their hard band variability. In 6
objects including MCG–6-30-15, we discovered a new hard spectral component that varies independently
of the power-law. In one observation of MCG–6-30-15 made on 2006 January 27, this component carried
a considerable fraction of the hard X-ray bump which is usually attributed to disk reflecton. Taking this
hard component into account, the solid angle of reflection reduced to ∼ 2π and the equivalent width of
broad iron line to ∼ 140 eV. Although the nature of this new component is still open, it allows us to
interpret the Suzaku data of this Seyfert without invoking the strong reflection nor the extremely broad
iron line.

Key words: galaxies: active – galaxies: individual (MCG –6-30-15) – galaxies: Seyfert – X-rays:
galaxies

1. Introduction

The wide-band capability of Suzaku has allowed detailed
studies of the iron emission line and the reprocessed hard
X-ray hump in accreting black holes. In particular, Mini-
utti et al. (2007) reconfirmed the previous ASCA de-
tection of the broad iron line from the Type I Seyfert
galaxy MCG–6-30-15 (Tanaka et al. 1995), and inter-
preted the broadening as due to relativistic effects when
line-emission materials are located close to the gravita-
tional radius Rg around an extreme Kerr black hole. Fur-
thermore, they argued that the implied large equivalent
width (∼ 320 eV) of the broad iron line is consistent
with the strong reflection requiring Ω/2π ∼ 4. However,
a very sophisticated model (“light bending model”) must
be invoked to explain the large value of Ω/2π, and to rec-
oncile the implied very close location of the reprocessing
material with observed lack of variability in the iron line
and hard-hump intensities.
Trying to find a more natural alternative to explain these
properties of MCG –6-30-15 and similar objects, we here
questioned the basic assumption, that the hard X-ray
excess above an appropriately determined power-law is
entirely due to a reflection component. For this purpose,
we analyzed 30 archival Suzaku data sets of 18 AGNs,
mainly Type I Seyfert galaxies, focusing on their spec-

tral variability.

2. The extraction of the ”second componen”

To study intensity-correlated spectral variations, we
made Count-Count Plots (CCPs) of 18 objects. As ex-
emplified in Fig. 1, the X-axis of each CCP gives XIS
(3-10 keV) count rates of the source, while Y-axis gives
its HXD-PIN (15-45 keV) count rates, both with typical
binning of 10 ksec.
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Fig. 1. The CCP of MCG–6-30-15 from the 2006 January 27 obser-
vation.
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In CCPs of 12 objects, the data points exhibited one-
dimensional distributions, in such a way that the soft and
hard counts are in 1:1 correlation. Therefore, the source
variation can be described by a single parameter, namely,
the continuum intensity. On the other hand, CCPs of
the other objects, including MCG–6-30-15, show two-
dimensional data scatters, as shown in Fig. 1. In three
cases, the source variation must involve at least two in-
dependent parameters.

In the CCP of MCG–6-30-15, we define “High” and
“Low” phases, wherein the data points are above and
below the straight line representing the general XIS vs.
HXD correlation, respectively. Then, we subtracted the
spectrum accumulated over the “Low” phase from that
accumulated in the“High” phase. As shown in Fig. 2,
this “High - Low” spectrum is very hard, and approx-
imated by a single power-law with a photon index of
Γ ∼ 1. We call it “the second component”, and regard
it as representing the vertical data scatter in Fig. 1.
Physically, the “second component” may be interpreted
as a thermal Comptonizaion component. As shown in
Fig. 2b, it can actually be reproduced by a thermal
Comptonization model, compTT, with an optical depth
of τ ∼ 10 and an electron temperature of Te ∼ 10 keV.
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Fig. 2. The second component of MCG–6-30-15 fitted with compTT

(a and b), or power-law (c)

3. Reanalysis of time-averaged spectra of MCG–6-30-15

First, we fitted the time-averaged XIS plus HXD spec-
tra of MCG–6-30-15 with a standard model, wabs
*(gaussian*3 + laor + cutoffPL + pexrav), which
is approximately the same as Miniutti et al.(Fig 3a).
This model required a large solid angle as Ω/2π ∼ 2.2
and a large EW ∼ 310 eV, in agreement with Miniutti

et al. (2007).
Next, we fitted the same spectra by the same model, but
adding a compTT component (Fig. 3b). Owing to the
considerable contribution of compTT in the hard X-ray
band, Ω/2π reduced to ∼ 1. Simultaneously, the iron
line EW reduced to ∼ 140 eV, which is consistent with
the reflection intensity. Thus, we have succeeded in re-
producing the data without the strong reflection nor the
extremely broad iron line.

Energy (keV)

Fig. 3. The νFν spectra of MCG–6-30-15, fitted with a power-law
(purple), reflection (green), a broad Fe-K line, and a narrow Fe-K
line. In panel (b), compTT (red) is added.

4. Conclusion

We discovered a hard spectrum component (“second
component”) that varies independently of the dominant
power-law component. This new coomponent, which is
significant in the HXD-PIN band, can be approximated
by a power-law of Γ ∼ 1, and tentatively interpreted as
a thermal Compton signal. Taking this hard component
into account, the time-averaged Suzaku spectra of MCG–
6-30-15 can be reproduced without the strong reflection
nor the extremely broad iron line.
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Abstract

We present results from a new 100-ks Suzaku observation of the nearby radio galaxy 3C33, and in-
vestigate the nature of absorption, reflection, and jet production in this source. We model the 2–70 keV
nuclear continuum with a power law that is absorbed either through one or more layers of pc-scale neutral
material, or through a modestly ionized pc-scale obscurer. The expected signatures of reflection from a
neutral accretion disk are absent in 3C 33: there is no evidence of a relativistically blurred Fe Kα emission
line, and no Compton reflection hump above 10 keV. We discuss the implications of this for the nature of
jet production in 3C 33.

Key words: workshop: proceedings – galaxies: active – galaxies: jets – galaxies: individual (3C 33)
– X-rays: galaxies

1. Overview

The origin of jets in active galactic nuclei (AGN) is one
of the most important unsolved problems in extragalac-
tic astrophysics. While 90% of all AGN (Seyfert galaxies
and radio-quiet quasars) show little or no jet emission,
the remaining 10% (the radio-loud AGN and radio-loud
quasars) launch powerful, relativistic twin jets of parti-
cles from their cores. Since jets transport a significant
fraction of the mass-energy liberated during the accre-
tion process, sometimes out to ∼Mpc distances, under-
standing how they are produced is key to a complete
picture of accretion and feedback in AGN.

X-ray observations of the nuclei of radio-loud and
radio-quiet AGN are essential for establishing the con-
nection between the accretion flow and jet. Continuum
X-ray observations of radio-loud AGN have mostly been
restricted to bright broad-line radio galaxies (BLRGs)
and quasars, which are oriented relatively close to the
line of sight with respect to the observer. In these
sources, unabsorbed non-thermal emission from the jet
could potentially contaminate the unabsorbed accretion-
related X-ray spectrum and thus dilute the apparent
strength of the Compton reflection component. Narrow-
line radio galaxies (NLRGs), such as 3C 33, on the other
hand, which are oriented at low to intermediate an-
gles, have the distinct advantage that (unabsorbed) jet-
related X-ray emission can be readily spectrally sep-

arated from (heavily absorbed) accretion-related emis-
sion, allowing a direct measurement of the strength of
Compton reflection. However, narrow-line radio galax-
ies tend to be relatively faint X-ray sources compared to
broad-line objects.

Here, we present the results from a 100-ks Suzaku ob-
servation of one of the brightest NLRGs, 3C 33, the only
such source known so far to show potential evidence for
Compton reflection in its 2–10 keV X-ray spectrum. Pre-
vious observations of 3C 33 with Chandra and XMM-
Newton (Kraft et al. 2007) showed that its continuum
spectrum could not be adequately modeled by the combi-
nation of a heavily obscured power law and a soft power
law normally fitted to narrow-line FRII sources, due to
the large residuals present between 2–4 keV. We use our
Suzaku observation to investigate Compton reflection in
this radio galaxy.

2. Suzaku Spectral Analysis

We restricted the energy range for our spectral fits to 2–
10 keV (XIS) and 15–70 keV (PIN). We fitted to 3C 33
our canonical model for the X-ray spectrum of NLRGs:
the combination of a heavily absorbed power law (likely
to be associated with the accretion flow) and a soft, un-
absorbed power law (Evans et al. 2006). This model
gave a relatively poor fit to the spectrum: χ2 = 150 for
116 dof, with clear residuals at ∼3 keV. The photon in-
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Abstract

We report results from a 2007 Suzaku observation of the Seyfert 1 AGN NGC 4593. The narrow
Fe Kα emission line has a FWHM width ∼ 4000 km s−1, indicating emission from >∼5000 Rg. There
is no evidence for a relativistically broadened Fe K line, consistent with the presence of a radiatively-
efficient outer disk which is truncated or transitions to an interior radiatively-inefficient flow. The Suzaku
observation caught the source in a low-flux state; comparison to a 2002 XMM-Newton observation indicates
that the hard X-ray flux decreased by 3.6, while the Fe Kα line intensity and width σ each roughly halved.
One possibility is that the line profile in the XMM-Newton observation consists of a time-invariant narrow
component, plus a broad component originating from the inner part of the truncated disk (∼300 Rg)
which has responded to the drop in continuum flux. The Compton reflection component strength R is
∼ 1.1, consistent with the measured Fe Kα line total equivalent width with an Fe abundance 1.7 times
the solar value. The modest soft excess, modeled well by either thermal bremsstrahlung emission or by
Comptonization of soft seed photons in an optical thin plasma, has fallen by a factor of ∼20 from 2002 to
2007, ruling out emission from a region 5 light-years in size.

Key words: galaxies: Seyfert — galaxies: individual (NGC 4593)

1. Introduction

The X-ray bright Seyfert NGC 4593 is long suspected
of hosting a geometrically-thin, optically-thick accre-
tion disk which is truncated and may surround an in-
ner radiatively-inefficient advection-dominated accretion
flow (ADAF). Such configurations are thought to ex-
ist in compact systems accreting at relatively low val-
ues relative to Eddington (e.g., Esin et al. 1997). Lu
& Wang (2000)’s modeling of the optical/UV thermal
continuum of NGC 4593 indicated a radiatively-efficient,
geometrically-thin disk truncated at 30 Rg.

The Fe Kα emission line at 6.4 keV is another key
tracer of the radiatively-efficient circumnuclear accreting
material in AGN. An XMM-Newton observation of NGC
4593 in 2002 (Brenneman et al. 2007) revealed a narrow
Fe Kα line originating from a radius at least 1000–2000
Rg, though no relativistically-broadened Fe Kα diskline
was detected.

Goals of our Suzaku observation in December 2007
included constraining the Fe Kα profile and the level of
Compton reflection, and searching for a relativistically
broadened Fe line. In addition, the Suzaku observation
caught the source during a low-flux state, giving us the
opportunity to test if emission components respond to
the drop in X-ray continuum flux. Good time exposures
were 118 ksec per XIS & 90 ksec for the HXD/PIN.

2. Modeling the 0.3–76 keV Suzaku Spectrum

Our best-fit model to the 0.3–76 keV Suzaku spectrum
includes: A power-law component (Γ = 1.65 ± 0.21); a
warm absorber with NH ∼ 3 × 1021 cm−2 and log ξ ∼

2.4 erg cm s−1 (McKernan et al. 2003; Steenbrugge et
al. 2003); a Compton reflection component (pexrav);
a soft excess modeled equally well with either thermal
Bremsstrahlung (kBT ∼ 200 eV) or thermal Comp-
tonization (kBT ∼ 50 eV); and narrow Fe Kα and Fe
Kβ emission lines, modeled with Gaussians.

The Compton reflection strength R was 1.08 ± 0.20
(statistical uncertainty only; ± 0.35 including system-
atic uncertainty associated with the PIN background).
The Fe Kα FWHM width is ∼4000 km s−1. Assuming
a black hole mass MBH = 6.6 × 106 solar masses (from
the MBH-σ

∗
relation & Nelson et al. 2004), the emission

originates from a radius >∼ 5000 Rg. There is no ev-
idence for a relativistically broadened Fe K line (EW

< 40 eV), consistent with the presence of a radiatively-
efficient outer disk which is truncated or transitions to
an inner ADAF, and in agreement with Brenneman et al.
(2007). Furthermore, models with blurred, ionized disk
reflection were unable to consistently fit the Compton
hump and soft excess.
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Fig. 1. Data/model residuals to fits to the Suzaku XIS-FI Fe K
bandpass spectrum. Data are rebinned by a factor of 4. Panel a
shows residuals to a simple power-law fit. Panel b shows residuals
when the Fe Kα line is included. In panel c, the Fe Kβ line
has been included. In panel d, a Compton reflection component,
containing an Fe K edge at 7.11 keV, has been included; this
is our best-fit model. Vertical dashed lines denote the expected
energies of Fe i Kα, Fe xxv, Fe xxvi, and Fe i Kβ emission lines.

Fig. 2. 2–10 keV light curve from public archive RXTE -PCA moni-
toring. Flux is in units of 10−11 erg cm−2 s−1. The horizontal
dashed lin e denotes the long-term average mean flux of 3.9×10

11

erg cm−2 s−1. Vertical dashed lines denote the times of the 2002
XMM-Newton and 2007 Suzaku observations.

3. Comparison to the 2002 XMM-Newton pn spectrum

NGC 4593’s long-term average 2–10 keV flux (F2−10)
from RXTE -PCA monitoring is 3.9 × 10−11 erg cm−2

s−1, the same flux as during the XMM-Newton observa-
tion. However, the Suzaku observation caught the source
in a low-flux state (see Fig. 2): compared to the flux dur-
ing the XMM-Newton observation, F2−10 decreased by
3.6, and Fe Kα line intensity and width σ each decreased
by ∼2. The two lines widths are inconsistent up to the
∆χ2 = 9.5 (>99.7%, or >3σ) confidence level. Given
that the XIS and the pn have roughly similar energy
resolution & effective areas near 6 keV, the evolution in
line width is likely intrinsic to the source. Applying the
best-fit broadband model to the 2002 XMM-Newton pn
spectrum, 0.2–12 keV, we find that the soft excess de-
creased in normalization by ∼10–20 from 2002 to 2007,
ruling out emission from a region 5 lt-yrs in size.

Two model-dependent explanations for the change in
Fe Kα profile from 2002 to 2007 are explored. First we
considered a ”single-Gaussian” model, in which the Fe
Kα profile consists of a single emission component. The
transition radius has increased from ∼1000–2000 Rg in
2002 to >∼5000 Rg in 2007, causing the observed Fe Kα

FWHM width to drop from ∼10000 to ∼4000 km s−1.
However, in other compact accreting systems, such large
truncation radii tend to be associated only with values
of LBol/LEdd a few orders of magnitude lower than that
of NGC 4593 (LBol/LEdd = 5.5%), e.g., Yuan & Narayan
(2004). It’s also not clear whether the inner portion of
a thin disk in AGN can evaporate or become an ADAF
in only 5 years. As the accretion disks of BH XRBs
likely evolve on time scales of at least hours to days,
the corresponding time scales in NGC 4593 (MBH = 105

higher) would be decades to centuries. We also invoked a
”dual-Gaussian” model to separate variable and constant
emission components in the line profile. We remodeled
the line profile observed with XMM-Newton in 2002 as
consisting of a time-invariant narrow component origi-
nating no closer than ∼3000 Rg (further may be more
likely) which has not responded to the drop in F2−10,
plus a broad component from the inner disk (∼300 Rg),
which has responded to the drop in F2−10 by 2007. This
explanation seems more physically plausible.

4. Constraints on the X-ray continuum source

Assuming the ”lamppost” geometry with an X-ray con-
tinuum point source on the symmetry axis a height h

above the disk, then if the thin disk is truncated at sev-
eral thousand Rg, then, in order to create sufficient Fe
fluorescence to match the EW of the observed Fe Kα

line, the X-ray continuum source must be located at
a height h of several thousand Rg (following George &
Fabian 1991). A configuration in which the X-ray corona
is associated with the base of a jet along the symmetry
axis may thus be applicable, e.g., Markoff et al. (2005).
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Abstract

We present results from a Suzaku observation of the Seyfert 1.9 galaxy NGC 7314. The light curve
in the 2-10 keV band shows rapid variability on timescales of ∼1000 sec. The time-averaged spectrum in
0.5-25 keV is explained a model consisting of absorbed and unabsorbed power laws, a reflection continuum
and a gaussian at 6.4 keV. The line at 6.4 keV is relatively narrow (σ∼50 eV) and does not vary on a
timescale of ∼10 years. This narrow line is likely to be primarily from distant matter. We analyze spectra
in the time intervals with fluxes higher/lower than the mean. The normalization of the absorbed power
law varies by a factor 1.6, while the photon index, the amount of the reflection, and the intensity of the
Fe line remains constant.

Key words: — Seyfert galaxy, NGC 7314, variability

1. INTRODUCTION

We observed the Seyfert 1.9 galaxy NGC 7314 with
Suzaku, which is suitable for analysis of spectral vari-
ability thanks to its broad band coverage and good S/N
at hard X-rays, on 2007 April 25-26. AGNs often show
rapid variability on short timescales (<1000 sec). NGC
7314 is known for variability of an Fe line complex and
a continuum on short (∼10 ksec) timescales (Yaqoob et
al. 2003) and is one of the best objects to study broad
band and emission line variability.

2. RESULTS

2.1. Light Curve

The light curve in the 2-10 keV band obtained with the
XIS0 is shown in Figure 1. The 2-10 keV flux varied by
a factor of three on timescales of ∼1000 sec. In the fol-
lowing analysis, we use the time intervals where the data
from the XIS and HXD/PIN were taken simultaneously
and obtained a net exposure time 90.0 ksec.

2.2. Time-averaged Spectrum

We first analyzed the time-averaged spectrum in the 0.5-
25 keV band. The spectrum is well reproduced with a
model consisting of an unabsorbed power law to repre-
sent a soft component, an absorbed power law, a Comp-
ton reflection component from neutral matter, and a
gaussian at 6.4 keV. We parameterize the reflected con-
tinuum from the absorber with the deisk-refction model,

PEXRAV, as an approximation to the true scattered con-
tinuum. We fixed the cut-off energy of the power law at
300 keV, the cosine of the inclination angle at 0.95, the
abundance at the solar value. The photon index was
tied to that of the unabsorbed power law. The free pa-
rameter for PEXRAV was a scaling factor of the reflec-
tion R, where R = 1 corresponds to a plane reflector
subtending a solid angle 2π viewed from the illuminat-
ing source, and the normalization. All statistical errors
quoted are at 90% confidence for one interesting param-
eter (∆χ2 = 2.7). The PEXRAV component is absorbed
by a column density NH ≅ 8×1021 cm−2. The photon
index and R were obtained to be Γ = 1.75±0.05 and R =
0.72±0.72

0.48. The best-fit parameters for the gaussian line
are E = 6.40±0.02 keV, σ = 54±18

17 eV, and equivalent
width (EW) = 149±23 eV. The spectrum shows a hint of
an emission feature at around 6.9 keV. We added a gaus-
sian to represent this structure with a fixed line center
energy (6.95 keV) and a width (10 eV) and obtained EW
= 13±23

13 eV.

2.3. High and Low-Flux State

In order to study spectral variability, we divided the data
into two portions; spectra for the High/Low-flux states
were made by using the time intervals with fluxes in the
2-10 keV higher/lower than the mean count rate (0.21
counts s−1 per XIS). The spectra in the High/Low-flux
states were successfully fitted by the same model as used
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to describe the time-averaged spectrum. The 2-10 keV
flux of the absorbed power-law component changed by a
factor of 1.6 between the High and Low-flux states, while
the photon index remained constant (Γ = 1.78±0.06 and
9.3×10−12 erg s−1 cm−2 for High flux, Γ = 1.76±0.09

0.10 and
5.8×10−12 erg s−1 cm−2 for Low flux). On the other
hand, the 2-10 keV flux of the reflection continuum did
not vary significantly (4.2×10−12 erg s−1 cm−2 for High
flux 4.1×10−12 erg s−1 cm−2 for Low flux), though the
errors mainly due to the systematic error of the estima-
tion of the non X-ray background for the HXD/PIN are
large (∼30% for High flux, ∼40% for Low flux). The
normalization of the unabsorbed power-law component
and the center energy and the flux of the iron line are
consistent with being constant.

3. DISCUSSION

3.1. Spectral Variability of NGC 7314

The 2-10 keV flux of the power-law component varied by
a factor of ∼1.6 between the High and Low-flux states,
while the photon index remained constant. Although the
best-fit fluxes of the reflection continuum were almost the
same between the two states, it is not clear whether the
reflection continuum varied by a large amount or not be-
cause of the large errors. Since the Fe Kα line at 6.4 keV
and the reflection continuum are likely to be reprocessed
by the same matter, the constant Fe line flux implies
that the reflection continuum might be expected to be
constant, and the data are consistent with this. Such
spectral behavior would be in concordance with idea of
the two-component model, in which a combination of a
soft variable component and a constant hard component
explains the spectral variability (Fabian and Vaughan
2003).

We compared our results with previous observations
of NGC 7314 (ASCA in 1994, Yaqoob et al. 1996;
XMM − Newton in 2001, Dewangan and Griffiths 2005;
Chandra in 2002, Yaqoob et al. 2003). The power-law
flux changed by a factor of ∼3 on a long timescale (∼10
years). The line energy at 6.4 keV appeared to vary on
a short timescale (<12.5 ksec) in the Chandra observa-
tion (Yaqoob et al. 2003), although it did not vary on
long timescales. The best-fit intensity of the Fe XXVI
line obtained in our observation (1.3±1.5

1.3×10−6 photons
cm−2 s−1) is smaller than that in the Chandra obser-
vation (1.9±1.0

0.7×10−5 photons cm−2 s−1) by a factor of
∼10, though the 90% confidence contours between in-
tensity and energy for the two observations overlap with
each other.

3.2. Origin of the Fe Emission Line

Since the intensity of Fe Kα emission line at 6.4 keV
did not change on long timescales (∼10 years) and its
width is relatively narrow, it is likely to be from distant
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Fig. 2. Upper : Time-averaged spectrum along with the best-fit
model in the 0.5-25 keV band. The XIS1 data are not shown
for clarity. Lower : Residuals in units of sigma.

matter. If there is an additional variable Fe Kα com-
ponent that responds to continuum variability on short
timescales, the EW of such component would be at most
∼20 eV, because the errors on the EW of the neutral
Fe Kα emission line in the High/Low-flux spectral fits
are about 15%. Therefore, if a small inclination angle is
assumed (Yaqoob et al. 2003), the reprocessor near the
central source would subtend a solid angle of at most
Ω = 2π×20/150, since EW ≅ 150 eV is expected for a
face-on slab with Ω = 2π (George and Fabian 1991). If
we assume that the X-ray source is located at a height
h = 10 Rs above the center of the disc, the inner radius
of the disk is estimated to be ∼75 Rs.
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Abstract

We have obtained broad-band spectra of 11 Compton-thick Seyfert 2 galaxies with Suzaku. The spectra
are well represented by a three component model, consisting of a soft component, an absorbed power-law
component, and a reflection component, accompanied by both a strong iron Kα line and several weak lines.
Fixing the photon indices of the power law and the reflection components at 1.9, we obtain the column
density NH and the intrinsic X-ray luminosity in the 2-10 keV band. We update the NH distribution of the
bright [OIII] sample by Risaliti et al. (1999), and find that observed luminosities of Compton thick AGNs
are only 1-10% of the intrinsic luminosities in the 2-10 keV band. This is consistent with small ratios of
LX/L[OIII] of Compton thick AGNs.

Key words: galaxies: active — galaxies: Seyfert — X-rays: galaxies

1. Introduction

Risaliti et al. (1999; hereafter R99) presented a distri-
bution of absorbing column densities (NH) among type
2 AGNs in a bright [OIII]λ5007 sample, and found that
Compton-thick AGNs, which have NH > 1024 cm −2, are
abundant in the local universe. Compton-thick AGNs
are crucial for understanding some key problems in AGN
research, for example synthesis modeling of the Cosmic
X-ray Background (Ueda et al. 2003) and the growth of
AGNs. Furthermore, Compton-thick AGNs are suitable
for the study of reprocessed emission in AGNs, since the
reprocessed emission dominates over their direct emis-
sion below 10 keV (e.g., Awaki et al. 2008). Studies of
the reprocessed emission are conducive to revealing the
environment of black hole, and hence help to understand
problems of the fuel supply and evolution of supermas-
sive black holes. However, their spectra are so complex
that the detailed nature of Compton-thick AGNs has
thus far been unclear.

The Japanese X-ray satellite Suzaku has a capability
of obtaining a wide-band spectrum from 0.2 to 700 keV
(Mitsuda et al. 2007). In addition, due to a long ob-
servation with an exposure time of longer than ∼40 ks,
we can obtain a high quality spectrum compared with
short observations of about 10 ks with XMM-Newton and
Chandra (e.g., Guainazzi et al. 2005a, 2005b). There-
fore, our Suzaku observations are suitable for achieving
the aims of revealing X-ray properties of Compton-thick
AGNs (see Table 1).

2. Target Selection

We selected 11 Seyfert 2 galaxies in the [OIII]λ5007
bright sample by R99. Although their NH were not
measured, these galaxies were classified as Compton-
thick AGNs in R99, since all galaxies have signatures of
Compton-thick AGNs, such as a large equivalent width
of iron Kα line and a small ratio of LX/L[OIII], where
LX and L[OIII] are X-ray and [OIII]λ5007 luminosities,
respectively (e.g., Maiolino et al. 1998). Advantages of
using the [OIII]λ5007 bright sample are (1) this sample is
suitable for investigating the characteristics of Compton-
thick AGNs due to less X-ray biased sample, and (2)
their X-ray fluxes after absorption correction are ex-
pected to be large, since LX is roughly related to L[OIII]

for Seyfert 1 galaxies (e.g., Heckman et al. 2005).

3. Analysis

After the nominal data reduction presented by the
Suzaku first step manual, we produced XIS and HXD
spectra of our target galaxies. For XIS spectra, we ex-
tracted X-ray events within a 2′ radius centered on the
target sources.

Since the half-power diameter of the Suzaku XRT and
field of view of HXD-PIN are large, we searched for con-
tamination sources around our target galaxies, using the
Chandra and XMM-Newton serendipitous source cata-
logues for XIS data and the BAT 22-Month Source Cat-
alog for HXD-PIN data. We found that there are no
BAT sources within the PIN field of view.

We fitted the wide-band spectra with a base-line
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Table 1. Count rate

Target Name Exposure time XIS FI count rate (r<2′) HXD-PIN count rate
XIS (ks) HXD (ks) 0.5 - 2 keV (c s−1) 2 -10 keV (c s−1) 15 - 40 keV (c s−1) significance (σ)

Mrk 1073 39.5 34.8 0.0077±0.0004 0.0040±0.0004 0.012±0.003 3.6
NGC 1386 55.5 44.3 0.0123±0.0004 0.0066±0.0003 0.017±0.003 5.0
NGC 1667 39.2 33.3 0.0056±0.0003 0.0020±0.0002 -0.003±0.003 0
NGC 3393 55.2 45.1 0.0104±0.0004 0.0057±0.0003 0.019±0.003 5.3
IC 3639 53.4 46.6 0.0067±0.0003 0.0040±0.0003 0.004±0.003 1.1
NGC 4968 39.1 33.3 0.0031±0.0002 0.0044±0.0003 0.006±0.003 1.7
NGC 5135 52.5 46.6 0.0173±0.0004 0.0062±0.0003 0.021±0.003 6.4
NGC 5347 42.2 34.8 0.0011±0.0002 0.0032±0.0004 -0.005±0.003 0
NGC 5643 42.9 38.1 0.0162±0.0005 0.0177±0.0005 0.016±0.003 4.5
NGC 7130 44.5 34.4 0.0114±0.0004 0.0045±0.0003 0.010±0.003 2.9

Fig. 1. X-ray properties of our sample. The left panel shows a NH distribution. The ”>” means a galaxy with a lower limit of the column
density. The middle panel shows estimation of intrinsic luminosities in the 2– 10 keV band. The right panel shows a distribution of
hardness ratios between 3–6 keV and 15–40 keV bands.

model, which consists of a soft component, an absorbed
power law component (NH1, Γ1, z), and an absorbed re-
flection component(NH2, Γ2, z, θ), accompanied by both
strong iron Kα line and weak lines, where z is a red-
shift, and θ is the inclination angle. The soft compo-
nent is represented by either power law emission or thin
thermal emission (apec), and the reflection component
is represented by the pexrav model with θ=60◦. In the
spectral analysis, we assumed Γ1=Γ2, and fixed Γ1 at
the canonical value of 1.9.

4. Results

NH1 of all our sample measured with Suzaku were larger
than 1024 cm−2. We updated the NH distribution shown
by R99, using our Suzaku results (see the left panel in
figure 1). The ”>” in the panel indicates a galaxy with a
lower limit. The distribution may have a peak at log NH

=24–24.5. The NH distribution of a Swift survey sam-
ple has a peak at log NH =23.5–24 (Tueller et al. 2008).
Thus the Swift survey may be affected by X-ray obscu-
ration.

Intrinsic luminosities of Compton-thick objects were
obtained after absorption correction, and are found to
be 10–100 times larger than observed luminosities. This
result well explains a small ratio of LX/L[OIII], and sug-

gests that the energy source of [OIII] line is strong emis-
sion from the nucleus similar to Seyfert 1 galaxy.

We found that the X-ray fluxes in the PIN band were
different, while the X-ray fluxes in the 3–6 keV band were
similar. This is clearly shown by hardness ratios between
count rates in 15–40 keV and 3–6 keV, C15–40/C3–6. A
high hardness ratio can be produced by a small reflection
ratio (R) or a large NH2. Based on a simulation by Ikeda
et al. (2009), the difference of hardness ratios may be
caused by difference of viewing angles.

This work was supported by KAKENHI (21244017).
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Abstract

We present the results of a Suzaku monitoring campaign of the Seyfert 2 galaxy, NGC 7582. The
source is characterized by very rapid (on timescales even lower than a day) changes of the column density
of an inner absorber, together with the presence of constant components arising as reprocessing from a
Compton-thick material. The best fitting scenario implies important modifications to the zeroth order
view of Unified Models. While the existence of a pc-scale torus is needed in order to produce a constant
Compton reflection component and an iron Kα emission line, in this Seyfert 2 galaxy this is not viewed
along the line of sight. On the other hand, the absorption of the primary continuum is due to another
material, much closer to the BH, roughly at the distance of the BLR, which can produce the observed
rapid spectral variability. On top of that, the constant presence of a 1022 cm−2 column density can be
ascribed to the presence of a dust lane, extended on a galactic scale, as previously confirmed by Chandra.
There is now mounting evidence that complexity in the obscuration of AGN may be the rule rather than
the exception. We therefore propose to modify the Unification Model, adding to the torus the presence of
two further absorbers/emitters. Their combination along the line of sight can reproduce all the observed
phenomenology.

Key words: galaxies: active — galaxies: Seyfert — X-rays: individual: NGC7582

1. The monitoring campaign

During the second Suzaku Announcement of Opportu-
nity (AO2), we proposed a strategy to observe NGC 7582
at different timescales, from 1 week to about 6 months,
allowing us to probe distances as close as the BLR and al-
most as far as the traditional torus. Moreover, this cam-
paign complemented the scales of the order of years al-
ready tested with XMM-Newton. Therefore, NGC 7582
was observed four times by Suzaku in 2007 (PI: M. Chi-
aberge): on May 1st and 28th, and November 9th and
16th. XMM-Newton observed NGC 7582 in two tar-
geted exposures on 2001 May 25th and 2005 April 29th.
Both observations were discussed in Piconcelli (2007).
Moreover, the source is within the EPIC field of view
of another target, observed on 2007 April 30th, acciden-
tally just a day before the first Suzaku one. We refer
the reader to Bianchi et al. (2009) for details on all the

observations discussed in this paper.

2. NGC 7582: the big picture

The fourth and latest Suzaku observation caught the
source at the lowest state, but this indeed allowed us to
have a clearer view of the reprocessing components of its
spectrum, which apparently are those of a typical Seyfert
2. The resulting scenario applies well to all other X-ray
observations of NGC 7582, the different states being due
only to the variability of the column density of the inner
absorber (see Bianchi et al. 2009 for a detailed spectral
analysis). In this section, we will discuss in detail the
implications on the complex geometry of the absorbers
required in this source.

The intrinsic nuclear emission appears obscured by a
very large column density (just below the ‘canonical’
Compton-thick limit). The spectrum below 10 keV is

This document is provided by JAXA.



The Energetic Cosmos : from Suzaku to ASTRO-H 329

therefore dominated by a Compton reflection component
and the relative iron line. Both the flux of the reflection
component and of the iron line are consistent with being
constant during the Suzaku monitoring campaign and
with the values found in XMM-Newton observations, the
older dating back to 2001. The material that produces
both components is far away from the nuclear X-ray
emitting source, possibly in the classic pc-scale ‘torus’
invoked in Unification Models (Antonucci 1993).

These reprocessing components appears to be ob-
scured by a second absorber, which must be located far-
ther away. Its column density is not well constrained in
the Suzaku spectra, but is consistent with the one mea-
sured by XMM-Newton, around 4−5×1022 cm−2. It can
be identified with a large scale obscuration, as the dust
lanes commonly observed in galaxies. Indeed, the com-
bined analysis of HST and Chandra images clearly de-
tected such a dust lane also in the X-rays, with a column
density consistent with the one required by the spectral
fits (Bianchi et al. 2007).

The soft X-ray emission, as reported by Piconcelli
(2007) thanks to the well-exposed XMM-Newton Reflec-
tion Grating Spectrometer (RGS) high resolution spec-
tra, appears dominated by emission lines of highly ion-
ized species. This is a general characteristic of Seyfert 2
galaxies, as found by Guainazzi & Bianchi (2007). The
lack of any variability of the soft X-ray emission is in
agreement with the scenario, where these emission lines
are produced in a large scale material, spatially coinci-
dent with the Narrow Line Emission (NLR) and likely
dominated by photoionization from the AGN (see e.g.
Bianchi et al. 2006).

However, our monitoring campaign discovered a strik-
ing feature that characterizes NGC 7582: the presence of
an absorber, whose rapid variability imposes a location
far closer to the BH than the torus. While significant
variability is also observed on larger timescales between
the Suzaku observations, the most rapid variation occurs
between the last XMM-Newton observation and the first
Suzaku one, allowing us to estimate the distance of the
absorber within or immediately outside the BLR (see
Bianchi et al. 2009 for details).

3. A new Unification Model?

We have presented a Suzaku monitoring campaign of the
Seyfert 2 galaxy, NGC 7582. The dramatic spectral vari-
ability observed during the 4 observations is best ex-
plained by changes of the absorbing column density of a
material close to the X-ray primary source. Given the
significant variation between a new XMM-Newton ob-
servation and the first Suzaku one, separated by only 20
hours, its distance can be estimated to be a few ×1015

cm, i.e. roughly consistent with the BLR.
Together with this material, the presence of a

Table 1. A new Unification Model, based on three absorbers, located
at different distances from the BH. Their presence along the line
of sight (highlighted by a

√

) determines the classification of the
object. As for the torus, it is required in all cases, because of
the ubiquity of not-variable reprocessed components from Comp-
ton-thick material, even if only Compton-thick sources intercepts
it along the line of sight. See text for details.

Classification Dust lane Torus Clouds

(>> pc) (pc) (< pc)
Seyfert 1

‘Ch-look’ Seyfert 1
√

C-thin Seyfert 2
√

‘Ch-look’ Seyfert 2
√ √

C-thick Seyfert 2 ?
√

?

Compton-thick material on larger scale, likely the ‘torus’
envisaged in the Unification models, is required in order
to account for the Compton reflection component and
the neutral iron Kα emission line, whose fluxes appear
constant in years. On the top of that, a third, Compton-
thin material intercepts the line of sight and can be asso-
ciated to the dust lane observed in optical and Chandra
X-ray images.

In the last years, a number of sources have shown a ge-
ometry for the absorbers which is necessarily more com-
plex than what generally assumed in simple Unification
Models. NGC 7582 is a clear-cut example, where three
neutral absorber/emitter regions must be present on very
different scales. We propose that the scenario adopted
for this source may be the rule rather than the exception.
The Unification Model should therefore be modified in
order to account for all the observational evidence col-
lected so far.

The new scenario (see Tab. 1) is based on the model
presented by Matt (2000): to the ubiquitous pc-scale
torus, an extended, Compton-thin material, likely asso-
ciated to galactic dust lanes, has to be added. More-
over, we suggest the presence of another material, made
of Compton-thick and/or Compton-thin clouds, located
roughly at the BLR, whose presence can be unveiled only
when the torus does not intercept the line of sight and
the material is patchy, leading to observable absorption
variability on short timescales.
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Abstract

We construct a new sample of obscured AGNs and investigate their X-ray spectra and multi-wavelength
properties. Our sample is consisting of 38 AGNs selected from the XMM-Newton serendipitous source cat-
alogue, and covers a broad range of scattering fractions (∼0.1−10%), which is the fraction of scattered
emission with respect to direct emission. Their spectra obtained with XMM-Newton and/or Suzaku are
analyzed to calculate scattering fractions and we find eight objects with a very small scattering frac-
tion (<0.5%). They are strong candidates for buried AGNs. Their multi-wavelength properties are also
discussed.

Key words: X-rays: galaxies, galaxies: active, galaxies: Seyfert

1. Introduction

It is known that cold matter (torus) is surrounding the
supermassive black hole in AGNs, and warm gas pho-
toionized by an AGN is located in the opening part of
the torus (e.g., Antonucci 1993). If an AGN is observed
from the torus side, absorbed direct emission and emis-
sion scattered by the warm gas are observed. A frac-
tion of scattered emission with respect to direct emis-
sion (scattering fraction; fscat) can be used to estimate
the opening angle of the torus. Ueda et al (2007) found
AGNs with an extremely small fscat (<0.5%), whereas a
typical value is ∼ 3% (Turner et al. 1997; Bianchi and
Guainazzi 2007). More examples are then reported by
several authors (Eguchi et al. 2009; Winter et al. 2008,
2009; Noguchi et al. 2009). They would be buried in
a geometrically thick torus with a very small opening
angle assuming that the scattering fraction reflects the
solid angle of the opening part of the torus. In an early
stage of the evolution of galaxies and their central black
holes, a large amount of gas responsible for active star
formation may be closely related to obscuration of the
nucleus. Therefore, AGNs almost fully covered by an
absorber are an important class of objects in studying
evolution of AGNs and their hosts.

2. Sample

In order to construct a new sample of obscured AGNs
that covers a broad range of fscat, we used hardness ra-
tios (HRs) as used in Noguchi et al. (2009). First, we
selected 4627 objects with count rates > 0.05 in 0.2-
12 keV from the Second XMM-Newton Serendipitous
Source Catalogue (Watson et al. 2008), and plotted their
HRs defined as

HR3 =
CR(2 − 4.5 keV) − CR(1 − 2 keV)
CR(2 − 4.5 keV) + CR(1 − 2 keV)

and

HR4 =
CR(4.5 − 12 keV) − CR(2 − 4.5 keV)
CR(4.5 − 12 keV) + CR(2 − 4.5 keV)

,

where CR(1−2 keV), CR(2−4.5 keV), and CR(4.5−12
keV) are count rates in 1−2, 2−4.5, and 4.5−12 keV,
respectively (crosses in Fig.1). Then, we calculated the
hardness ratios expected for an obscured AGN using a
model consisting of absorbed and unabsorbed power laws
corresponding to direct and scattered emission, respec-
tively, with NH = 1021−25 cm−2 and fscat = 0.5−10%
(lines in Fig.1). As shown in Fig.1, objects with a small
fscat are located in the upper right portion. 38 objects
were selected as a new sample of obscured AGNs cov-
ering a broad range of fscat with NH = 1023−24 cm−2

and fscat < 10% (circles in Fig.1). This sample allows us
to investigate correlations between geometrical structure
around a nucleus and multi-wavelength properties.

3. Results

We performed spectral fits for our sample to estimate
fscat more quantitatively. For Compton thick AGNs,
Suzaku spectra covering a broad energy band were used
to determine direct and reflection components more ac-
curately. Assuming their soft X-ray emission is domi-
nated by scattered emission, we can calculate fscat using
the best-fit models with the equation

fscat =
Lsoft

0.5−2

Lint
0.5−2

,

where Lint
0.5−2 and Lsoft

0.5−2 are absorption corrected fluxes
in the 0.5−2 keV band for the power law corresponding
to the direct emission and all the components except for
the direct power law, respectively.
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From the spectral analysis, we found that fscat for our
sample are in the range of ∼0.1−10%. In particular,
those of eight objects were very small (<0.5%). They
would be the same population as the new type of AGN
buried in a very geometrically thick torus with a small
opening angle found by Ueda et al. (2007).

If the opening angle of the torus is small, they
would have a small amount of narrow line region gas.
We investigated the relation between fscat and a ra-
tio of [O III]λ5007 to intrinsic 2−10 keV luminosities
(L[O III]/L2−10) to test our prediction. [O III] luminosi-
ties were corrected for the extinction using Balmer decre-
ments. We found that L[O III]/L2−10 for AGNs with a
small fscat tend to be smaller than those with a large
fscat (Fig.2). This result is in agreement with the above
prediction and indicates that surveys that rely on opti-
cal emission lines would have a bias against AGNs with
a very small fscat (i.e., almost completely buried AGNs).

We compared fscat with black hole masses calculated
from stellar velocity dispersion (Tremaine et al. 2002),
and found no significant correlation between them. We
also investigated the relation between fscat and Ed-
dington ratios (Lbol/LEdd). Lbol were calculated from
Lbol ∼30×L2−10, where 30 is a typical bolometric cor-
rection factor for luminous AGNs (Elvis et al. 1994).
In Fig.3, Lbol/LEdd are plotted against fscat and anti-
correlation is found between them. This correlation sug-
gests that a buried AGN is rapidly growing compared
with an AGN with the torus of a large opening part.
fscat might be an indicator of the activity growing phase
of black holes and a useful parameter to understand the
evolution of active nuclei.
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Fig. 1. Distribution of hardness ratio (HR) for bright 2XMM cata-
logue sources (Crosses). Our sample is shown as circles. Solid
lines show the HRs expected for the scattering fraction of 10, 5,
3, 1, and 0.5 % from inside to outside. Dashed lines correspond
to logNH of 23, 23.5, and 24 cm−2 from lower right to upper
left.

Fig. 2. Correlation between scattering fraction and ratio of intrin-
sic luminosity in the 2−10 keV band and reddening corrected [O
III]λ5007 luminosity.

Fig. 3. Correlation between scattering fraction and Eddington ratio.
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Abstract

We present preliminary results from a 100 ksec Suzaku observation of 4C 50.55 (IGR J 21247+5058). 4C
50.55 is the brightest broad line radio galaxy in the hard X-ray (> 10 keV) band detected with INTEGRAL
and Swift, which is located close to the Galactic plane. From a combination of the XIS and HXD, we are
for the first time able to obtain simultaneous broad-band spectra of this source. A rapid flux increase by
∼ 20% is found in the XIS light curve in the last 20 ksec exposure. The spectra before the flux rise can be
well represented by a partially absorbed cutoff power law with a reflection component. The cutoff energy
is found to be 46+3

−6 keV (with a photon index of 1.60+0.04
−0.08), which is lower than that observed in normal

AGNs. The variable component shows a softer spectrum than the averaged spectrum, which may contain
the jet emission.

Key words: galaxies: active — galaxies: individual (4C 50.55) — X-rays: galaxies

1. Observations

Since 4C 50.55 (z = 0.02) lies in the Galactic plane,
this radio galaxy has not been recognized to be a bright
hard X-ray emitter until its discovery with INTEGRAL
and Swift. The hard X-ray luminosity is found to be
L = 1044.1erg s−1 in the 14 − 195 keV band (Tueller et
al. 2008). By assuming that it does not exceed the Ed-
dington luminosity, the black hole mass is estimated to
be more than 107M�.
We observed 4C 50.55 with Suzaku in 2007 April for a
net exposure of 100 ksec. This provides us with the
best opportunity to investigate its simultaneous broad
band spectra. Since the detection significance with the
HXD/GSO was found to be marginal, we only utilize the
data of the XIS and HXD/PIN in this paper. An anal-
ysis of the XMM and INTEGRAL data is reported by
Molina et al. (2007).

2. Light Curve

Figure 1 shows the light curve of XIS-0 in the 2–10 keV
band. The flux increases rapidly by ∼ 20% in the last 20
ksec exposure. The time scale of variability is found to be
∼ 103 sec, indicating that the emission region is within
∼ 10 rg (rg ≡ GM

c2 is the gravitational radius) for a black
hole mass of M > 107M� if relativistic beaming is not
important. We separate the observation period into two,
epoch 1 (0−1.4×105 sec) and epoch 2 (1.4×105−1.7×105
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Fig. 1. The light curve in the 2–10 keV band obtained with XIS-0.
We define epoch 1 as the period before the flux rise (0−1.4×105

sec), and epoch 2 after it (1.4 × 105 − 1.7 × 105 sec).

sec), for the following spectral analysis.

3. Spectral Analysis

We firstly apply a standard model consisting of a di-
rect component, a reflection component, and an iron-K
emission line, modified by the Galactic absorption and
intrinsic absorption(s). The direct component is rep-
resented by a cutoff power law, in the form of E−Γ ×
exp(−E/Efold), where Efold is a cut off energy and Γ
is a photon index. We use the PEXRAV model for
a reflection component from cold matter (Magdziarz &
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Fig. 2. (Upper) The folded spectra of 4C 50.55 observed with the
XISs (1–9 keV) and HXD/PIN (12–50 keV). (Lower) The un-
folded spectra in units of EI(E). The cross points represent the
observed data. The dotted line corresponds to a cutoff power-law
component, the dash-dot lines are the reflection component with
an iron-K emission line, and the solid line is the total. The best-fit
parameters are summarized in Table 1.

Zdziarski 1995).
We finally adopt a partial covering model, where 100f%
of the total continuum is absorbed with N1

H and the rest
is absorbed with N2

H, since a significant improvement is
found from a single absorber model. The best-fit pa-
rameters for epoch 1 are summarized in Table 1 and the
unfolded spectra are plotted in Figure 2. The contour
plots between Γ and Efold are shown in Figure 3.

Fig. 3. The error contours between Γ and Efold at ∆χ2 of 2.3, 4.61,
and 9.21. The solid lines represent the constraint from the Suzaku
data in epoch 1, and the dotted lines that from Swift/BAT.

In the same figure, we also plot the same result ob-
tained from the Swift/BAT spectrum in the 14 − 195
keV band averaged over 2 years; the Suzaku spectrum of
epoch 1 prefers a significantly lower cutoff energy than
the BAT data.
The difference spectrum of XIS between epochs 1 and 2 is
plotted in Figure 4. It has a photon index of 1.84+0.28

−0.26,
slightly softer than the averaged spectrum of epoch 1.
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Fig. 4. The difference spectrum of XISs (FI) between epochs 1 and
2. The photon index is found to be ≈ 1.8.

The variable component may contain a contribution from
the jet emission as suggested for the radio galaxy 3C 120
(Kataoka et al. 2007).

Table 1.

Epoch 1

Γ 1.60+0.04
−0.08

Efold [keV] 46+3
−6

R 0.28+0.04
−0.05

f 0.20 ± 0.01

N1
H [cm−2] (8.5+1.1

−0.9) × 1022

N2
H [cm−2] (0.74 ± 0.01) × 1022

Ngal
H [cm−2] 1.0 × 1022 (fixed)

EW [eV] 22 ± 5
χ2/ d.o.f. 928.2/802
(*Errors are 90% confidence level for a single parameter.)
Γ; photon index: Efold; cutoff energy
R(= Ω/2π); reflection strength: f ; covering fraction

N1
H, N2

H; intrinsic absorption: Ngal
H ; Galactic absorption

EW ; equivalent width of iron-K line (6.4 keV)

4. Summary

We have presented the broad band spectra of the bright-
est broad-line radio galaxy 4C 50.55 by simultaneously
covering the 1–50 keV band for the first time. We find
that the spectrum prefers a lower cutoff energy compared
with normal AGNs. We may see a transient phase of its
spectral evolution, with variable components including
the jet emission. The reflection intensity is found to be
weak, R = 0.28+0.04

−0.05 in epoch 1, consistent with a trun-
cated disk geometry.
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Abstract

We present results from observations of three ultraluminous infrared galaxies(ULIRGs) with Suzaku and
XMM-Newton. Their optical emission lines are classified as seyfert 2 and extinction-corrected [OIII]λ5007
line luminosities are (3.2–61)×1043 erg s−1, which are in the range for quasars. Their X-ray spectra are
explained by a combination of unabsorbed and absorbed power-law components. Fe Kα lines are not
detected. The absorption-corrected 2-10 keV luminosities L2−10keV are in the range of (3.3–24)×1042 erg
s−1. These results indicate that these objects are Compton-thin AGNs with Seyfert class luminosity. We
compare the far infrared (FIR) luminosities LFIR with the bolometric luminosities of the AGNs and find
that the contribution of AGNs to LFIR is at most a few tens of percent.

Key words: ULIRG, active galactic nuclei, starburst galaxy

1. Introduction

Ultraluminous infrared galaxies (ULIRGs) are objects
emitting the bulk of their energy at the infrared band
with L8−1000µm ≥ 1012 L⊙. Primary energy sources of
ULIRGs are still under debate and possible candidates
are active galactic nuclei (AGNs) and/or starbursts.

A fraction of type 2 AGNs decreases with increasing
X-ray luminosity (Ueda et al. 2003). This trend may in-
dicate that the shape of obscuring matter depends on lu-
minosity. An alternative explanation is that many type 2
quasars are obscured by Compton-thick material. Fiore
et al. (2009) suggest that many mid-infrared-selected
objects are Compton-thick quasars. Therefore, ULIRGs
are good candidates of Compton-thick quasars. They
should be type 2 quasars if their infrared luminosities
are predominantly powered by an AGN.

2. Sample and Results

We selected type 2 quasar candidates from the IRAS
1 Jy sample (Veilleux et al. 1999) using the following
criteria, (1) classified as Seyfert 2 using optical emis-
sion line ratios, (2) extinction-corrected [OIII]λ5007 lu-
minosity L[OIII] > 1042 erg s−1, which is in the range
for quasars (Zakamska et al. 2003), and (3) high
extinction-corrected [OIII]λ5007 flux. We selected three
type 2 ULIRGs IRAS 11223–1244, IRAS 05024–1941,
and IRAS 13443+0802. Their L8−1000µm and L[OIII] are

Fig. 1. Suzaku XIS spectra of IRAS 11223–1244.

(3.3–17)×1012 L⊙ and (3.2–61)×1043 erg s−1, respec-
tively, which are in the range for type 2 quasars. IRAS
11223−1244 was observed with Suzaku on 2006 Novem-
ber 25-26. IRAS 05024−1941 and IRAS 13443+0802
were observed with XMM-Newton on 2007 February 7-8
and 2006 December 23, respectively.

We fitted spectra of these three ULIRGs with a partial-
covering model consisting of unabsorbed and absorbed
power-law components, as is often observed in Seyfert
2 galaxies (e.g., Turner et al 1997, Dadina 2008). We
assumed that the slope of the two power laws are same.
All the components were assumed to be modified by the
Galactic absorption (Kalberla et al. 2005). Many Seyfert
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2 galaxies show a strong Fe Kα line around 6.4 keV in
their spectra. If the nucleus is surrounded by compton-
thick gas, an equivalent width EW of the Fe Kα line is
above about 1 keV (e.g., Bassani et al. 1999). There-
fore we added a gaussian component to the model and
searched for Fe Kα emission. We fixed the center energy
at 6.4 keV and the line width at σ = 10 eV. The small
improvement of χ2 (∆χ2 ≤ 0.3) for a change in d.o.f. of
1 suggests that the additional gaussian component was
not significant.

The slope of the power law Γ = 1.48–1.80 is in the
range seen in Seyfert 2 galaxies (1.47–2.59; Risaliti 2002)
and Palomar-Green (PG) quasars (1.2–1.9; Piconcelli et
al. 2005). The observed column densities NH ≤ 5×1023

cm−2 and the upper limits on the EW of the Fe Kα
line ≤ 630 eV indicate that the sources are absorbed
by Compton-thin material. The absorption-corrected X-
ray luminosities in the 2-10 keV band L2−10keV = (3.3–
24)×1042 erg s−1 are Seyfert class and these objects
are not type 2 quasars, whose luminosities are ≥ 1044

erg s−1 in the X-ray band. These results indicate that
these three ULIRGs are Seyfert 2 galaxies obscured by
Compton-thin material.

3. Discussion

In order to constrain the primary energy source of the far
infrared (FIR) emission in these ULIRGs, we compared
their L2−10keV and FIR luminosities LFIR with those of
other ULIRGs, Seyferts, and HII galaxies (Fig 2). A
sample of ULIRGs has been selected from the IRAS 1
Jy sample by Veilleux et al. (1999). Seyferts and HII
galaxies are compiled from Heckman et al. (2005) and Ho
et al. (1997), respectively. We collected X-ray data from
the literature for these samples. FIR flux densities at 60
and 100 µm were taken from NASA/IPAC extragalactic
database and FIR fluxes in the 40–120 µm band were
calculated using an equation of Helou et al. (1985) from
the flux densities.

The L2−10keV/LFIR ratios of the three ULIRGs are
lower than Seyfert galaxies. Possible explanations are (1)
we underestimated the AGN luminosities of the ULIRGs
and/or (2) contribution from starburst is large. In or-
der to estimate the contribution of the AGN to the in-
frared (IR) luminosity, we compared the IR luminosi-
ties L8−1000µm and bolometric luminosities Lbol,AGN of
the AGN component in the three ULIRGs. We used
a bolometric correction factor κ = 20 (Vasudevan &
Fabian 2007) in calculations of Lbol,AGN from L2−10keV.
In addition, since it is suggested that X-rays tend to
underestimate the luminosity of AGNs in ULIRGs by
an order of magnitude compared to other indicators of
AGN luminosities (e.g., Imanishi & Terashima 2004),
we introduced a correction of another factor of 10 in
the calculations of Lbol,AGN. Thus we calculated the

Fig. 2. Correlation between log of absorption corrected 2–10 keV
luminosity and far infrared luminosity.

bolometric luminosities using the equation Lbol,AGN =
L2−10keV×20×10. The Lbol,AGN/L8−1000µm ratios of
these three ULIRGs are 0.071–0.30. These values indi-
cate that if all photons radiated from the AGN are con-
verted to IR, the contribution of the AGN to L8−1000µm

is estimated to be at most a few tens of %. Therefore, the
contribution from starbursts is likely to be very large.

The L2−10keV/L[OIII] ratios of the ULIRGs (0.040–
0.10) are lower than those for Compton-thin Seyferts
(e,g., 1-100; Bassani et al. 1999). Since these ULIRGs
show a very large Balmer decrement Hα/Hβ = 14–
50, there can be large uncertainties in the extinction-
corrected L[OIII]. In addition, as mentioned above, we
might underestimate the AGN power by a factor of 10.
If these two factors are taken into account, the ratios are
in the range for Compton-thin Seyferts.
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Abstract

We present a Suzaku observation of the narrow-line Seyfert 1 galaxy Ton S180. The hard X-ray spectra
above 15 keV is obtained for the first time. Wide band X-ray spectra shows that soft excess and hard
excess, and a broad iron emission line are found. The broad iron emission is centered on 6.7 keV and most
likely fluorescent X-rays from the ionized matter. We consider that the hard excess is also the reflection
from the ionized matter. Possible models to reproduce the soft X-ray excess are examined, and spectral
variability is discussed.

Key words: galaxies: active — galaxies: individual (Ton S180) — galaxies: Seyfert

1. Introduction

Ton S180 is the Narrow-Line Seyfert 1 Galaxy, which
is located at z = 0.062. This target was observed with
ASCA, XMM−Newton, Chandra (Turner et al. 2001,
Romano et al. 2001, Vaughan et al. 2002), with particu-
lar interest on its EUV to soft X-ray excess component.

2. Time-averaged spectra

We observed this target with Suzaku on 2006 December
9. Fig.1. shows the time-averaged spectra as a spectral
ratio to a simple power law model (Γhard = 2.25), of
which index was determined by fitting the 2.5 keV to 55
keV spectra. We fix the Galactic absorption at NH =
1.6 × 1020cm−2. This figure shows the excess below the
2.5 keV and above 12 keV, and an emission line at 6 ∼ 7
keV.

Fig. 1. Spectral ratio (data/model) to a single power-law (Γ = 2.25)
model.

2.1. Broad iron emission line

The emission line feature is fitted with a gaussian model,
with the best-fitting line energy (source frame) of E =
6.74 ± 0.15 keV, the line width of σ = 0.43 ± 0.12 keV,
and EW = 197 eV. The broad iron line was implied
in the XMM −Newton’s observation, but with slightly
different energy (7.01 ± 0.31 keV, Vaughan et al. 2002).
This iron emission is most likely the fluorescent X-rays
from ionized matter at the vicinity of the central black
hole. The hard X-ray excess also comes from the same
matter as a reflection component.

2.2. Broad Band X-ray Spectra

Fig. 2. The Partial-Covering-CUTOFFPL model fit to the Suzaku
spectra. The Partial-Covering-CUTOFFPL model consists of
CUTOFFPL (dash line), POWERLAW (dash-dot line), PEXRIV
(dot line), and ZGAUSS (dash-dot-dot-dot line).

We examined models to reproduce the 0.25 − 55 keV
X-ray spectra. For the hard X-ray excess, we employed
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PEXRIV model, which represents a reflected power-law
from ionized material. On the other hand, we tested four
models for the soft X-ray excess component, i.e., multi-
color black body, Comptonized black body, power-law,
cutoff-powerlaw (Vaughan et al. 2002, Murashima et
al. 2005). Either of these four models provides a reason-
able fit, while the model with CUTOFFPL and that with
DISKBB give the best ones. Introducing partial covering
absorber to the model with the CUTOFFPL, i.e., ZPC-
FABS*(CUTOFFPL+POWERLAW+PEXRIV+ZGAUSS),
reproduces the overall spectra. Hereafter we call
this model Partial-Covering-CUTOFFPL model. Fig.2.
shows the 0.25 − 55 keV X-ray spectra fitted with this
model. Table.1 shows the best-fit parameter values for
it.
Note that the above model is not the unique solution.
In fact, we found that the relativistically blurred reflec-
tion from ionized accretion disk model (Ross & Fabian
et al. 2005) fits the observed spectra well (χ2/d.o.f =
2897.74/2861).

Table 1. The best-fit parameters of Partial-Covering-CUTOFFPL
model

component parameter value
partial covering NH(1022cm−2) 4.90 ± 0.04

covering fraction 0.5 ± 0.04
soft excess Γsoft 2.61 ± 0.05

Ecutoff (keV ) 2.41 ± 0.54
power-law Γhard 1.60 ± 0.25
broad iron line E(keV ) 6.66+0.15

−0.18

σ(keV ) 0.39+0.24
−0.23

EW (eV ) 131
χ2/d.o.f 3053.46/2860

3. Spectral Variability

Fig. 3. The light curve in the 0.2 − 12 keV band obtained with the
XIS, using a bin size of 1024 sec. The data from the three XIS
sensors (XIS0, 1, 3) are combined.

Fig.3. shows the XIS light curve of this source. We
divided time span into TZ1 and TZ2, each exposure time
of 46 ks and 80 ks, respectively. We made the spectra
in each time zone, and fitted with the Partial-Covering-
CUTOFFPL model. We fixed Ecutoff , line energy, and
σ at 2.41, 6.66, 0.39, respectively. We made only the
covering fraction of each time zone different and others
common and free. As shown in Fig.4, the spectral vari-

Fig. 4. The result of simultaneous fitting using Partial-Covering-CUT-
OFFPL model. The black spectrum is TZ1 and the light gray one
is TZ2. The Partial-Covering-CUTOFFPL model is composed of
CUTOFFPL (dash line), POWERLAW (dash-dot line), PEXRIV
(dot line), ZGAUSS (dash-dot-dot-dot line). The spectral vari-
ability can be explained by the change of the covering fraction.

ability is explained by slight change in the covering frac-
tion, 0.37 ± 0.05 (TZ1) and 0.51 ± 0.04 (TZ2). We also
examined RMS variability of the source, which indicates
small energy dependence of the variability.

4. Summary

We observed Ton S180 with Suzaku and detected the
hard X-ray emission above 15 keV for the first time.
From the wide band spectra, we found the soft X-ray ex-
cess, the hard X-ray excess, and a broad iron line which
peak is 6.73 keV. This line is most likely radiated from
the ionized matter near the central black hole. The hard
X-ray excess is considered as the reflection component
from the same ionized matter. We showed the Partial-
Covering-CUTOFFPL model provides a reasonable fit
for the 0.25 − 55 keV X-ray spectra. Using this model,
the spectral variability could be explained by slightly
change in the covering fraction.

References

Murashima,M.et al.2005,PASJ.,57,279
Romano,P. et al 2002, ApJ., 564, 162
Ross & Fabian, 2005, MNRAS, 358. p.211
Turner T.J. et al 2001, ApJ., 548, L13.
Vaughan S. et al 2002, MNRAS., 337, 247

This document is provided by JAXA.



JAXA  Special  Publication     JAXA-SP-09-008E338

The Suzaku view of the BLRG 3C 111

Lucia Ballo1, Rita Sambruna2, Valentina Braito3, James N. Reeves4 and Fabrizio Tavecchio5

1 IFCA (CSIC-UC), Avda. Los Castros s/n, E-39005 Santander, Spain
2 NASA/GSFC, Code 661, Greenbelt, MD 20771

3 University of Leicester, Department of Physics & Astronomy, University Road, Leicester LE1 7RH, UK
4 Astrophysics Group, School of Physical & Geographical Sciences, Keele University, Keele, Staffordshire ST5 5BG, UK

5 INAF - Osservatorio Astronomico di Brera, Via Bianchi 46, I-23807 Merate, Italy
E-mail(LB): ballo@ifca.unican.es

Abstract

Here we report on a Suzaku observation of the nearby BLRG 3C 111, a bright FR II with a single-
sided jet exhibiting superluminal motion. Preliminary results indicate that the 0.5 − 200 keV spectrum is
dominated by a disklike component, with a power law with photon index ∼ 1.6 cutting off around 100 keV,
and a reflection R ∼ 0.04. The Suzaku data do not indicate the presence of a hard X-ray component
associated with the jet emission, that should become dominant at GeV energies (i.e. in the range covered
by FERMI ).

Key words: workshop: proceedings — galaxies: active — galaxies: individual: 3C 111 — galaxies:
nuclei — X-rays: galaxies

1. Introduction

AGN unification schemes assume that radio-loud AGN
contain an accretion disk and a relativistic jet perpendic-
ular to the disk, and an obscuring molecular torus. Ac-
cording to this scheme, the jet dominance decreases with
larger viewing angles from blazars to Broad and Narrow
line radio galaxies. Broad line radio galaxies (BLRGs)
are a rare type of radio-loud AGN, in which the broad
optical permitted emission lines have been detected in
addition to the extended jet emission.

A fundamental question is how accretion and ejecta
are related. In this framework BLRGs are an ideal lab-
oratory since our line of sight is not close to the radio
jet axis but it is not obscured by the putative obscur-
ing torus. The study of the disk/jet connection and the
identification of the physical parameters determining the
AGN radio loudness are amongst the most important
topics in the AGNs search. One of the open questions
is if the RL/RQ dichotomy reflects fundamental differ-
ences in the central engine structure. If this is the case,
we would expect these differences to be more evident
in the X-ray band, directly probing the structure of the
central engine.

Broad Line Radio Galaxies (BLRGs) are a key class
to investigate the inner region of RL AGN since seen at
intermediate angles with respect to the jets, minimizing
the jet contribution and avoiding the torus obscuration.

Previous X-ray observations suggested that reprocess-
ing features observed in Seyfert 1s (i.e. Compton reflec-

tion bump and Fe Kα line) are weaker in BLRG spectra.
Several scenarios can explain this finding: a) radiatively
inefficient accretion flow (Rees et al. 1982; e.g., Era-
cleous et al. 2000); b) dilution by non-thermal jet emis-
sion (Grandi et al. 2002); c) highly ionized accretion
disk (Ballantyne et al. 2002).

Moreover, in most of BLRGs the soft X-ray spectra
don’t show strong signatures of warm absorber, rather
common in Seyferts: the only exception, a modest
1000 km/s outflow has been detected in Chandra HETG
observations of 3C 382 (see Reeves et al. 2009), while
3C 445 shows signatures of soft X-ray photoionized gas
only in emission (see Sambruna et al. 2007). The sug-
gestion seems a BLRGs central engine generally devoid
of warm gas. This scenario is in contrast with the pres-
ence of relativistic jets (Blandford & Payne 1982), and
with the Unification Models.

2. The BLRG 3C 111

One of the best targets to probe the central regions of
BLRGs is 3C 111. This source is a nearby (z = 0.0485)
radio galaxy, bright in the X-ray band: F 2-10 keV ∼

2.5 × 10−11ergs cm−2 s−1 and F 20-100 keV ∼ 4.4 ×

10−11ergs cm−2 s−1. 3C 111 presents a FR II morphol-
ogy with a single-sided jet (Linfield & Perley 1984) show-
ing superluminal motion (Vermeulen & Cohen 1994); the
inclination angle has been estimated to be i ∼ 21◦ − 26◦

(> 10◦; Lewis et al. 2007).
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Fig. 1. X-ray spectra unfolded with the best-fit Suzaku model. Blue
open triangles: BeppoSAX MECS and PDS spectra (1998); green
open squares: SWIFT BAT 22−months spectrum; red filled cir-
cles: Suzaku XIS, PIN, and GSO data (2008). Cross-normaliza-
tions constrained to be in the expected range. The strong vari-
ability of 3C 111 at hard X-rays is clearly evident by comparing
SWIFT and Suzaku or BeppoSAX spectra.

2.1. Previous high-energy observations

Several high-energy observatories targeted 3C 111, high-
lighting its long time-scale variability (see Fig. 1).
BeppoSAX detected 3C 111 in all the instruments with
high S/N, showing a flat continuum, without intrinsic ab-
sorption and with weak reprocessed features (i.e., reflec-
tion and Fe Kα line; Grandi et al. 2006; Dadina 2007).
A 3σ EGRET detection was reported for this source,
implying a broad-band SED reminiscent of a de-beamed
blazar (Hartman et al. 2008). Finally, XMM-Newton
spectra showed a weak Compton reflection component,
with broad residuals at Fe Kα energy (possibly a feature
produced in the accretion disk) and an unresolved Fe Kα

line (Lewis et al. 2007).

3. The Suzaku observation

Suzaku observed 3C 111 in August 2008, for a nomi-
nal exposure of 122 ksec. The source is detected up
to 200 keV with the GSO (see Fig. 2). The underly-
ing continuum is well described by an absorbed power
law and a weak reflection component, with Γ ∼ 1.6,
NH ∼ 9 × 1021 cm−2, and R ∼ 0.04. The addition of
a second, jet-related power law is not significant: obser-
vations in the GeV energy range are needed to detect the
jet at the highest energies.

An unresolved iron line is detected at ∼ 6.4 keV, with
σ ∼ 90 eV and EW∼ 90 eV (see Fig. 3). Residuals in
the Fe-K band can be due to two unresolved lines at
6.7 keV and 6.97 keV. Below 1 keV, a narrow line at ∼

0.89 keV rest frame is suggested by residuals (∆χ2 = 30),
especially in XIS BI data.

For a summary of what Suzaku tell us about the
BLRGs, and a discussion of the possible interpretations,
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Fig. 2. Unfolded Suzaku spectra (black filled circles). The best fit
model (green continuous line) consists of: an absorbed power law
(long-dashed red line), a Fe Kα line (dotted blue line), and a
reflection component (dashed orange line).
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Fig. 3. XIS FI (blue open squares) and XIS BI (red filled circles)
data-to-model ratio. Vertical lines mark the centroids of the fea-
tures possibly responsible of the observed residuals (at rest-frame

energies of 6.78 and 7.02 keV).

see Sambruna et al. (these proceedings).
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Abstract

We have performed several simulations in order to test the scientific capabilities of the IXO calorime-
ter, with particular emphasis on the detection of absorption lines in the 3–11 keV band. We derived the
flux limits for their detection on several time-scales, compared different response matrices available and
simulated realistic spectra from photo-ionized warm absorbers in AGNs. This study illustrates the con-
siderable improvements that this instrument will bring to high resolution spectroscopy, especially related
to the study of accretion and outflows in the central regions of AGNs.

Key words: X-ray spectroscopy — absorption lines — AGNs

1. Introduction

There is an increasing evidence for the presence of nar-
row blue-shifted absorption lines at rest-frame energies
greater than 6 keV in the spectra of a number of radio-
quiet AGNs (see review by Cappi 2006). These features
are commonly identified with Fe XXV and/or Fe XXVI
K-shell absorption from a highly ionized (logξ ∼ 2–4
erg s−1 cm) zone of circumnuclear gas, with column
densities as large as NH ∼ 1023−24 cm−2. The lines
blue-shifts are also often quite large, reaching (mildly)
relativistic velocities (up to 0.2–0.4c). In some cases
short-term variability has been reported (e.g. Pounds
et al. 2003; Reeves et al. 2004; Dadina et al. 2005;
Markowitz et al. 2006; Braito et al. 2007; Cappi et
al. 2009; Tombesi et al. in prep). These findings sug-
gest the presence of previously unknown highly ion-
ized and high velocity outflows from the central regions
of radio-quiet AGNs, possibly connected with accretion
disk winds/ejecta. The planned International X-ray Ob-
servatory (IXO) is a future large space observatory that
will carry several instruments in the X-ray band. We
concentrated on the X-ray Micro-calorimeter Spectrom-
eter (XMS), which will provide a very high effective area
(≃0.65 m2 at 6 keV), coupled with a high energy resolu-
tion (FWHM≃2.5 eV) from ∼0.1 keV up to ∼12–13 keV.
Its unprecedented sensitivity will surely give a huge im-
provement to high resolution spectroscopy in the Fe K
band. Therefore, we performed XMS simulations in or-
der to test the capabilities offered by this instrument

regarding the detection of narrow absorption lines in the
Fe K band. This is particularly important for the study
of the highly ionized absorbers recently detected in the
X-ray spectra of several radio-quiet AGNs.

2. Narrow lines detection flux limits

We derived the 2–10 keV flux limits for the 5σ detec-
tion of narrow absorption lines in the 3–11 keV band of
the XMS (the same results also apply to narrow emis-
sion lines). We assumed a typical AGN power-law con-
tinuum with Γ = 2. The background has been mod-
eled with two components: the internal non-X-ray back-
ground, parametrized with an energy-independent pho-
ton flux of 2×10−2 ph cm−2 keV−1 and the contribution
from unresolved AGNs (treated as in De Luca & Molendi
2004). We used the core-glass response matrix1, with a
2.5 eV (FWHM) resolution at all energies and 0.5 eV
bin channels. The 2–10 keV flux limits for the detec-
tion of an absorption line with an equivalent width of
10 eV are reported in Fig. 1. We tested different ex-
posure times, from 100 ks down to 10 ks and 5 ks, to
check the lower limits for variability studies. Focusing in
the region where Fe K absorption lines are more prob-
ably expected to be present (∼6–9 keV), it will be pos-
sible to clearly detect lines with EW= 10 eV (50 eV)
in sources with 2–10 keV fluxes of ∼ 10−12 (∼ 10−13)
erg s−1 cm−2 (for an exposure of 100 keV). Moreover, it

*1 A list of different XMS response matrices is provided at
http://ixo.gsfc.nasa.gov
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Fig. 1. 2–10 keV flux limits for the 5σ detection of narrow absorption
lines with the XMS in the 3–11 keV band.

will be possible to perform variability studies on time-
scales as short as 5 (10) ks for sources with 2–10 keV
fluxes of ∼ 10−11 (∼ 10−12) erg s−1 cm−2. We com-
pared the narrow lines detection flux limits for two dif-
ferent proposed IXO calorimeter response matrices: the
core-glass and the core-pore matrices, the latter consid-
ering also the loss in effective area due to the gratings.
The main difference in the 3–11 keV band is a lower ef-
fective area for the core-pore, which results in an increase
in the flux limits for the narrow line detection of about
60% with respect to the core-glass.

3. Spectra simulations

We carried out realistic spectral simulations of highly
ionized and massive warm absorbers observed with the
IXO calorimeter. We focused in the Fe K band, between
6 keV and 10 keV. The absorbers were modeled using the
photo-ionization code Xstar and the parameter values
were fixed to those typically observed in Seyfert galax-
ies (see Cappi 2006). We assumed a simple power-law
SED with photon index of 2, ranging from the IR to the
hard X-rays. Solar abundances were assumed. We used a
high turbulent velocity value of 1000 km/s, as commonly
assumed for such extreme absorbers. The 2–10 keV
flux was considered to be that of relatively bright AGNs
(10−11 erg s−1 cm−2). We used the core-glass response
matrix and subtracted the proper background from a cir-
cular region of 5 arcsec radius. The exposure time was
fixed to 100 ks. The expected XMS spectrum from an
absorber with total column density NH = 1023 cm−2

and ionization parameter logξ = 3 erg s−1 cm is showed
in Fig. 2. For simplicity we considered a null outflow
velocity. The vertical lines indicate the rest-frame en-
ergy location of the most intense expected Fe XXV (Kα

at 6.697 keV and Kβ at 7.880 keV) and Fe XXVI (Lyα

at 6.966 keV and Lyβ at 8.25 keV) resonant absorption
lines. These narrow highly ionized Fe absorption lines
are clearly visible in the spectrum with high significance.

7 8 9

0.
01

0.
1

1

ph
 s

−1
 k

eV
−1

Energy (eV)

Fig. 2. Simulated spectrum of a highly ionized and massive absorber
observed with the XMS in the 6–10 keV band.

The high energy resolution of the XMS will allow to mea-
sure their centroid energy with unprecedented accuracy
and will help to unambiguously set their identification
and measure any velocity shifts. Moreover, the lines fine
structure components will not be blended (for lower tur-
bulent velocities) and also the most intense lines from a
wide range of iron ions would be individually measured.

4. Conclusions

The high effective area of the IXO calorimeter will al-
low not only to detect weak absorption (emission) lines
in the 3–11 keV band but also to investigate their short
time-scale variability, for sources with 2–10 keV fluxes
as low as ∼ 10−12 erg s−1 cm−2. Thanks to its high
spectral resolution, it will be possible also to discrimi-
nate the lines from different Fe ionic species and mea-
sure with high accuracy their broadening and centroid
energy. These characteristics are all of fundamental im-
portance to bring real improvements in our understand-
ing of high energetic phenomena, such as those related
with the studies of accretion and outflows in the central
regions of AGNs.
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Abstract

With Suzaku, we derived O, Mg, S, Si and Fe abundances of hot intracluster medium (ICM) in clusters
of galaxies, and groups of galaxies, and hot interstellar medium (ISM) in elliptical, S0, and spiral galaxies.
Especially for regions of low surface brightness, the XIS provides better sensitivity to faint lines of O and
Mg, which are predominantly synthesized by supernovae (SN) II.

The derived abundance ratios, O/Fe, Mg/Fe, Si/Fe and S/Fe of the ICM, scatter around unity, i.e., the
solar ratio, adopting the new solar abundances defined by Lodders (2003). Observed clusters and groups
of galaxies with a bright central galaxy show similar Fe abundances of about 0.5 solar at 0.1–0.2r180. In
contrast, the metal-mass-to-light ratios for clusters of galaxies tend to be higher than those in groups of
galaxies. If metal enrichment occurred before the cluster or group formations, the poor systems would
carry relatively smaller metal mass with smaller gas mass, while metal abundance would be similar.

The derived Fe abundances of the ISM in elliptical galaxies are about 0.5–1.0 solar, indicating a low
rate of present metal supply into the ICM. To account for Fe mass in the ICM, the past average rate of
SNe Ia was much larger. The derived O and Mg abundances of the ISM in these galaxies are consistent
with stellar metallicity which reflects formation histories of these galaxies. Observed low O/Fe ratio of
the ISM in a S0 galaxy, NGC 4382, indicates different formation histories between this S0 galaxy and
elliptical galaxies. The abundance pattern of the hot ISM in spiral galaxies may depend on their starburst
activities.

Key words: X-rays: intracluster medium —clusters of galaxies: intracluster medium — galaxies:
chemical evolution

1. Introduction

The metal abundances in the ICM and the hot X-ray
emitting ISM in galaxies provide important clues to un-
derstand the metal enrichment history and evolution of
galaxies.

O and Mg are predominantly synthesized in SNe II.
Abundance measurements spanning the range of species
from O to Fe are therefore needed to obtain unambiguous
information on the formation history of massive stars.
XMM-Newton provides the means to measure O and Mg
abundances in some systems, but reliable results have
been obtained only for the central regions of very bright
clusters or groups of galaxies dominated by cD galaxies.

Regarding early-type galaxies, the metal abundances

in the ISM give us important information about the
present metal supply into the ICM through SNe Ia and
stellar mass loss. In addition, O and Mg abundances
should reflect the stellar metallicity and enable us to look
directly into the formation history of these galaxies.

Suzaku (Mitsuda et al. 2007) is the fifth Japanese X-
ray astronomy satellite and was launched on 2005 July
10. The XIS instrument (Koyama et al. 2007) has an im-
proved line spread function due to a very small low-pulse-
height tail below 1 keV coupled with a very low back-
ground. Despite its smaller field of view (18′×18′) and
poorer spatial resolution (∼ 2′) compared with the MOS
instruments aboard XMM-Newton, the XIS has some ad-
vantages. The MOS’s instrumental Al line causes prob-
lems measuring the Mg abundance in somewhat fainter
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Fig. 1. The abundance ratios of O, Mg, Si, and S divided by the Fe abundance (in units of solar ratio) of ICM within 0.1 r180 (left panel), and
0.1–0.2 ∼ 0.3r180 (right panel) in clusters of galaxies(solid lines), AWM7 (closed squares; Sato et al. 2008), Abell 1060 ( open triangles;
Sato et al. 2007), and Abell 262(open diamonds; Sato et al. 2009a), and those in groups of galaxies(dashed lines), the HCG 62 group
(closed triangles; Tokoi et al. 2008), the NGC 507 group (closed circles; Sato et al. 2009b), the Fornax clusters (open circles;Matsushita
et al. 2007), the NGC 5044 group (crosses;Komiyama et al. 2009), and NGC 4636 (open squares;Hayashi et al. 2009).

systems, due to a strong instrumental Al line and the Mg
lines are particularly useful in cluster outskirts, since the
strong Galactic O line cause difficulty in the measure-
ment of O emission from nearby clusters. Especially for
regions of low surface brightness or equivalent width, the
XIS also provides better sensitivity to O lines and has
excellent sensitivity at the iron K-line energies.

In this paper, we adopt the new solar abundances
given by Lodders (2003). Recently, the solar photo-
spheric abundances of C, N, O, and Ne decreased by
0.2 dex, considering three-dimensional hydrodynamical
model atmospheres and non-local thermodynamic equi-
librium (Asplund 2005 and references therein). The new
solar O and Fe abundances relative to H are 4.90× 10−4

and 2.95×10−5, respectively, by number (Lodders 2003).
These values differs from 8.51 × 10−4 and 4.68×10−5,
which are the “photospheric” values of O and Fe, re-
spectively, given by Anders and Grevesse (1989). Unless
otherwise specified below, errors are quoted at 90% con-
fidence.

2. The abundances of O, Mg, Si, S and Fe in the ICM

We have derived abundances of O, Mg, Si, S and Fe in
ICM in clusters of galaxies with ICM temperatures are
2–4 keV, Abell 262 (Sato et al. 2009a), Abell 1060 (Sato
et al. 2007) and AWM7 (Sato et al. 2008), and a poor
cluster, the Fornax cluster (Matsushita et al. 2007), and
groups of galaxies, the HCG 62 group (Tokoi et al. 2008),
the NGC 5044 group (Komiyama et al. 2009), and NGC
4636 (Hayashi et al. 2009). Figure 1 summarizes the
abundance patterns of the ICM.

Using the solar abundance by Feldman (1992), the O

abundances in the ICM are a factor of two lower than
those of Mg, Si, S, and Fe. However, adopting the new
solar abundance by Loddars (2003), within r < 0.1r180,
the abundance patterns become closer to the solar abun-
dance ratio (Figure 1). If the initial mass function of
stars in clusters is close to that in our Galaxy, and most
of SNe have been already exploded, the abundance pat-
tern should naturally be similar to the solar abundance
pattern. Then, the Fe have been mostly produced by
SNe Ia.

In contrast, outside r > 0.1r180 of the clusters of galax-
ies, Mg and O may show somewhat flatter radial distri-
butions than Fe and Si (Figure 1), although the errors
are fairly large. Then, SNe II metal enrichment may
become more important in the outer regions of clusters.

The radial profiles of Fe abundance in these systems
are summarized in Figure 2. The three clusters of galax-
ies have similar Fe abundance at ∼0.5 solar from 0.05 to
0.3r180. The Fe abundances of the groups and the Fornax
cluster are close to the level observed in these clusters. In
contrast, enhanced Fe abundance within 0.05r180 should
reflect Fe accumulation in the central galaxies.

2.1. Oxygen and Iron mass-to-light ratios in ICM

Ratios of ICM metal mass to the total light from galaxies
in clusters or groups, i.e., metal-mass-to-light ratios, are
key parameters in investigating the chemical evolution
of the ICM. With the Suzaku satellite, the oxygen-mass-
to-light ratio (OMLR) as well as the iron-mass-to-light
ratio (IMLR) of the three clusters of galaxies and several
groups of galaxies were measured up to 0.2–0.3r180 (Fig-
ure 3). The OMLR, and IMLR for clusters of galaxies
with kT ∼ 2 − 4 keV tend to be higher than those in
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Fig. 2. The radial profiles of the Fe abundance (in units of solar
abundance) of ICM in clusters of galaxies (solid lines) and groups
of galaxies (dashed lines).

groups of galaxies and the poor cluster of galaxies with
kT ∼ 1 keV.

The difference in the OMLR values between groups
and clusters is about a factor of 3–6, and systematically
larger than the IMLR difference, which is a factor of 2–3.
Among groups, the NGC 5044 group and HCG 62 have
the highest IMLRs, which are comparable to those of
clusters. In contrast, OMLR of the NGC 5044 appears
to be lower than those of clusters. Among the groups and
poor clusters, the Fornax cluster shows the lowest IMLR
and OMLR. In the Fornax cluster, the asymmetric X-ray
emission may point to large-scale dynamical evolution,
which might have hampered the strong concentration of
hot gas in the center.

The poor systems also differ from richer systems in
that the gas density profile in the central region is sig-

nificantly flatter and the relative entropy level is cor-
respondingly higher (e.g. Ponman et al. 1999). These
peculiar central characteristics in the poor systems are
thought to be best attributed to an injection of energy
(preheating) into the gas before clusters have collapsed
(e.g. Kaiser 1991). Note also that more recent observa-
tions and simulations of entropy profiles indicate some
modification to this simple picture (e.g. Ponman et al.
2003).

Metal distribution in the ICM can be a powerful tracer
of the history of such a gas heating in the early epoch,
since the relative timing of metal enrichment and heat-
ing should affect the present amount and distribution of
metals in the ICM. To look into this, we assume that all
galaxies synthesize a similar amount of metals per unit
stellar mass. If metal enrichment occurred before the en-
ergy injection, the poor systems would carry relatively
smaller metal mass with smaller gas mass than those
in rich clusters, while metal abundance would be quite
similar to those in rich clusters. In contrast, if metal en-
richment occurred after the energy injection, the metal
mass becomes comparable to those in rich clusters and
indicates a higher abundance. The difference in O and
Fe distributions would constrain the timing of energy in-
jection, since O was synthesized by SN II during galaxy
star formation, while Fe was mainly produced by SN Ia
much later than this period.

The OMLR shows a larger difference in clusters and
groups than the IMLR does, which may reflect the con-
dition that SN II products are more extended in groups
due to the effect of preheating. Fe was synthesized later
by SN Ia, and may be irrelevant to preheating. To fur-
ther investigate the problem of heating and enrichment,
we need numerical simulations including the effect of the
preheating and metal enrichment by both SN II and SN
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Ia.

3. Abundance pattern of hot intersteller medium in early-
type galaxies

We derived abundance pattern of O, Ne, Mg and Fe of
ISM of four elliptical galaxies, NGC 720 (Tawara et al.
2007), NGC 1399 (Matsushita et al. 2007), NGC 1404
(Matsushita et al. 2007), NGC 4636 (Hayashi et al.
2009), and two S0 galaxies, NGC 1316 (Konami et al.
2009), and NGC 4382 (Nagino et al. 2009) observed
with Suzaku.

The Fe abundances of the ISM in these galaxies are
about 0.5–1 solar, indicating that present SN Ia rate is
relatively low. In order to accumulate the observed high
IMLR in clusters, SN Ia rate should have been higher in
the past. The O, Ne and Mg abundances are consistent
with stellar metallicity. As summarized in Figure 4, their
abundance patterns of the ellipticals and an S0 galaxy,
NGC 1316 are not so different from the solar pattern,
using new solar abundance by Loddars (2003). These
galaxies are giant galaxies and their ISM temperatures
are 0.6∼1 keV. Considering the metal-enrichment from
present SN Ia, the near-solar abundance pattern of the
ISM in these galaxies indicates an enhanced α/Fe ratio
of stellar materials in the entire galaxy. In contrast, a
S0 galaxy, NGC 4382, with an ISM temperature of 0.3
keV, has a smaller O/Fe ratio in the ISM. This result
means that the ISM in this galaxy contains more SN Ia
products. Further studies to obtain more samples of the
ellipticals ad S0 galaxies would enables us to understand
the formation process of these galaxies in more detail.

4. Abundance pattern of hot insterstellar medium in spiral
galaxies

With Suzaku, abundance pattern of O, Ne, Mg, Si, and
Fe of hot ISM in starburst galaxies, the cap region of M
82 (Tsuru et al. 2007), and NGC 4631 (Yamasaki et al.
2009), and a non-starburst galaxy, NGC 4258 (Konami
et al. 2009) were derived. The observed abundance ra-
tios of halo region of the two starburst galaxies are close
to those of SN II. This result indicates that starburst ac-
tivities pollute intergalactic space with SN II products.
In contrast, these ratios of the disk regions of NGC 4631
and NGC 4258 are close to the new solar abundance
by Loddars (2003). Therefore, the new solar abundance
pattern may be common among normal spiral galaxies.

5. Conclusion

Suzaku observations of hot gas in clusters of galaxies,
groups of galaxies and galaxies give us new information
of O, and Mg abundances of the gas. The metal distri-
bution can be used as a tracer of the past history of star
formation, and thermal history in these systems.
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Fig. 4. The abundance ratios of O, Ne, Mg, Si, and S divided by
the Fe abundance (in units of solar ratio) of hot ISM in elliptical
galaxies, NGC 720 (closed circles; Tawara et al. 2008), NGC 4636
(open circles; Hayashi et al. 2009), NGC 1399 (closed triangles;
Matsushita et al. 2007), NGC 1404 (open triangles; Matsushita et
al. 2007), and two S0 galaxies, NGC 4382 (crosses; Nagino et al.
2009), and NGC 1316 (asterisks; Konami et al. 2009). The solid
line corresponds to abundance pattern of SN II by nucleosynthesis
model (Nomoto et al. 2006) and dotted, dashed and dot-dashed
lines correspond to those of SN Ia by Iwamoto et al. (1999)
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Abstract

Galaxy groups are key tracers of galaxy evolution, cluster evolution, and structure formation, yet they
are difficult to study at even moderate redshift. We have undertaken a project to observe a flux-limited
sample of intermediate-redshift (0.1 < z < 0.5) group candidates identified by the XBootes Chandra survey.
When complete, this project will nearly triple the current number of groups with measured temperatures
in this redshift range. Here we present deep Suzaku/XIS and Chandra/ACIS follow-up observations of
the first 10 targets in this project; all are confirmed sources of diffuse, thermal emission with derived
temperatures and luminosities indicative of rich groups/poor clusters. By exploiting the multi-wavelength
coverage of the XBootes/NOAO Deep Wide Field Survey (NDWFS) field, we aim to (1) constrain non-
gravitational effects that alter the energetics of the intragroup medium, and (2) understand the physical
connection between the X-ray and optical properties of groups. We discuss the properties of the current
group sample in the context of observed cluster scaling relations and group and cluster evolution and
outline the future plans for this project.

Key words: galaxies: clusters — X-rays: galaxies: clusters — surveys

1. Motivation

Galaxy groups are vital to our understanding of structure
formation, cluster evolution, and galaxy evolution. In
the local universe, 50%–70% of all galaxies are found in
groups (Tully 1987). Under the standard picture of hier-
archical structure formation, groups merge to form clus-
ters. Since group masses are relatively low, they are ideal
sites in which to observe non-gravitational processes that
affect the energetics of the plasma in both groups and
clusters (e.g. Balogh 2006). Interactions among group
galaxies, as well as interactions between individual galax-
ies and the group gravitational potential and intragroup
medium (IGM), can alter galaxy properties substantially
(Mulchaey 2000, Rasmussen et al. 2006).

Groups are difficult to study at even moderate red-
shifts (z > 0.1) because the galaxy overdensity is low
and because X-ray luminosities are modest (LX ∼ 1041–
1043 erg s−1). The XBootes Chandra survey (Murray et
al. 2005) provides a powerful opportunity for systematic
study of more distant groups. The 9.3 deg2 survey region
is almost fully covered by deep optical and near-IR imag-
ing from the NOAO Deep Wide-Field survey (NDWFS;
Jannuzi & Dey 1999), by the Spitzer/IRAC Shallow Sur-
vey (Eisenhardt et al. 2004), and by optical spectroscopy
of over 20,000 galaxies from the AGN and Galaxy Evo-

lution Survey (AGES) and ongoing MMT observations.

We have undertaken a project to observe a flux-limited
sample of intermediate-redshift (0.1 < z < 0.5) group
candidates identified by the XBootes Chandra survey
(Kenter et al. 2005). By exploiting the multi-wavelength
coverage of the XBootes/NDWFS field, we aim to con-
strain non-gravitational effects that alter the energetics
of the IGM, and to understand the connection between
the X-ray and optical properties of groups. Here we
present deep Suzaku/XIS and Chandra/ACIS follow-up
observations of the first targets in this project.

2. Sample Selection

Of the 43 extended X-ray sources identified by the
XBootes survey (see Figure 1), 27 exceed our flux thresh-
old of 2×10−14 erg s−1 cm−2. For 17 of these sources, we
have confirmed the presence of a bound group of galax-
ies with MMT spectroscopy. The brightest 13 targets
of the total sample have been observed (10 groups) or
awarded time (3 groups) with either Suzaku or Chan-
dra, depending on the presence of contaminating X-ray
point sources. These targets are listed in Table 1. We
continue to obtain redshift information for the remain-
ing sample, and additional groups will be proposed for
observation in future cycles of Suzaku and Chandra.
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Table 1. Group target list and observations

Group XBootes ID z S
a
14

Telescope Date Obs. ksec
1 CXOXB J143449.0+354301 0.151 4.2 Suzaku Dec 2007 42
7 CXOXB J143109.1+350609 0.194 4.7 Suzaku June 2007 42

30 CXOXB J143747.6+333110 0.222 4.1 Suzaku June 2007 39
2 CXOXB J142900.6+353734 0.234 6.9 Chandra May 2007 38

26 CXOXB J143615.4+334650 0.342 4.5 Suzaku June 2007 44
14 CXOXB J143156.1+343806 0.350 4.2 Chandra Sept 2008 50
24 CXOXB J142916.1+335929 0.131 9.7 Chandra Nov 2008 25
10 CXOXB J143508.8+350349 0.280 3.3 Chandra Nov 2008 45
37 CXOXB J142532.9+325644 0.215 2.3 Suzaku July 2008 40
32 CXOXB J142955.8+331711 0.420 2.7 Suzaku Feb 2009 40
33 CXOXB J142709.3+331510 0.242 6.3 Chandra AO10 (awarded) 30
23 CXOXB J142657.9+341201 0.130 22.1 Chandra AO10 (awarded) 20
39 CXOXB J143113.8+323225 0.278 11.2 Chandra AO10 (awarded) 50

a XBootes survey flux (0.5–2 keV) in units of 10−14 erg s−1 cm−2

Due to the size and depth of the XBootes survey, this
sample of groups fills a niche not covered by other sur-
veys. In general, our groups are poorer/cooler than the
clusters found in the larger but shallower ROSAT 400d
survey (Burenin et al. 2007). They should be richer
than those detected with XMM in the COSMOS survey
(Finoguenov et al. 2007). When complete, this project
will triple the current number of intermediate-redshift
groups with measured temperatures.

3. Observations and Spectral Modeling

We detect extended soft X-ray emission from all 10 ob-
served targets, with 0.5–2 keV fluxes ranging from 3–21
×10−14 erg s−1 cm−2. For some sources this is nearly
five times the measured XBootes snapshot flux (given in
Table 1), although this is expected from the deeper ex-
posures. Sample images from Suzaku and Chandra are
shown in Figures 2 and 3, with the exposure-corrected
X-ray emission overlaid on a combined SDSS b, i and
Spitzer/IRAC 3.6 µm image. The Suzaku image in Fig-
ure 2 contains X-ray point sources; the Chandra image in
Figure 3 has been smoothed after point source removal.

The Suzaku/XIS group spectra were extracted from
circular apertures of 1 Mpc radius at the group red-
shift. Point sources brighter than 10−14 erg s−1 cm−2

were masked out. Due to vignetting and non-uniform
OBF contamination, the X-ray background was fit si-
multaneously to a region outside the group aperture.
Detector background was corrected using the accumu-
lated Suzaku night Earth background data. The Chan-
dra/ACIS spectra were extracted from a similar aper-
ture, with a nearby region used as the background. Point
sources were masked by hand.

30 other sources
13 observed/scheduled

Group 10

Group 14

Group 1

Group 23

Group 24

Group 26

Group 2

Group 30

Group 32 Group 33

Group 37

Group 39

Group 7Group 11
Group 12

Group 13

Group 15Group 16Group 17Group 18

Group 19
Group 20

Group 21Group 22

Group 25

Group 27 Group 28Group 29

Group 31
Group 34Group 35

Group 36

Group 3

Group 40 Group 41 Group 42Group 43

Group 4

Group 5Group 6
Group 9

Fig. 1. Counts image mosaic of the original 5 ksec XBootes Chandra
snapshot (Kenter et al. 2005). The 13 confirmed groups in our
current sample are identified in black, the remaining 30 extended
X-ray sources are circled in gray. The image has been smoothed,
so some bright point sources appear extended. A handful of fields
suffered from high background, leading to the patchy appearance.

The diffuse group emission was modeled using the
APEC plasma code with variable temperature and abun-
dance. For all groups, the best-fit kT ranges from 0.7–
2.5 keV with abundances of 0.1–0.7 solar. The range of
temperatures is illustrated in Figure 4.

4. Initial Results: The LX -TX Relation

Scaling relations identify divergence from self-similarity
due to non-gravitational effects (pre-collapse heating,
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Fig. 2. Image of Group 1 (z = 0.151, kT = 0.67 keV) show-
ing the SDSS b, i and Spitzer/IRAC 3.6 µm combined im-
age. The Suzaku/XIS X-ray emission is shown as diffuse
grayscale. XBootes point sources are identified by open cir-
cles; the diffuse group X-ray emission appears extended to
the east due to a nearby point source. North is up, and the
image is 10 arcmin ∼ 1.6 Mpc on a side.

Fig. 3. Image of Group 14 (z = 0.352, kt = 1.45 keV) show-
ing the SDSS b, i and Spitzer/IRAC 3.6 µm combined im-
age. The Chandra/ACIS X-ray emission is shown as diffuse
grayscale. XBootes point sources are identified by open cir-
cles; all X-ray point sources have been excluded. North is
up, and the image is 5 arcmin ∼ 1.5 Mpc on a side.

galactic/AGN feedback, radiative cooling). Evolution in
scaling relations at group (rather than cluster) scales is
a powerful diagnostic because these non-gravitational ef-
fects are more important at smaller mass scales. A small
number of groups have been observed at intermediate
redshift with XMM-Newton (Willis et al. 2005, Jeltema
et al. 2006), and they show little if any evolution in the
LX -TX scaling relation (see Figure 4). A number of other
groups at z > 0.15 have measured TX (Bauer et al. 2002,
Grant et al. 2004, Fassnacht et al. 2007), bringing the to-
tal to 16, excluding this work. The large intrinsic scatter
in the LX -TX relation requires a large sample of groups
to distinguish between various models. Our full sample
will triple the number of groups with measured TX in this
redshift range. The first 10 groups have properties con-
sistent with the observed LX-TX relation at z ∼ 0 (see
Figure 4). They lie in a region on the faint end of the
cluster population and bright end of the typical group
population, similar to the XMM-Newton group samples.

The XBootes group LX -TX relation shows a hint of
flattening at the low kT end, however systematic effects
prevent us from concluding this at the present. No spa-
tial analysis has been completed to extrapolate the group
X-ray fluxes out to r500. We expect the aperture cor-
rection to be less than 50%, and this will increase the
LX systematically. On the other hand, the Suzaku data
suffer from AGN contamination due to the poor spatial

resolution. This correction will decrease LX for the six
groups observed with Suzaku.

5. Future Work: Evolution of the Group X-Ray/Optical

Connection

Most studies of the properties of groups beyond the local
universe rely on X-ray selected samples, since finding the
extended X-ray emission indicative of a virialized system
is not difficult in surveys with sufficient depth. On clus-
ter scales, it is clear that there are systematic differences
in the X-ray properties depending on sample selection
method (e.g. Donahue et al. 2001, Lubin et al. 2004,
Barkhouse et al. 2006). On group scales (kT < 3 keV),
only half of optically-selected groups at low redshift are
seen to produce X-ray emission (Mulchaey 2000, Ras-
mussen et al. 2006). This could be due to incomplete
gravitational collapse, a shallower potential (and lower
X-ray temperature) than expected, or simply a lack of
IGM gas, perhaps as a result of feedback from group
galaxies to the IGM (Rasmussen et al. 2006). These dif-
ferences likely result from the details of group formation
and the interplay between galaxies and the IGM, but
they have been very difficult to understand because we
lack appropriate X-ray and optical data on representa-
tive group samples beyond the local universe.

We have begun an optical search for groups using
AGES and additional MMT spectroscopic galaxy red-
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Fig. 4. LX -TX relation for our 10 groups, plotted with low-z group and cluster samples and a sample of 11 other intermediate-z groups with
measured TX . The XBootes systems lie in a region of rich groups and poor clusters. No aperture correction has been performed on the
XBootes group emission, therefore an additional systematic error of < 50% is possible in LX,bol.

shifts. With follow-up data of the full X-ray sample, we
will directly compare the properties of optically-selected
and X-ray-selected groups, and we will be able to di-
rectly compare groups at intermediate redshift to those
at z ∼ 0. This will enhance larger surveys such as the
400d cluster survey (Burenin et al. 2007), which is not
sensitive to groups of this mass in this redshift range.
It will also complement the deeper COSMOS survey
(Finoguenov et al. 2007), which is sensitive to lower mass
groups but due to its smaller field detects few groups in
this mass range.

In addition to probing the X-ray properties of
optically-selected groups, the multi-wavelength coverage
of this Bootes field opens the door for additional studies.
We will be able to constrain the group velocity dispersion
and compare to X-ray mass estimators. With the exist-
ing deep, multi-band imaging, we will also investigate
the role of environment (local galaxy density, early-type
fraction, brightest group galaxy) in determining group
X-ray properties (X-ray luminosity, gas temperature).
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Abstract

Status about the Suzaku search of warm-hot intergalactic medium (WHIM) is briefly reported. As-
trophysical importance of this study is described. Good energy resolution in the soft X-ray energy range
and low background of XIS give us the highest sensitivity so far for WHIM. Cluster outskirts of A2142
and Shapley supercluster regions are discussed in some detail. We obtained the typical upper limit for the
gas density to be about 300(L/2Mpc)−1/2(Z/0.1Z⊙)−1/2, with L and Z the line-of-sight depth and the
metallicity of the WHIM cloud. Future dedicated missions for the WHIM search, DIOS and Xenia, are
briefly described.

Key words: intergalactic medium — galaxies: clusters — cosmology: observations

1. Introduction

Baryons consitute only about 4% of the total energy den-
sity in the present universe. Even for those baryons,
less than half of them has been identified as hot and
cold gas and stars (Fukugita et al. 1998), and the rest
is predicted to be in the form of warm-hot intergalac-
tic medium (WHIM) with temperatures 105−7 K (e.g.
Cen & Ostriker 1999). Figure 1 shows the baryon dis-
tribution in the density-temperature space in the local
universe taken from Branchini et al. (2009). The cen-
tral region in this diagram, with overdenstiy 1–1000 and
temerature 105−7 K, corresponds to WHIM. Many small
circles overlaid in this plot show expected sensitivity of
dedicated X-ray missions. Clearly, WHIM forms a major
part of the whole baryons and it needs to be stuied for
our deeper understanding of the structure formation and
chemical enrichment of the universe.

Because WHIM escapes from our detection, it is also
called as missing baryons. Since the density of WHIM is
only 10–100 times the average level in the local universe,
their detection has not been successful. There have been
reports of WHIM detection based on both absorption
line and continuum emission measurements, however we
need independent high quality confirmations to estab-
lish those detections (Nicastro et al. 2005; Kaastra et al.
2006; Rasmussen et al. 2007). Additional difficulty for
the WHIM search is that the temperature is close to the
foreground Galactic emission (see Yamasaki 2009), and
the separation is only possible with the redshift of emis-
sion or absorption lines. Therefore, high-resolution spec-

troscopy is really needed to make a substantial progress
in the WHIM study.

Fig. 1. Phase space diagram of the baryons at z < 0.2 taken from
Branchini et al. (2009) which is based on numerical simulation by
Borgani et al. (2004).

WHIM is expected to carry very rich information
about the thermal and chemical history of the universe.
As a result of the first star formation, the intergalactic
space was reionized at z ≈ 11 (Dunkley et al. 2009).
Then, as the galaxies are formed, the surrounding space
has been enriched with metals. The formation of the
large-scale structure caused the WHIM contained in the
filaments to be heated up. Therefore, WHIM was created
as a natural reaction of galaxy and structure formations.
Study of WHIM will give us an opportunity to look at
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the evolution of the universe from a different viewing an-
gle, compared with the traditional observations of stars
and galaxies.

2. Recent Suzaku studies

We will report on recent 2 observational studies from
Szaku. One is the outer region of a merger cluster A2142
(z = 0.0909) and the other is the Shapley supercluster
(z = 0.048). Since Shapley observations are separately
reported by Mitsuishi et al. (2009) in this volume, we
will be very brief about it.

2.1. A2142

A2142 is a very hot (kT ≈ 9 keV) and luminous clus-
ter, from which the first evidence of cold fronts has been
reported by Markevitch et al. (2000). The cluster looks
slightly elongated in the direction of merger axis (from
northwest to southeast). These features suggest that
there may well be a large-scale filament running in this
direction, since a subcluster infall has already occurred in
the past. The other feature of A2142 is its right redshift
at z = 0.0909. With redshift approaching 0.2, OVIII line
from WHIM tends to overlap with the Galactic OVII line
and the shifted OVII line also overlaps with a spectral
hump produced by oxgen edge due to XIS filters.

Observations of 3 regions offset from A2142 were car-
ried out in August-September 2007, with the XIS instru-
ment, as shown in figure 2. The field centers are 16′, 25′

and 41′ (r180 corresponds to 26′) offset from the cluster
center, which we thought were most effective to search
for the WHIM emission. Therefore, the Suzaku observa-
tions have covered almost to 2r180.

In order to search for WHIM using both redshifted
O lines and excess continuum spectrum, we need back-
ground spectrum taken in near-by regions. For this pur-
pose, we looked at the third pointing data, which is the
farthest from A2142, and a data pointed at T CBr lo-
cated at about 5◦ from the cluster. These spectra agree
well with each other, and are consistently fitted with
standard Galactic emission. The Galactic emission con-
sists of the Local Hot Bubble (kT ∼ 0.1 keV) and Milky-
Way Halo (0.3 keV). Using this 3rd pointing data as the
background, cluster temperature was traced to about
1.2 r180 with kT = 2.1+3.4

−1.5 keV at 0.95 − 1.2 r180 and
1.1 ± 0.4 keV at 1.2 − 1.5 r180, respectively. Systematic
errors due to uncertainty in the XIS filter contamina-
tion and fluctuation of cosmic X-ray background give
additional error in temperature by 1–2 keV. Therefore,
A2142 shows a dramatic temperature drop from 9 keV
to nearly 1 keV, and we will look into the question of
how such a temperature drop can be explained in the
theoretical framework.

We also searched for spectral signatures of redshifted
OVII and OVIII emission lines, finding no significant ev-

idence. The data we fitted were for the region 1.2 −
1.5 r180 from the cluster center. The 2σ upper limits fo
line intensities are < 2.3×10−7 and < 2.1×10−7 photons
cm−2 s−1 arcmin−2 for OVII and OVIII lines, respec-
tively, as shown in figure 3. Assuming the line-of-sight
depth for the possible WHIM clound to be 2 Mpc with
the metal abundance of 0.1 solar, the inferred upper limit
for the gas overdensity δ (ratio to the average baryon
density in the local universe, 1.77×10−7(1+z)−3 cm−3)
becomes 560 for both lines. This value is rather high
compared with the previous report for A2218 (δ < 270)
based on Suzaku observations with the same assumption
about the WHIM size and metallicity (Takei et al. 2007).

Fig. 2. Suzaku image for A2142 cluster taken near the virial radius,
shown as a dotted circle. Other large circles show radial regions
for spectral analysis. Six sources removed are shown with solid
circles.

Fig. 3. Upper limits for redshifed OVII and OVIII lines fitted to spectra
for the region 1.2 − 1.5r180 from A2142.

2.2. Shapley supercluster

This supercluster has a redshift z = 0.048 character-
ized by the brightest central cluster A3558. Suzaku per-
formed 3 pointings, with the one between A3558 and
A3556 (separation is 1 r180 from both clusters), 1◦ offset
in the north direction, and ∼ 4◦ offset in the north-east
direction. The first region showed a significant excess
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in the ROSAT data (Kull & Böhringer 1999). The last
pointing gives a spectrum consistent with the standard
Galactic background and was used as the background
for the other 2 pointins. As described by Mitsuishi et
al. (2009) in this volume, we found an excess emission
around 1 keV for both the data. Since the redshift is
small, the excess component can be fit by both the Galac-
tic and Shapley emissions, with kT ≈ 0.8 keV in the lat-
ter case. If we assume that the emission is associated
with the supercluster, then the inferred gas overdensity
becomes 255(L/4Mpc)−1/2 which is a fairly low upper
limit even though the assumed line-of-sight depth L is
somewhat large.

The no detection of redshifted OVII and OVIII lines
sets an upper limit for the WHIM overdensity. Assuming
the same depth and oxygen abundance of 0.1 solar, the
OVIII line gave a low limit of δ < 204(L/4Mpc)−1/2.
Since the redshifted OVIII line falls close to the spectral
valley between the OVII and OVIII lines, the data gave
a very low upper limit for the line intensity.

Even though the data do not allow us a definite con-
clusion, the presence of the possible 0.8 keV emission
only around the supercluster region is suggestive. The
temperature is too high even considering the spatial fluc-
tuation of the Galactic emission, and rather close to the
bottom value of the temperature decline in the cluster
outskirts. The spectrum is very different from those due
to the solar wind effect. We need to look at other Suzaku
data for superclusters and cluster outskirts if similar soft
emission may be seen in those unvirialized regions.

3. Summary of Suzaku observations

Suzaku has carried out WHIM search for several clus-
ters of galaxies. Regarding the search of redshifted OVII
and OVIII emission lines in cluster outskirts, all the ob-
servations give upper limits, which are summarized in
figure 4. The A1413 data were taken from Hoshino et al.
(2009) in this volume, and the Coma-11 results are given
by Takei et al. (2008). Measured intensity for the typ-
ical Galactic lines by McCammon et al. (2002) are also
shown for comparison. These upper limits correspond
to overdensity of the WHIM to be δ ∼ 300. This over-
density is larger than those near r180 of clusters, where
X-ray emission is barely detectable with Suzaku. This is
because constraint set by only the oxygen lines is weaker
than those using the whole spectrum.

Although there may be X-ray emission produced by
WHIM with kT ∼ 0.8 keV or lower, the definite evidence
will be only obtained through the detection of redshifted
lines. If energy resolution becomes 10 times better than
the XIS level, the S/N ratio becomes better by a factor
of 3.2 if the same effective area and the same solid angle
are given. This may give a reduction of detectable over-
density by a factor of 1.8 (=

√
3.2) since the intensity

scales as density squared. However, with 10 times better
energy resolution, we will be able to find good energy
ranges (or target redshift) so that there are no Galactic
emission lines overlapping with redshifted O lines. So,
S/N ratio would become even higher than this, and we
expect a substantial improvement in the WHIM study.
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Fig. 4. 2σ upper limits for the OVII and OVIII line intensities mea-
sured with Suzaku in cluster outskirts compared with Galactic line
intensities by McCammon et al. (2002).

We will continue our effort of the WHIM search using
Suzaku and other X-ray observatories, however it looks
likely that the firm X-ray evidence of WHIM will have
to wait for the advent of microcalorimeters.

4. Future prospects

It is getting quite clear that a substantial improvement
in energy resolution is necessary for the unambiguous de-
tection of WHIM. Therefore, this is an area where mi-
crocalorimeters will give substantial improvement, and
several dedicated X-ray missions have been proposed.

The first mission we introduce is a mission under the
Japanese small scientific satellite program called as DIOS
(Diffuse Intergalactic Oxygen Surveyor: figure 5). De-
tails about the spacecraft and status of technology de-
velopment can be found in Ohashi et al. (2006) and in
Tawara et al. (2008). The purpose of DIOS is to carry
out survey observations of WHIM using redshifted OVII
and OVIII emission lines. For this purpose, DIOS will
employ an array of TES microcalorimeters cooled by
mechanical coolers and combined with a 4 reflection X-
ray telescope. Previous observations with CCD detec-
tors have difficulties in detectecting and separating red-
shifted emission lines from the Galactic emission unam-
biguoudly. Even grating spectrometers on-board Chan-
dra and XMM-Newton give controvertial results about
the absorption lines attributed to WHIM against bright
emission from a blazar Mkn 421. The superior energy
resolution (∆E ≈ 2 eV) with TES and wide grasp (SΩ)
by the telescope will bring orders of magnitude advance
in the sensitivity for the WHIM detection.

The DIOS satellite will weigh about 400 kg, and will
carry one X-ray telescope whose outer shells consist of
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4 reflection stages and an array of TES microcalorime-
ters having 256 pixels. The 4 reflection telescope has a
focal length of only 70 cm, enabling the focal plane de-
tector of 1 cm square to cover a sky area of 50′ × 50′.
The covered energy range will be limited to 0.3–2.0 keV
where 4 reflections do not degrade the effective area by
60% from the 2-reflection level. The TES instrument will
be cooled to ≤ 100 mK by a combination of mechanical
coolers and adiabatic demagnetization refrigerators, giv-
ing an unlimited life of operation.

The instrument will give SΩ ≥ 100 cm2deg2, which
gives the sensitivity to extended sources even higher than
the planned large X-ray observatories. Since a pointing
of 1 Msec will be necessary to detect WHIM, a toal area
of a few square degrees will be mapped in 2 years. The
short focal length will also give an extremely low back-
ground, since a sky region will be observed by a very
small detector area. Besides the study of WHIM, DIOS
will give us unprecedented sensitivity for cluster out-
skirts, supernova remnants, Galactic hot gas, and geo-
coronal charge exchange emission.

DIOS is planned to be implemented after ASTRO-H,
whose launch is scheduled to be in February 2014. So,
the likely launch year will be around 2016. The formal
mission proposal will be submitted within the next few
years to meet the selection process of future small scien-
tific satellites.

Fig. 5. Proposed X-ray missions to explore WHIM using high-resolu-
tion spectroscopy: DIOS (top) and Xenia (bottom)

A scaled-up version of DIOS has been discussed and
was proposed to ESA’s cosmic vision (as EDGE) and to
US Decadal Survey (as Xenia1 shown in figure 5). The
satellite will weigh about 2000 kg and will carry CCD
instruments and gamma-ray burst detectors along with

*1 http://sms.msfc.nasa.gov/xenia/

wide-field TES calorimeters. The major improvements
for Xenia/EDGE are larger SΩ of about 600 cm2deg2,
fast slewing capability, and wide field CCD camera.

Apart from the large grasp of the TES calorimter in-
strument, the fast slewing capability enables Xenia to
observed absorption features due to WHIM against X-
ray afterglows of γ-ray bursts. Since γ-ray bursts are
produced by distant galaxies up to z = 8, and extremely
bright in X-rays if they can be observed within 1 min
of the burst onset. The fast slew function is successfully
working in SWIFT satellite, so it is a reliable technol-
ogy. Therefore, absorption lines and edges by interven-
ing WHIM as well as by host galaxies of the bursts can be
observed with TES calorimeters. The absorption line ob-
servations against γ-ray bursts enable probing of WHIM
clouds in high-redshift universe for the first time. Also,
the WHIM cloud which produced absorption lines can be
observed with emission lines when afterglows faded out.
Based on the simultaneous knowledge for both emission
and absorption for the same cloud, we can solve for the
density and line-of-sight depth of the cloud. This pro-
vides a unique method to estimate the geometry and
physicsl state of WHIM, giving a strong constraint to
theoretical models.

Among the many subjects where high resolution spec-
troscopy will bring substantial advances in science, the
WHIM study will see a real breakthrough with future
dedicated missions as well as by the ultra high-resolution
spectroscopy such as the grating spectrometers proposed
for IXO.

References

Borgani, S. et al. 2004, MNRAS, 348, 1078
Branchini, E. et al. 2009, ApJ, 697, 328
Cen, R., & Ostriker, J. P. 1999, ApJ, 514, 1
Dunkley, J., et al. 2009, ApJS, 180, 306
Fukugita, M., Hogan, C. J., & Peebles, P. J. E. 1998,

ApJ, 503, 518
Hoshino, A. et al. 2009, this volume
Kaastra, J. S. et al. 2006, ApJ, 652, 189
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Abstract

We present broad band Suzaku observations of a small sample of hard X–ray selected (> 10 keV),
nearby Seyfert 2 galaxies and discuss the results in the context of AGN unified model. We also review the
issues related to the space density of heavily obscured, Compton Thick AGN in the local Universe and the
perspectives for the search of these objects at high redshifts.
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1. Introduction

Since the discovery of polarized broad emission lines in
the archetypal Seyfert 2 galaxy NGC 1068 (Antonucci &
Miller 1985), the AGN Unified Model (UM) was tested
over the entire electromagnetic spectrum. While it has
been realized that its original formulation was too simple
to explain the large body of observational data, it still
provides a useful framework for AGN studies.

Hard X–ray observations of Seyfert galaxies have
shown that absorption by circumnuclear gas and dust,
presumably with a toroidal geometry, is almost ubiqui-
tous among optically classified Type 2 objects. Deep and
wide X–ray surveys, combined with pointed observations
of nearby bright AGN, allowed to probe a large interval
of luminosities, redshifts and column densities and thus
to test the AGN UM in the X–ray band.

A wide range of absorbing column densities is observed
among Seyfert 2 and is required to fit the X–ray back-
ground (xrb) spectrum (Gilli et al 2007; Treister et al.
2009). Absorption is much less common at high X–ray
luminosities with a trend similar to that observed at op-
tical and infrared wavelengths (Simpson 2005, Maiolino
et al. 2007). There are also hints of an increasing frac-
tion of obscured AGN towards high redshifts (La Franca
et al. 2005; Treister et al. 2006). Besides providing addi-
tional tests to the UM, the above trends are most likely
closely related to the growth and evolution of Supermas-
sive Black Holes (SMBHs). According to current models
(e.g. Hopkins et al. 2008) all the galaxies undergo a
phase of heavy, possibly Compton Thick (NH > 1024

cm−2) obscuration, strong accretion and star formation.
The census of obscured AGN may thus provide useful in-
sights on our understanding of a key phase of SMBH and
galaxy co-evolution. Due to the lack of sensitive X–ray

observations above 10 keV, Compton Thick AGN can be
efficiently detected and recognized as such only in the
local Universe.

In the following we present Suzaku observations of a
small sample of hard X–ray selected Seyfert 2. The goal
is to characterize the physics and geometry of the ob-
scuring gas and, a first step, to investigate their local
space density. We also briefly discuss the search for the
most obscured sources in various X–ray surveys and the
implications for the study of their properties at high red-
shifts.

2. Suzaku observations of nearby Seyfert 2 galaxies

We have conceived a program with Suzaku (Mitsuda et
al. 2007) to observe five nearby, relatively X–ray bright
(> 10−11 erg cm−2 s−1) AGN. The sources were selected
from the integral/ibis (Beckmann et al. 2006) and
swift/bat (Markwardt et al. 2005) catalogues. The
column densities, as inferred from archival Chandra and
XMM–Newton observations, are of the order of 1023−24

cm−2, though affected by large errors. For all the sources
in the sample, a significant detection is achieved with the
hard X–ray detector up to 40–50 keV along with a good
quality X–ray spectrum with the xis ccd below 10 keV
(Fig. 1 and Comastri et al. 2009). The high energy (>
2-3 keV) spectra are fitted with an absorbed power law
plus a reflaction component and an iron line.

Not surprisingly, heavy absorption with column densi-
ties in excess of 1023 cm−2 is measured in all the sources.
Three of them are Compton Thick (NH > 1024 cm−2)
and among those, two are best fitted by a reflection dom-
inated spectrum. A summary of the spectral fit param-
eters, relevant for the present discussion, is reported in
Table 1. Soft X–ray emission, in excess of that expected

This document is provided by JAXA.



The Energetic Cosmos : from Suzaku to ASTRO-H 357

Fig. 1. The Suzaku spectra of the Seyfert 2 galaxy sample. The open
circles at high energies are from Integral.

by an extrapolation to lower energy of the absorbed spec-
trum, is clearly observed in all objects with only one
exception. The low energy spectrum is fitted with two
different models: (i) a partial covering (leaky absorber)
model and (ii) a power law plus narrow Gaussian lines
to approximate the emission of circumnuclear gas pho-
toionized by the central nucleus.

2.1. Partial covering model

The fits with a partial covering model, which provides
a good description of the broad band spectra, allow us
to compute the fraction (f) of primary X–ray emission
scattered into the line of sight and related to the cover-
ing fraction of the absorbing matter (e.g. the postulated
torus in AGN UM). Interesting enough, the measured
values of f and the intensity of the reflection compo-
nent (R) follow the correlation suggested by Eguchi et
al. (2009) based on the analysis of a small sample of 6
Seyfert 2 galaxies detected by Swift/Bat and selected
in a very similar way (Fig. 2). Following Eguchi et al
(2009), sources with a low scattering fraction, dubbed
“New Type” AGN, are associated to a geometrically
and optically thick configuration of the obscuring gas
seen rather face on. On the basis of a solid angle argu-
ment, they predict a large population of heavily Comp-
ton Thick AGN (NH > 1025 cm−2) with extremely low
scattering fraction which would remain largely unde-

Fig. 2. Scattering fraction vs reflection component intensity. Red
points are from Eguchi et al. (2009), blue points refer to the
3 objects in the present sample for which the scattering fraction
could be estimated.

tected even in hard X–ray observations. While it may
be premature to invoke the presence of a new popula-
tion on the basis of the present data, the existence of
fully covered, heavily obscured AGN would have impor-
tant consequences for the census of SMBHs.

Table 1. Suzaku sample

Source Name NH (cm−2) f(%) R Kα EW (eV)
ESO137-G34 1025 ... ... 1350
ESO323-G32 1025 ... ... 2200
NGC 5728 1.5 1024 1.5 0.35 1040
ESO263-G13 2.6 1023 0.8 <0.6 80
NGC 4992 5.5 1023 0.2 2.2 450

2.2. Soft X–ray emission lines

An equally good description in terms of spectral fits qual-
ity is obtained assuming that the soft X–ray emission is
due to a blend of emission lines which are tipically re-
solved in good signal to noise XMM–Newton reflection
grating spectra (Guainazzi & Bianchi 2007). While pho-
toionization codes (e.g. xstar) are usually adopted to
model high resolution soft X–ray spectra, the statistical
quality of the available ccd data is such that a simple
parameterization, in terms of a power law plus narrow
Gaussian lines, is well suited for the present purposes.
The power law slope is free to vary and is independent
from that of the obscured high energy continuum to pos-
sibly account for “residual” emission from thermal gas.
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Fig. 3. The unfolded spectrum of NGC 4992, fitted with an absorbed
power law plus a Iron line at high (> 3–4 keV) energies. The
weak soft X–ray spectrum can be fitted with a power law and a
sum of Gaussian lines.

Individual, narrow Gaussian lines are then added at the
best fit energy of the most common transitions observed
in other Seyfert galaxies. The line energy and intensity
are free parameters of the fit. The number of lines con-
sidered for each source depends from the actual count-
ing statistics. The ionized Oxygen oviii line at 0.65 keV
and neix at 0.92 keV are present in all the objects. A
large fraction of the soft X–ray flux in NGC 4992, the
source with the lowest scattering fraction in our sample
(Fig. 3), can be accounted for in terms of line emission.
The richest line spectrum is that of NGC 5728 where
nine indipendent lines (from Oxygen to Calcium) can be
fitted (Fig. 4).

The best fit parameters of the hard X–ray continuum
are fully consistent with those obtained with a partial
covering fit.

Both models provide a good description of the ob-
served spectra and it is not possible, with the available
counting statistics, to choose a “best fit” model. The
explanation of the soft X–ray excess as a blend of unre-
solved (at the ccd resolution) lines from a photoionized
plasma is consistent with previous X–ray observations of
nearby, obscured AGN (Guainazzi & Bianchi 2007).

3. The space density of obscured AGN

Hard X–ray selection is, in principle, almost unbiased
against heavy obscuration and thus considered to be well
suited to estimate the intrinsic absorption distribution of
AGN and, in particular, the relative fraction of Compton
Thick AGN in the local Universe. The large majority of
integral/ibis and swift/bat flux limited samples of
bright AGN were observed by XMM and Chandra and
were the subject of follow–up dedicated programs with
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Fig. 4. The unfolded spectrum of NGC 5728, fitted with the same
model adopted for NGC 4992. The nuclear source is obscured by
Compton Thick gas and strong Kα and Kβ iron lines are detected

Suzaku. Surprisingly, only the already known Comp-
ton Thick AGN were recovered by the above mentioned
hard X–ray surveys and no examples of newly discov-
ered Compton Thick sources are reported in the litera-
ture. As a consequence, the relative fraction of Compton
Thick AGN falls short by a factor of about 2 than that
predicted by the Gilli et al. (2007) XRB synthesis model
at the integral and swift limiting fluxes. A relatively
low contribution of CT AGN is predicted by the XRB
synthesis model of Treister et al. (2009). By fixing the
low redshift CT AGN fraction to that observed by hard
X–ray surveys, they conclude that the total contribution
of Compton Thick obscured accretion to the XRB is of
the order of 10%, to be compared with about 25% of
Gilli et al. (2007).

It is important to stress that the observed fraction in
the local Universe is estimated using a relatively low
number of sources and indeed the associated errors are
large. Nevertheless, it seems that present observations
are favouring a relatively low space density of heavily ob-
scured sources. It is possible to reduce the discrepancy
between the the original Gilli et al. (2007) model predic-
tions and the observations assuming a lower ratio (0.3 in-
stead of 1) between obscured and unobscured, luminous
(LX > 1044 erg s−1) AGN (upper envelope of the shaded
region in figure 5). A better agreement (lower envelope
of the shaded region in figure 5) is obtained assuming
a slightly different NH distribution. More specifically,
the space density of transmission dominated Compton
thick AGN, detectable by surveys above 10 keV, is re-
duced and, at the same time, that of Compton thin and
reflection dominated sources is increased in such a way
to keep approximately constant the total number of ob-
scured AGN in the model and to fit the XRB spectrum.
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Fig. 5. The fraction of Compton thick AGN as a function of the X–ray
flux. The dashed line and the yellow shaded region correspond to
the predictions of Treister et al. (2009) and Gilli et al. (2007)
respectively for the 20–40 keV band, while the points with error
bars are the observational estimates from BAT and IBIS. The blue
shaded region and the points at low X–ray fluxes correspond to
the Gilli et al predictions in the 2–10 keV band and the “observed”
fraction in various surveys as labeled, respectively.

The discrepancy between the two models is now negligi-
ble at bright X–ray fluxes, while it remains significant at
lower fluxes and higher redshifts.

Deep Chandra surveys have unveiled several exam-
ples of heavily obscured candidate Compton Thick AGN
(Tozzi et al. 2006; Georgantopoulos et al. 2009). At
the face value the observed fraction is consistent with
the Gilli et al. (2007) predictions in the 2–10 keV band,
though the statistical fluctuations, due to the low num-
ber of objects and systematics errors associated to the
column density determination, may well be larger than
those plotted in figure 5.

A significant improvement in the study of Compton
thick AGN at z ∼ 1, and possibly beyond is expected by
the ongoing ultra–deep (2.5 Msec) XMM–Newton survey
in the CDFS. Thanks to the large throughput of XMM
it will be possible to obtain good quality X–ray spectra
for a sizable number of sources. The pn spectrum of a
candidate CT AGN at z = 1.53 in the Tozzi et al. (2006)
sample, obtained with about half of the total final expo-
sure, is reported in figure 6. A strong (EW of about
1 keV) Kα line is detected on top of a very hard con-
tinuum and is interpreted as the signature of Compton
Thick obscuration.

Indirect searches for Compton Thick AGN at z ≃ 2,
using a mid–IR optical color selection (Daddi et al. 2007;
Fiore et al. 2008; 2009), seem to suggest that heavily ob-
scured accretion at high redshift may be common, in line
with the theoretical expectations. However the possible

Fig. 6. The XMM-Newton spectrum of a candidate Compton Thick
AGN in the CDFS (for a total exposure time of ∼ 1.5 Ms).

contamination from starbust galaxies is a serious issue
and the determination of the space density of Compton
thick AGN at high–z is still affected by large uncertaini-
ties. Forthcoming herschel observations will allow to
disentangle starburst from nuclear emission, extending
previous studies with spitzer to higher redshifts.

The direct detection of high redshift, heavily obscured
Compton Thick AGN and the statistical study of their
properties (luminosity function and evolution) cannot be
achieved without imaging observations in the hard X–
rays. In this respect, a major step forward is expected by
future planned missions such as astro-h and nustar.
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Abstract

Recent results from Suzaku observations of obscured active galactic nuclei (AGN) and implications
for their evolution are presented. We utilize Suzaku data to measure broad-band spectra of obscured
AGN selected by [OIII]λ5007 optical emission lines or hard X-rays, and to constrain the structure of the
nucleus. Spectra of obscured AGNs are well represented by a canonical model consisting of absorbed and
unabsorbed power laws, a reflection continuum, an Fe-K line, and soft emission lines in most cases. We
derive the distribution of absorption column densities for the [OIII] selected sample and find that about a
half are Compton-thick, supporting earlier results with better quality of data. Some of hard X-ray selected
obscured AGNs show very weak soft emission, which is presumed to be scattered by photoionized gas in
the opening part of the absorber. The weakness of the scattered emission suggests that they are buried
in a geometrically thick absorber. In order to explore such a new type of AGNs, we also present results
on a new sample of obscured AGNs selected from the XMM-Newton serendipitous source catalogue and
compare the geometry of obscuring matter and various fundamental parameters.

Key words: galaxies:active — X-rays:galaxies

1. Introduction

Obscured AGNs constitute a significant fraction of AGNs
and are an essential class of objects in many aspects
of AGN studies including unification and evolution of
AGNs, relationship to their host galaxies, and the ori-
gin of the Cosmic X-ray background. X-ray observa-
tions have played a key role in untangling the nature of
obscured AGN population since the discovery of “hid-
den Seyfert 1 nuclei” in Seyfert 2s, supporting a unified
model of AGNs (Awaki et al. 1990). Subsequent ob-
servations have shown that their X-ray spectra consist
of absorbed power law accompanied by a strong Fe-K
line, soft X-ray emission scattered by ionized gas in the
opening part of the obscuring matter, soft X-rays pro-
duced by starburst activity, and so on. Broad-band X-
ray observations are a powerful way to decompose such
complicated spectra and to measure the amount of ab-
sorption/reflection, intrinsic power, and so on (e.g., Done
et al. 1996). Since the combination of these components
depends on the geometry of the obscuring matter, mea-
surements of the spectral components can be used to
constrain the structure of obscuring matter.

Although well selected samples are clearly required for
thorough understanding of this population, constructing
unbiased samples of obscured AGNs, however, is difficult
because of large absorption. Optical narrow emission
lines like [OIII]λ5007 and hard X-rays are less affected
by absorption and are often employed as a measure of

intrinsic power of AGNs and a means to define AGN
samples in a less biased manner. We have been conduct-
ing systematic Suzaku observations of obscured AGNs
selected by different methods. In this paper, we summa-
rize results from Suzaku observations of AGNs selected
by means of optical emission lines and hard X-rays with
Swift BAT. We also present a study of obscured AGNs
in the XMM-Newton archives to extend our results from
Suzaku and to discuss implications for the evolution of
obscured AGNs. Objects in our samples are mostly in
the local universe, which can be basis of understanding
high-z objects and AGN evolution.

2. Optical Emission-line Selected Sample

[OIII]λ5007 optical narrow emission lines are often used
as a tracer of intrinsic luminosity of AGNs. Risaliti et al.
(1999) defined an [OIII] flux limited sample selected from
Seyfert 1.8, 1.9, and 2 galaxies in the Revised Shapley
Ames catalog (Maiolino & Rieke 1995) and studied the
distribution of absorbing column densities (NH), which
is a fundamental input for population synthesis models
of the Cosmic X-ray background. About a half of their
sample are Compton-thick and their X-ray emission be-
low ∼ 10 keV is substantially attenuated. X-ray spectra
above 10 keV for some of the Compton-thick objects have
been measured with BeppoSAX, while many objects have
not been observed at hard X-rays or only upper limits
on the hard X-ray fluxes have been obtained, for which
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Fig. 1. Suzaku spectra of the Seyfert 2 Mrk 1073 in [OIII]-selected
sample fitted with the canonical model.

measurements of NH are ambiguous.
We selected objects bright in [OIII] and without high

quality hard X-ray data from Risaliti’s sample and ob-
served them with Suzaku for typical exposures of 40 ksec
to measure their broad band spectral shape. One object
NGC 4968, which is a Seyfert 2 very bright in [OIII] but
not included in Risaliti’s sample, was also observed. We
observed 11 Syefert 2s in total and high quality data are
available for 35 [OIII] brightest objects if observations
with Suzaku, BeppoSAX, XMM-Newton for the rest of
Risaliti’s sample are combined.

All the objects in our sample are clearly detected with
the XIS, while hard X-rays above 15 keV are detected
from seven objects with the HXD/PIN. The spectra of
our sample are well explained by a “canonical” model
consisting of an absorbed power law, an unabsorbed
power law, soft plasma emission, a reflection continuum,
and strong Fe-K emission. The photon indices for both
absorbed and unabsorbed power laws were fixed at 1.9
in our fits. NH values are reasonably constrained for our
sample except for five objects, for which only lower limits
on NH were obtained. The best-fit NH values are in the
range (1−5)×1024 cm−2, although NH values depend on
assumed strength and absorption of the reflection con-
tinuum. All the objects show strong Fe-K line emission
at around 6.4 keV. The Suzaku spectra of the Seyfert
2 Mrk 1073 is shown in Figure 1 as an example. The
distribution of NH is shown in Figure 2 (Awaki et al.
2010). About a half of the objects are Compton-thick,
confirming the results obtained by Risaliti et al. with
better quality broad band data.

Hard X-ray surveys above 10 keV can detect more
heavily absorbed AGNs compared to surveys at lower
energies. The distribution of column densities measured
for Swift/BAT and INTEGRAL selected AGN samples

Fig. 2. Distribution of absorption column densities for [OIII] (solid
line) and Swift/BAT (dashed line) selected samples. The “>”
symbol denotes lower limits on NH in the [OIII] sample. The
data for the Swift sample are taken from Tueller et al. (2008)
and contain both unobscured and obscured AGN.

are published in, e.g., Tueller et al. (2008) and Mal-
izia et al. (2009), respectively. The NH distribution for
the Tueller et al. sample is also shown in Figure 2 as
a dashed line. The number of AGNs with NH greater
than 1 × 1024 cm−2 is very limited in the hard X-ray
samples and these surveys are likely to be still biased
against objects with NH > 1024 cm−2.

3. Monte Carlo Simulation of Expected Spectra

We have developed a ray-tracing Monte-Carlo simula-
tion code to predict X-ray spectra from obscured AGNs
by assuming a torus-shaped cold absorber surrounding a
nucleus as shown in Figure 3 (Ikeda et al. 2009). The
incident spectra from the nucleus is assumed to be a
power law with an exponential cutoff at 360 keV, and
photoelectric absorption and Compton scattering inside
the absorber are taken into account. Our model can cal-
culate three components (transmission, unabsorbed re-
flection, and absorbed reflection) separately. Since the
shape and the strength of these components depend on
the geometry of the absorber, parameters in our model
(opening angle, inclination angle viewed from the ob-
server, and column density along the equatorial plane)
can be constrained from comparison with observed spec-
tral shape.

Figure 4 is an example of application of our model to
the Suzaku spectrum of the Seyfert 2 NGC 2273 (Awaki
et al. 2009). Absorbed reflection, unabsorbed reflection,
and transmitted components are shown as dot-dashed,
dashed, and dotted lines in this figure, respectively. The
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Fig. 3. Geometry of obscuring matter assumed in our simulations.
Dashed-, dot-dashed, and dot-dot-dashed lines represent unab-
sorbed reflection, absorbed reflection, and transmitted compo-
nents, respectively. θi is the inclination angle and θoa is the half
opening angle.

spectrum below 10 keV is dominated by an unabsorbed
reflection component. This means that the inner wall
of the other side of the torus is visible and that the in-
clination angle is close to the opening angle. The NH

value along the equatorial plane of ∼ 5 × 1024 cm−2

was obtained and the opening anlge was not tightly con-
strained. Application of our model to the Seyfert 2 Mrk
3 is discussed in Ikeda et al. (2009) and analysis of more
objects is ongoing.

4. Swift/BAT AGN: Discovery of a New Type of Buried
AGNs

Since the Swift/BAT instrument is sensitive at hard X-
rays (15–150 keV) and has a large field view (2 sr), a
hard X-ray all sky survey is possible (Markwardt et al.
2005, Tueller et al. 2008). We have been conducting
Suzaku follow up observations of BAT selected AGNs.

Figure 5 shows the Suzaku spectrum of one of BAT se-
lected AGNs Swift J1238.9–2720 (ESO 506–G027). This
spectrum is represented by a combination of absorbed
and unabsorbed power laws, a reflection continuum , and
a strong Fe-K emission line (detailed results of this ob-
ject is presented in Winter et al. 2009b). It is clear from
comparison with Figure 1 that the strength of the soft
X-ray emission relative to hard emission in this object is
much weaker than that in Mrk 1073, which is an [OIII]
bright Seyfert 2. The possible origins of soft X-ray emis-
sion are photoionized gas irradiated by AGN radiation
and thermal gas produced by starburst activity. Chan-
dra and XMM-Newton grating observations have shown
that, in at least several Seyfert 2s, soft emission is domi-
nated by photoexcited/ionized plasmas, though in many
cases photon statistics are not sufficient to draw firm
conclusions (e.g., Sako et al. 2001, Kinkhabwala et al.

Fig. 4. Suzaku spectra of the Seyfert 2 NGC 2273 fitted with a
combination of our simulation model, thin thermal plasma, and
gaussians. Absorbed reflection (reflection 1), unabsorbed reflec-
tion (reflection 2), and absorbed direct components are shown as
dot-dashed, dashed, and dotted lines, respectively.

2002, Guainazzi et al. 2007). If we assume that the soft
emission is primarily from X-rays scattered by photoion-
ized gas, its strength relative to intrinsic X-ray emission
(scattering fraction fscat) is expected to be proportional
to the solid angle of the absorbing matter (∆Ω) and scat-
tering optical depth (τ). Therefore, the weakness of soft
X-ray emission implies that the opening part of the ab-
sorber is very small and that the central AGN is almost
buried by a geometrically thick absorber. The most ex-
treme case of buried AGNs in a Swift/BAT sample has
been first reported by Ueda et al. (2007) and designated
as a new type of AGNs because of their extremely small
scattering fractions (< 0.5%). More examples of such a
class of AGNs are then found (Eguchi et al. 2009; Winter
et al. 2009a, b).

5. Buried AGNs Found in the XMM-Newton Archives

After the discovery of the new type of buried AGNs in
our Swift/BAT-Suzaku program, we tried to search for
obscured AGNs with various value of scattering fraction
from the XMM-Newton archives. The procedure and
results are presented in Noguchi et al. (2009, 2010).
We used hardness ratios listed in the second XMM-
Newton serendipitous source catalogue (Watson et al.
2009) and selected candidates for obscured AGNs with
NH = 1023−24 cm−2 covering a wide range of scattering
fractions (fscat = 0.1 − 10%). We analyzed their spec-
tra made from the archival XMM-Newton data supple-
mented by some Suzaku data to quantitatively determine
spectral parameters and fscat, and constructed a sample
of obscured AGNs consisting of 38 objects with NH and
fscat in the above range.

If we assume that the scattering fraction reflects the
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Fig. 5. Suzaku spectra of the Swift/BAT selected AGN
ESO 506–G027 fitted with a model consisting of a partially cov-
ered power law, a reflection continuum, and a Gaussian.

solid angle of the opening part of the obscuring matter,
our sample should contain obscured AGNs with various
shape of the absorber. Objects with small scattering
fraction are expected to have a small opening part of the
absorber. Since optical narrow emission lines are emitted
from the opening direction of the absorber, weaker opti-
cal lines at a given intrinsic power of the central source
would be expected as predicted by Ueda et al. (2007).
We therefore investigated a ratio of extinction-corrected
[OIII] to absorption corrected 2–10 keV luminosities, and
found that objects with small fscat tend to show smaller
ratios, which is exactly what we expected (see Figure 2
in Noguchi et al. 2010). This result suggests that selec-
tion based on optical narrow emission lines would biased
against obscured AGNs with a small opening part of ob-
scuring matter.

6. Implications for Evolution

The formation and structure of obscuring matter around
an AGN may be related to the amount of available gas
and star formation activity around the nucleus. In an
early stage of galaxy evolution, where active star for-
mation is on going, it would be expected that nucleus
is embedded in gas rich environment and that AGN is
obscured by a large amount of gas and dust. Thus under-
standing the nature of highly obscured AGN population
could have interesting implications to probe co-evolution
of AGN and its host.

We used our sample of obscured AGN defined in
the previous section to investigate relationships between
scattering fractions and some fundamental parameters of
the AGNs. The black hole masses MBH were derived by
using stellar velocity dispersion (σ) taken from the litera-
ture and the MBH-σ relation by Tremaine et al. (2002).

We found no significant correlation between MBH and
scattering fractions fscat. We then calculated Eddington
ratios (bolometric luminosity divided by Eddington lu-
minosity Lbol/LEdd) and found a negative correlation be-
tween Lbol/LEdd and fscat (see Figure 3 in Noguchi et al.
2010). This relation implies that AGNs with small fscat

undergo extensive accretion and that a growth phase of
central black hole could be highly obscured by geomet-
rically thick obscuring matter.

I am grateful to my collaborators H. Awaki, S. Eguchi,
R. Mushotzky, K. Noguchi, Y. Ueda, and L. Winter.
This work is supported by Grants-in-Aid for Scientific
Research (20740109) from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan.
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Abstract

We calibrated the peak energy-peak luminosity relation of GRBs (so called Ep–Lp ; Yonetoku relation)
using 52 events with the redshift z < 1.755 without assuming any cosmological models. The luminosity
distances to GRBs are estimated from those of large amount of Type Ia supernovae with z < 1.755.
This calibrated Ep–Lp relation can be used as a new cosmic distance ladder toward higher redshifts.
We determined the luminosity distances of 36 GRBs in 1.8 < z < 8.3 using the calibrated relation and
plotted the likelihood contour in (Ωm, ΩΛ) plane. We obtained (Ωm, ΩΛ) = (0.37+0.14

−0.11, 0.63+0.11
−0.14) for a flat

universe. We can say that our universe in 1.8 < z < 8.3 is compatible with the cosmological model derived
for z < 1.8. This suggests that the time variation of the dark energy may be small or zero up to z ∼ 8.

Key words: Gamma-Ray: Bursts — Cosmology: Dark Energy — Distance Ladder

1. Introduction

When we measure the energy density of dark matter and
dark energy, we need the relation between the luminosity
distance and the redshift – a history of cosmic expansion
at each epoch. For example, we can measure the distance
toward the nearby star using annual parallax. Then, we
enable to estimate the absolute luminosity of those stars.
Heltzshprung and Russell found the strong correlation
between color temperature and the absolute magnitude
for main sequence stars within the small distance scale
measured by the annual parallax. If, the HR diagram
is acceptable for all main sequence stars, we can esti-
mate the absolute luminosity from the spectrum, and
also estimate the distance of more remote stars. The
several empirical relations, the period-luminosity rela-
tion of Cepheid variables, the rotation-luminosity rela-
tion of spiral galaxies, and standard candle of type Ia
supernovae, etc., are calibrated with one of closer ob-
jects (relations). This concept is usually called as “the
cosmic distance ladder”, and they are firmly connected
by astrophysics and free from any theoretical cosmology.

Using the Type Ia supernovae as the cosmic distance
ladder, the existence of the dark energy is strongly sug-
gested by Phillips (1993), Schmidt et al.(1998), Riess et
al.(1998), Perlmutter et al.(1999). Thanks to the latest
large number of observations of Type Ia supernovae, the
data with z ≤ 1.755 favor the cosmological parameters
of (Ωm, ΩΛ) = (0.27, 0.73) for a flat cosmology (Riess

et al. 2007), which is usually called as the concordance
cosmological model. However the most distant Type Ia
supernova ever observed is at z = 1.755, so that we need
either further Type Ia supernovae or other distance indi-
cators to know the property of the dark energy beyond
z > 1.8, while the anisotropy of the cosmic microwave
background (CMB) gives us the information at z = 1089
(Spergel et al. 2007).

One of the possible tools is Gamma-ray burst (GRB).
The maximum redshift ever recorded is z = 8.3 which
is higher than one of Type Ia supernovae. Since GRBs
are known as the most violent and brightest explosion
in the universe, they might be a possible good distance
indicator beyond z > 1.8. In this paper, we extend the
cosmic distance ladder toward z = 8.3 using GRBs, and
measure the amount of dark energy and dark matter in
the early universe.

2. Calibrated Ep–luminosity Relation

The prompt gamma-ray spectrum can be usually de-
scribed as the spectral model of the exponentially con-
nected broken power-law function suggested by Band et
al.(1993):

N(E) =




A
(

E
100 keV

)α

exp(− E
E0

)
for E ≤ (α − β)E0,

A
(

E
100 keV

)β(
(α−β)E0
100 keV

)α−β

exp(β − α)
for E > (α − β)E0.

(1)
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Fig. 1. The Ep–Lp relation (Yonetoku relation) of 52 GRBs
with z < 1.755. The solid line is the best fit curve of
Lp/(1052erg/s) = 1.31 × 10−4[Ep(1 + z)/1keV]1.7.

Here N(E) is in units of photon cm−2s−1keV−1. This
function has four parameters, the low-energy photon in-
dex α, the high-energy photon index β, the spectral
break energy E0 and the normalization. The peak energy
can be derived as Ep = (2 + α)E0, which corresponds to
the energy at the maximum flux in the νFν spectra.

In our past study, we found a strong correlation be-
tween the peak energy (Ep) and the peak luminosity (Lp)
(Yonetoku et al. 2004). This Ep–Lp relation (Yonetoku
relation) may be useful for another cosmic distance lad-
der beyond the redshift range of type Ia SNe.

Then, for 52 samples, we calibrated the Ep–Lp relation
using the luminosity distance from Type Ia SN observa-
tion without any assumption of theoretical cosmology.
Figure 1 is the calibrated Ep–Lp relation. The corre-
lation coefficient is 0.95 and the chance probability is
about 10−17. The best fit function is

(
Lp

1052erg/s
) = (1.31 ± 0.67) × 10−4(

Ep

1 keV
)1.7±0.1 (2)

In this equation, the error is expressed as the statistical
uncertainty. However the data distribution has a larger
deviation around the best fit line compared with the ex-
pected Gaussian distribution. We estimated this system-
atic deviation in the normalization as 9.6 × 10−5.

3. Hubble Diagram and Cosmological Parameters

At present, there are more than 100 GRBs with known
redshift, but the Ep has not been measured for all
GRBs. Then, we apply the calibrated Ep–Lp relation
to 36 GRBs in 1.8 < z < 8.3 to determine the luminos-
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Fig. 2. The first Hubble diagram toward z = 8.3 measured by the
calibrated Ep–Lp relation. The blue and the red points are the
luminosity distance of z ≤ 1.755 and z > 1.755, respectively. The
data of Type Ia supernovae are also plotted as the black cross
points. The uncertainty bar of each point includes the systematic
dispersion around the best fit line of figure 1.

ity distance as a function of z as

dL(zi) = 1024cm

√
1.31

4πf i
p,obs

[Ei
p,obs(1 + zi)]1.7/2. (3)

Figure 2 is the first Hubble diagram until z = 8.3 mea-
sured by GRBs. Black, blue, red point is the type Ia
SNe, the calibrated GRBs, and the new frontier of the
Hubble diagram, respectively. Here, we would like to
emphasize that this Hubble diagram is created by pure
observational results. The GRB points have large error
compared with type Ia SNe. This is because the sys-
tematic uncertainty of the Ep–Lp relation. But we can
recognize the strong trend increasing the luminosity dis-
tance as a function of the redshift.

Then adopting the theoretical Λ-CDM model to the
observed Habble diagram, we estimate the cosmological
parameters. We used the Λ-CDM equations as

dth
L (z, Ωm, ΩΛ) = (1 + z)




c
H0

√
Ωk

sin(
√

ΩkF (z))
c

H0
√
−Ωk

sinh(
√
−ΩkF (z))

c
H0

F (z)

Ωk > 0, Ωk < 0 and Ωk = 0, respectively. Here,

F (z) =
∫ z

0

dz√
Ωm(1 + z)3 + ΩΛ − Ωk(1 + z)2

.

Three solid lines in figure 2 are examples of theoretical
lines for several couples of Ωm and ΩΛ, respectively.

We calculated the confidence contour for two param-
eters of Ωm and ΩΛ. We define a likelihood function
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as

∆χ2 =
30∑

i=1

(
log dL(zi) − log dth

L (zi,Ωm, ΩΛ)
∆dL(zi)

)2−χ2
best.(4)

Here χ2
best means the chi-square value for the best fit pa-

rameter set of Ωm and ΩΛ. In figure 3, we show the
contour of the likelihood ∆χ2 for the luminosity dis-
tances of 36 GRBs in 1.8 < z < 8.3. Compared with
the case of Type Ia supernovae, the shape of the prob-
ability contour stands vertical since the luminosity dis-
tance strongly depends on Ωm rather than ΩΛ for higher
redshift samples. This is clear from the functional form
of F (z). Without any prior the most likelihood value is
(Ωm, ΩΛ) = (0.25+0.27

−0.14, 1.25+0.10
−1.25) while for a flat cosmol-

ogy prior that is (Ωm, ΩΛ) = (0.37+0.14
−0.11, 0.63+0.11

−0.14) with
1 σ uncertainty. This is consistent with the concordance
cosmology.

4. Discussion

In this paper, we extended the cosmic distance ladder
toward z = 8.3 using GRBs calibrated by Type Ia su-
pernovae. We also argued the cosmological parameters
in 1.8 < z < 8.3. Since our region of 1.8 < z < 8.3 has
not been explored yet, this is the first report to estimate
the cosmological parameters up to z = 8.3.

The calibrated Ep–Lp relation has a large dispersion
in the normalization. Therefore, currently, the measure-
ment of the luminosity distance is not so accurate com-
pared with the other distance indicators such as Type
Ia supernova. It may be difficult to discuss the detailed
time history of the cosmological parameters yet. How-
ever, if this deviation is the intrinsic property of GRBs,
we will be able to discover the hidden physical quantities,
or distinguish a possible sub-class from entire population
of GRBs like Type Ia supernova. These improvements
in the cosmic distance ladder will lead us to explore the
deep space with better accuracy in near future. It will
be possible to combine our data with (1) Type Ia super-
nova, (2) CMB, (3) Baryon Acoustic Oscillation (4) the
large scale structure measurement and (5)weak gravita-
tional lensing, to constrain the equation of state of the
dark energy.
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Fig. 3. The contour of the likelihood ∆χ2 for the luminosity dis-
tances of 36 GRBs in 1.8 < z < 8.3 (upper) and 18 GRBs in
3.0 < z < 8.3. The significance levels of 68%, 95% and 99%
are also shown on the same panels. Compared with the case of
Type Ia supernovae, the shape of the contour stands vertical since
the luminosity distance strongly depends on Ωm at the high red-
shift. The most likelihood value of cosmological parameters are,
for 1.8 < z < 8.3, (Ωm, ΩΛ) = (0.25+0.27
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−1.25) while for a
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Abstract

We present a systematic spectral analysis with Suzaku of six AGNs detected in the Swift/BAT hard X-
ray (15–200 keV) survey. The 0.5–200 keV spectra of these sources can be uniformly fit with a base model
consisting of heavily absorbed (log NH > 23.5 cm−2) transmitted components, scattered lights, a reflection
component, and an iron-K emission line. There are two distinct groups, three “new type” AGNs (including
the two sources reported by Ueda et al. 2007) with an extremely small scattered fraction (fscat < 0.5%)
and strong reflection component (R = Ω/2π � 0.8, where Ω is the solid angle of the reflector), and three
“classical type” ones with fscat > 0.5% and R � 0.8. The spectral parameters suggest that the new
type has an optically thick torus for Thomson scattering (NH ∼ 1025 cm−2) with a small opening angle
of θ ∼ 20◦ viewed in a rather face-on geometry, while the classical type has a thin torus (log NH ∼ 23–
24 cm−2) with θ � 30◦. We infer that a significant number of new type AGNs with an edge-on view is
missing in the current all-sky hard X-ray surveys.

Key words: galaxies: active — gamma rays: observations — X-rays: galaxies — X-rays: general

1. Introduction

The origin of the cosmic X-ray background (CXB) is
the integrated emission from the whole active galactic
nuclei (AGNs) in the universe. The peak intensity of the
CXB at ∼ 30 keV contains significant contribution from
“hidden” AGNs, i.e., those subject to absorption with
column densities larger than 1023 cm−2. However, these
AGNs have been difficult to be detected in X-ray surveys
below 10 keV due to their heavy absorption.

The Swift/BAT performed an all-sky surveys at en-
ergies above 15 keV, where photoelectric absorption is
inefficient (Tueller et al. 2009). It provides us with the
least biased AGN sample in the local universe, includ-
ing heavily obscured ones. In this paper, we present
the results of a systematic spectral analysis of six new
Swift/BAT AGNs observed with Suzaku (Table 1). The
results of other Swift AGNs are reported by Winter et
al. (2009) and Tazaki et al. (this conference).

2. Analysis and Results

2.1. BAT Spectra

Before performing the spectral fit to the Suzaku data,
we first analyze only the BAT spectra in the 15–200 keV
band to constrain the high energy cutoff in the contin-
uum. It is known that the incident photon spectra of

Seyfert galaxies can be approximated by a power law
with an exponential cutoff in the form of exp (−E/Ecut),
representing the temperature of electrons responsible for
Compton scattering. The typical value of Ecut ranges
from 100 keV to 500 keV.

Utilizing the Swift/BAT spectra above 15 keV, we try
to constrain Ecut. In this stage, we assume the reflection
strength (R = Ω/2π, where Ω is the solid angel of the
reflector) to be 0 or 2 as the two extreme cases just to
evaluate its effect. While it is difficult to constrain the
upper limit of Ecut due to the limited band coverage
of the BAT, we find the cutoff energy must be above
∼ 100 keV in most cases. In the following analysis, we
fix Ecut at 300 keV.

2.2. Suzaku Spectra

We performed simultaneous fits to the Suzaku XIS and
HXD/PIN, and the Swift/BAT spectra with the follow-
ing three models:

1. a cutoff power law absorbed by cold matter + a
scattered component + an iron-K emission line,

2. a cutoff power law absorbed by cold matter + a
scattered component + an iron-K emission line +
an absorbed Compton reflection component,
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SWIFT Optical/IR Identification R.A. (J2000) Dec. (J2000) Redshift Classification
J0138.6–4001 ESO 297–G018 01 38 37.16 -40 00 41.1 0.0252 Seyfert 2
J0255.2–0011 NGC 1142 02 55 12.196 -00 11 0.81 0.0288 Seyfert 2
J0350.1–5019 2MASX J03502377–5018354 03 50 23.77 -50 18 35.7 0.036 Galaxy
J0505.7–2348 2MASX J05054575–2351139 05 05 45.73 -23 51 14.0 0.0350 Seyfert 2
J0601.9–8636 ESO 005–G004 06 05 41.63 -86 37 54.7 0.0062 Galaxy
J1628.1+5145 Mrk 1498 16 28 4.06 +51 46 31.4 0.0547 Seyfert 1.9

Table 1. List of targets. The position, redshift, and classification for each source is taken from the NASA/IPAC Extragalactic Database.

Fig. 1. Best-fit spectral model of the six targets. NH, Γ, R, and fscat

represent the line-of-sight hydrogen column density, the power-law
photon index, the intensity of the reflection component relative
to the incident power-law component, and the fraction of the
scattered component, respectively.

3. a cutoff power law absorbed by different two cold
matters + a scattered component + an iron-K emis-
sion line + an absorbed Compton reflection compo-
nent.

Based on statistical tests and physical consistency be-
tween the equivalent width of the iron-K emisson line
and the reflection strength, we choose the best model for
each targets: SWIFT J0138.6–4001, J0255.2–0011 and
J0601.9–8636 are best represented with model 2 and the
others are with model 3 (Figure 1).

3. Discussion and Conclusion

We find that the absorption column densities of all the
targets are larger than 1023.5 cm−2, i.e., they are “hid-
den” AGNs. Our Suzaku results suggest that there are
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Fig. 2. Correlation between the strength of the Compton reflection
component (R = Ω/2π) and the fraction of the scattered com-
ponent (fscat) for the six targets.

two groups even within the hidden population (Figure 2),
that is, (1) R � 0.8 and fscat � 0.5% (“new type”), and
(2) R � 0.8 and fscat � 0.5% (“classical type”). It is no-
table that fscat < 0.5% is very small when compared with
a typical value of 3–10% obtained for optical selected
Seyfert 2 samples (e.g., Turner et al. 1997). We can
constrain the geometry of the torus from the observed
equivalent width of the iron-K emission line and fscat

value, assuming that the scattering fraction corresponds
to the opening angle of the torus. Based on the calcula-
tion by Levenson et al. (2002), we estimate that the new
type has an optically thick torus (log NH ∼ 25 cm−2)
with a very small opening angle of θ ∼ 20◦ viewed in a
rather face-on geometry, while the classical type has a
thin torus (log NH ∼ 23–24 cm−2) with θ � 30◦ viewed
in an edge-on geometry. Finally, we infer that a signifi-
cant number of new type AGNs with an edge-on view is
missing in the current all-sky hard X-ray (> 10 keV) sur-
veys, requiring even more sensitive observations in hard
X-rays to detect them completely.
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Abstract

We report the spectral and timing analysis of 14 Seyfert galaxies observed with Suzaku, in order to
decompose X-ray spectral components. The reflection component via a torus is considered to be less
variable, while the varible component is considered to come from the central engine directly. Using this
consideration, we tried to decompose a direct component and a reflection component. We compared the
spectral parameters obtained by spectral fitting with direct nuclear component plus reflection with those
obtained from the difference spectra between high and low state. In particular, we focus attention on the
power-law photon index and the Fe-Ka line. As a result, the photon index, the Fe line intensity, and the
reflection fraction is almost the same between high and low state. However, some of them are not the case,
and the equivalent width of Fe-Ka line against the best-fit reflection component is unreasonable for some
objects. These indicate that two-component model is valid for most of Seyfert galaxies, but the behavior
of some Seyfert galaxies cannot be explained by two-conmponent model.

Key words:

1. Introduction

AGN X-ray spectra generally consist of the direct nuclear
component, emission line, absorption, reflection compo-
nent, and high energy cut-off. These components are
thought to reflect the material structure around AGNs,
and the detailed analysis of AGN in the X-ray band can
clarify physical geometry of the AGN. Understanding
such a complex X-ray spectral feature needs observation
above 10 keV to decompose the spectral components.
As far, such hard X-ray observations of many AGNs has
not ever performed due to high instrumental background.
Suzaku archieves the highest S/N ratio by the lowest in-
strumental background than ever. Wide-band X-ray ob-
servation of AGNs is extremely effective to understand
the spectral properties of AGNs.

But it is difficult to decompose the spectral component
from only X-ray spectral analysis because direct compo-
nent cannot be expressed with only power-law. There-
fore, we need to confirm whether the spectral modeling is
correct by an independent analysis. We used the timing
analysis for this. In the past studies of X-ray time vari-
ability, it is proposed that the X-ray spectrum of Seyfert
galaxy is reproduced by a direct component and a re-
flection component (Miniutti et al. 2007). The direct
component from the central engine is considered to be
variable, while the reflection component via a torus is
considered to be less variable.

So in this study, by spectral and timing analysis with

Suzaku data in wide energy band and good S/N, we tried
to decompose a direct component and a reflection com-
ponent.
2. Observation

Object Date Flux
NGC3516 2005-10-12 7.04

3C120 2006-02-23 6.11
MCG-5-23-16 2005-12-07 15.14
MCG-6-30-15 2006-01-27 4.82

Mrk335 2006-06-21 1.50
NGC3783 2006-06-24 9.28
Mrk509 - 6.80
Ark120 2007-04-01 3.48
Mrk79 2007-04-03 1.57

NGC4388 2005-12-24 11.18
NGC5506 2007-01-31 16.28

1H0417-577 2007-07-25 2.63
NGC5548 2007-07-29 4.50
IC4329A 2007-08-01 16.20

Table 1. Targets list. Flux in unit of 10−11 erg/cm2/s (15-50 keV)

Table 1 is a list of targets which we used for this analy-
sis. The column 2 is a observation date, and the column
3 is a flux in 15-50 keV. The selection criteria of these
objects is based on two points. First, the target is bright
above 10 keV to be detected with HXD-PIN. Second, it
is time-variable enough to divide data into high and low
state.
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3. Analysis and result

We fit average spectra using two-component model for
each object. The model consists of power-law with ab-
sorption, Fe-Kα line and reflection component (pexrav).
At first, we fit spectra by only power-law model. Sec-
ond, absorption, Fe-Kα line, and reflection component
are added step by step, considering the goodness of fits.

We made high and low state spectra, based on the
light curve. At first, the average of the count rate of the
light curve is taken. We defined that the time region
above the average is the high state and the region below
the average is the low state. Second, spectra in the high
and low state were derived.
For spectral fitting, power-law photon index and line en-
egy of Fe-Kα are set to be common between high and
low states.
After fitting, we compare the photon index between the
average-spectral analysis and high/low-spectral analysis.

If the reflection component is constant, we can obtain
the variable power-law component by taking the differ-
ence spectra between high and low states. Therefore we
subtracted the low state spectra from the high state one.
We fit the thus-obtained difference spectra with a power-
law model, and compare the photon index with that of
other analysis.

First, we compare the photon index between the aver-
age spectrum and the difference spectrum.

Fig. 1. Comparison of photon index between average spectra and
difference spectra.

As shown in fig.1, most objects exhibit a good agree-
ment, indicating that X-ray spectrum of most objects is
represented by two-component model. But some objects
do not show a good agreement, indicating that estima-
tion of the reflection component is not accurate.

Therefore, we analyzed the Fe-Kα emission line. The
Fe-Kα line is a part of reflection component, and thus
thought to be less variable.

Fig.2 is a comparison of the normaliztion of Fe-Kα
between low state and high state. All objects exhibit a

Fig. 2. comparison of normalization of Fe-Kα between low state and
high state

good agreement, indicating that the Fe-Kα line does not
vary significantly and the reflection component is less
variable.

Fig. 3. Relation between the absorption of average spectra and equiv-
alent width of Fe-Kα against the reflection component

In order to check that the obtained reflection contin-
uum intensity is valid, we looked at the equivalent width
(EW) of fluorescent Fe-Kα line against the obtained re-
flection model. As Ikeda et al.(2009) reported, the EW
is around 1 keV for 1 solar abundance. Even considering
the abundance scatter of 0.5-2.0 solar, some objects show
an unusual EW. This indicates that the obtained reflec-
tion continuum level is not valid in some case, and the
X-ray spectra might be complex due to partial covering
absorption, broad Fe-K line, and so on.
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Abstract

We present a new model of the blazar gamma-ray luminosity function (GLF), which is consistent with
the EGRET blazar data. The unified sequence of blazar spectral energy distribution (SED) is taken into
account to make a non-trivial prediction for the extragalactic gamma-ray background (EGRB) spectrum.
We then try to explain the EGRB data by the two active galactic nucleus (AGN) populations: one is
blazars, and the other is non-blazar AGNs that are responsible for the EGRB in the MeV band. We find
that the predicted EGRB spectrum is in agreement with a wide range of the observed data from X-ray
to GeV. These results indicate that AGNs including blazars are the primary source of EGRB. Especially,
our model predicts ∼1000 blazars will be detected down to 2 × 10−9 photons cm−2s−1 (>100 MeV) by
Fermi observations, which is considerably smaller than most of previous studies. Furthermore, we also
make some predictions for future TeV blazar survey by next generation of imaging atmospheric Cherenkov
telescopes. We found that it is difficult to find TeV blazars by blind sky survey.
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1. Introduction

Active galactic nuclei (AGNs) of blazars have been
thought to be the primary candidate for the origin of
extragalactic diffuse gamma-ray background (EGRB).
The blazar contribution to EGRB has been estimated
by a number of authors [see Narumoto & Totani (2006;
NT06), references therein]. In most of past studies, how-
ever, blazar spectral energy distributions (SEDs) were
assumed to be a simple or broken power-law for all
blazars. Multi-wavelength observational studies from ra-
dio to γ-ray bands have indicated an interesting feature
in blazar SEDs; the peak photon energies decrease as
the bolometric luminosity increases (Fossati et al. 1998;
Kubo et al. 1998, Donato et al. 2001, but see also
Padovani et al. 2007). This is often called as the blazar
SED sequence.

In Inoue & Totani (2009), we calculate the EGRB
flux and spectrum from blazars, by constructing a blazar
gamma-ray luminosity function (GLF) model that is con-
sistent with the flux and redshift distributions of the
EGRET blazars, based on the luminosity dependent den-
sity evolution (LDDE) scheme and the blazar SED se-
quence. By introducing the blazar SED sequence, we
can make a reasonable and non-trivial prediction of the
EGRB spectrum for the first time.

Recently, Inoue, Totani, & Ueda (2008; ITU08) has
showed that EGRB in the MeV band can naturally be ex-
plained by normal (i.e., non-blazar) AGNs that compose

the cosmic X-ray background. This MeV background
component extends to ∼ 100 MeV. We will investigate
how much fraction of the observed EGRB can be ex-
plained by the sum of the two components.

We will then make quantitative predictions for the
Fermi Gamma-ray Space Telescope, so that our model
can be tested quantitatively by the observational data
coming in the very near future.

Cherenkov Telescope Array (CTA) and Advanced
Gamma-ray Imaging System (AGIS) are planned for
as the next generation imaging atmospheric Cherenkov
Telescopes. The number of TeV blazars are expected to
dramatically increase with the improved CTA sensitivity.

To obtain the prospects for the future CTA observa-
tions, it is obviously important to make a realistic esti-
mate of the number of blazars detectable by CTA. We
present the expected source count and redshift distribu-
tion of TeV blazars for future CTA mission in two cases.
One is an extragalactic blank field survey, and the other
is following up the Fermi blazars.

Throughout this paper, we adopt the standard cosmo-
logical parameters of (h, ΩM ,ΩΛ)=(0.7,0.3,0.7).

2. The Gamma-Ray Background Spectrum

Figure 1 shows the νFν EGRB spectrum from non-blazar
AGN and blazars. Now we compare the EGRB data
above 100 MeV with our model predictions. As can
be seen in Fig. 1, the overall background spectrum

This document is provided by JAXA.



The Energetic Cosmos : from Suzaku to ASTRO-H 373

10-4

10-3

10-2

10-1

10-2 10-1 100 101 102 103 104 105 106

E
2  d

N
/d

E
 (M

eV
2  c

m
-2

 s
-1

 M
eV

-1
 s

r-1
)

Photon Energy (MeV)

EGRET (S98)
EGRET (S04a)

EGRET (S98+S08)

Blazar: H05 (q,γ1)
Non-blazar (Γ=3.5): ITU08
Non-blazar (Γ=3.8): ITU08

Blazar + Non-blazar (Γ=3.5)
Blazar + Non-blazar (Γ=3.8)

HEAO-1
Swift/BAT

SMM
COMPTEL

Fig. 1. The EGRB spectrum from non-blazar AGNs and blazars. The
model curves of the blazar component, non-blazar AGN compo-
nent, and the total of the two populations are shown. Note that
two models are plotted for the non-blazar component with differ-
ent values of Γ. The observed data are also shown. We also plot
a new EGRET data denoted as “S98+S08”, which is the original
EGRET determination of Sreekumar et al. (1998) corrected by
the correction factors proposed by Stecker et al. (2008, S08).

from X-ray to 1 GeV predicted by our blazar plus non-
blazar model is similar to the observed data. Especially,
the EGRB prediction using the ITU08 non-blazar back-
ground model with Γ = 3.5 is in nice agreement with the
observed data. In this case, the predicted EGRB flux at
100 MeV can account for 80% of the observed flux, which
is a considerably higher fraction than those in previous
studies. It should be noted that the contribution to the
EGRB flux at 100 MeV from blazars is ∼45 %. The high
fraction is due to the addition of the EGRB component
from non-blazar AGNs.

3. Predictions for the Fermi mission

Our GLF models predict that about 1000 blazars should
be detected by Fermi where we assumed the Fermi sensi-
tivity to be Flim = 2×10−9 photons cm−2 s−1 above 100
MeV. The model of Stecker & Salamon (1996), and the
pure luminosity evolution and LDDE models in Naru-
moto & Totani (2006) predicted ∼10000, 5400, and 3000
blazars for the same sensitivity limit, respectively. It is
remarkable that the GLF models in this work predict
significantly smaller numbers of blazars than previous
studies.

4. Predictions for the CTA and AGIS mission

Figure. 2 shows the cumulative distribution of blazar
flux per 1 squared degree in two cases, i.e., the surface
density of blazars as a function of their flux, in the five
energy bands of 30 GeV, 100 GeV, 300 GeV, 1 TeV,
and 10 TeV as indicated in the panels. Therefore, it
would be hard to detect TeV blazars by blind sky survey.
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Fig. 2. Predicted log N – log S relation of TeV blazars from our
model. The five figures correspond to different energies as indi-
cated in figures. Solid curve: Total contribution of unabsorbed
blazars. Dashed curve: that of absorbed cases. Dotted curve:
Contribution of unabsorbed Fermi blazars. Dotted dashed curves:
Contribution of absorbed Fermi blazars. The 5-σ detection limits
of H.E.S.S. and CTA for 50 hours observation are also shown.
Horizontal thin solid line is the expected number of Fermi blazars.
The Fermi sensitivity limit is set as Flim = 3 × 10−9 photons
cm−2 s−1 for photon flux above 100 MeV. The y-axis corresponds
to the source count in 1 deg2 sky.

However, CTA will detect ∼ 80 blazars by following up
Fermi blazars.

YI acknowledges support by the Research Fellowship of
the Japan Society for the Promotion of Science (JSPS).
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Abstract

Gravitationally lensed quasars can be used as a cosmological tool, however modeling of these systems
requires mapping the gravitational potential along the line of sight to the quasar, including the lensing
galaxy and its environment. Keeton et al. (2000) predict that at least 25% of lensing galaxies are part of
a group or cluster and the growing observational evidence seems to confirm this. Finding and studying
these lensing groups and clusters enhances the science that can be accomplished with lensing and provides
a method for finding groups and clusters at cosmologically interesting redshifts (0.1 < z < 0.7). We have
identified all observations of gravitationally lensed quasars available in the Chandra archive to search for
diffuse X-ray emission from groups or clusters along the line of sight. We present a uniformly analyzed
catalog of X-ray luminosities and temperatures for those fields with significant diffuse emission. These
measurements are compared with optical data, where available, and with scaling relations.

Key words: galaxies: clusters — X-rays: galaxies: clusters

1. Introduction

Gravitational lenses that produce multiple images of
background quasars can be an invaluable tool for mea-
suring cosmological parameters, to better study the mag-
nified distant quasars, and to explore the structure of
the lensing galaxies. Modeling of these systems requires
mapping the gravitational potential along the line of
sight to the quasar, including the lensing galaxy and
its environment. Keeton et al. (2000) predict that at
least 25% of lensing galaxies are associated with a group
or cluster, in agreement with growing observational ev-
idence. Finding and studying these lensing groups and
clusters enhances the science that can be accomplished
with gravitational lensing and provides a method for
finding groups and clusters at cosmologically interest-
ing redshifts (0.1 < z < 0.7). We are searching for X-ray
emission from galaxy groups and clusters in the fields
of multiply-imaged quasars using Chandra s resolving
power to separate the faint diffuse emission from the
brighter quasar images. We present a uniformly analyzed
catalog of cluster and group properties for fields with sig-
nificant diffuse emission, and upper limits in the remain-
ing fields. These measurements are compared with opti-
cal data, where available, and with cluster/group scaling
relations.

2. Data Analysis

Our sample includes all ACIS observations of gravita-
tionally lensed quasars available in the Chandra pub-

lic archive from launch through early 2009. Forty-seven
lenses were observed in 119 separate observations. The
data were reduced following the standard CIAO 4.1.1
threads. After merging, exposure times range from 4
ksec to over a Msec. Disentangling the weaker ex-
tended emission from the bright quasar images is dif-
ficult. To maximize the diffuse signal and minimize the
background, the eventlists were filtered to include ener-
gies between 0.5 and 2 keV. To remove the spatial distri-
bution of the quasar emission, a model was constructed
for the lens, with positions fixed to those measured in
the optical and radio, and fit to the X-ray data. This
lens model was then subtracted from the original image.
Remaining point sources were excised. The images were
smoothed with a 30 pixel FWHM Gaussian and normal-
ized for exposure variations and instrumental features.

3. Diffuse Source Detection

A four arcminute region in the quasar-subtracted
smoothed images was examined to search for diffuse
emission. Regions higher than 5-σ above the background
level are considered detections. Fifteen targets have de-
tectable diffuse emission, including all seven previously
known X-ray sources. One of the fifteen, RXJ1131-1231,
has two diffuse detections.

For each of the detections a radial surface brightness
plot was used to determine the radius at which the ex-
tended emission drops below 1-σ above the background.
Counts within this extraction region were fit to a mekal
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Fig. 1. Comparison of group/cluster properties to the scaling relations of Osmond & Ponman (2004). Velocity dispersions are from the
literature; temperatures and luminosities are from this work. The diamon indicates a system with a σv estimate from lens modeling.

Fig. 2. Comparison of luminosity upper limits to the LX - σv scaling
relation of Osmond & Ponman (2004). The diamonds indicate
systems with a σv estimate from a weak shear analysis.

plasma model with Galactic NH and 0.3Z�. The emis-
sion was assumed to be at the redshift of any known
galaxy group or cluster, or at the redshift of the lensing
galaxy. For fields with no significant diffuse emission, we
calculate 3-σ upper limits on luminosity.

4. Discussion

We have detected diffuse X-ray emission towards fif-
teen of our forty-seven gravitational lens targets. They
span a wide range of temperature and luminosity and
indicate the variety of possible lens environments. In
many cases the group or cluster is nearby and/or massive
enough that the effects must be included in lens model-
ing. Six of these X-ray detections are new and have
not been previously reported in the literature. Three
of these are in fields with an optically studied group or
cluster. The remaining three detections, HE0435-1223,
SDSS0924+0219 and Q1208+1011, are in poorly studied

fields.
The properties of the detected groups and clusters are

compared to the scaling relations of Osmond & Pon-
man (2004) in Figure 1. Although the sample size is
small, there is no indication of any significant deviations
from the scaling relations beyond the usual scatter, even
though the Osmond & Ponman sample is at lower red-
shift (z < 0.03) than this sample (0.08 < z < 0.8).

Thirty-one of the lens systems do not show any signifi-
cant diffuse X-ray emission in these observations. For the
cases with an X-ray undetected, optically known group,
these upper limits are also compared to the LX - σv scal-
ing relation in Figure 2. The undetected groups do not
appear to be anomalous, rather just under-exposed.

Our “hit” rate of 15 detections out of 47 lensing fields
or ∼32% is consistent with previous studies of lensing
environments. Including the X-ray undetected but opti-
cally known objects increases this fraction of lens envi-
ronments containing groups or clusters to over 50%. We
cannot rule out a much higher fraction of groups and
clusters since many of the fields with non-detections have
low statistics and do not place strong constraints on the
X-ray luminosity. Our sample may be biased toward high
density environments due to the fact that these lenses,
on average, have larger image separations than the full
gravitational lens catalog. These larger separations are
indicative of higher lensing mass.

This research was supported by NASA contracts NAS-8-
38252 and NAS-8-37716 and makes use of the CASTLES
gravitational lens database (C.S. Kochanek, et al.).
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Abstract

Around ZwCl0823.2+0425, several dark matter halos are found via the Local Cluster Substructure
Survey (LoCuSS), which suggests that those halos constitute large-scale structure filaments. We observed
a region around the cluster ZwCl0823.2+0425 (z=0.2248) with Suzaku. ZwCl0823.2+0425 itself and the
halo in the north of it are clearly bright in X-ray. According to the SDSS spectroscopic data, the north and
northeast halos are at the redshift of z=0.472, and the northwest one is at that of z=0.2248. Therefore, it
is clear that two large-scale filaments overlap in this region. In the northeast halo area, where the lensing
signal is relatively weak, very faint X-ray excess is detected. On the other hand, in the northwest and
southeast small halo area, which have the stronger weak lensing signal than the northeast halo area, little
X-ray excess is detected. Such a diversity of X-ray properties suggests a variety of the concentration degree
of baryon and baryon fraction itself. We investigate Lx-T and M -T relations for ZwCl0823.2+0425 and
the other sub halos. The obtained Lx-T relation does not agree with the former typical results, and the
M -T relation is slightly deviated from the self-similar model (3.3σ), though any systematic errors of the
background are not considered at present.

Key words: galaxies: clusters: individual (ZwCl0823.2+0425) — X-rays: galaxies: clusters — gravi-
tational lensing

1. Introduction

Sub-cluster scale dark matter halos occupy a very large
volume in the universe. Thus, they have important in-
formation of cluster of galaxies. If we obtain various
physical parameters such as mass, baryon fraction, metal
abundance, and their correlations, it enables us to un-
derstand how clusters evolve in the structure formation
in the universe. With the joint analysis of the data of
Suzaku and Subaru, we can determine the various physi-
cal parameters for sub halos. Around ZwCl0823.2+0425,
several dark matter halos are found via LoCuSS (Okabe
et al. 2009). Figure 1 shows projected mass distribution
derived from the weak lensing analysis for this region.

2. Observation

Observation of the region around ZwCl0823.2+0425 was
carried out with Suzaku on 17-18, May, 2009. The XIS
was operated in the normal full-frame clocking mode.

Fig. 1. Optical image of the region around ZwCl0823.2+0425 overlaid
with the mass contour derived from the weak lensing analysis. The
field of view of Suzaku XIS is also shown in a black square.

The effective exposure time of XIS is 41.3 ksec. The
spaced-row charge injection was adopted. Figure 2 rep-
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resents the 0.5-10.0 keV XIS0 image, which is corrected
for exposure and vignetting effect after subtracting non
X-ray background.

Fig. 2. XIS0 image of the region around ZwCl0823.2+0425 in the
0.5-10.0keV band. The image is corrected for exposure and vi-
gnetting effect after subtracting non X-ray background.

3. The Results

Before spectral analysis of the cluster and sub halos, we
have to determine the background model. The back-
ground model are composed of cosmic X-ray background
(CXB), the hot gas around the Solar system, hot gas in
the Galactic halo, and Galactic absorption. We fit the
data outside the cluster and sub halos by a model of
APEC+WABS×(APEC+APEC+POWERLAW). With
this background model, we perform spectral analysis of
the cluster and sub halos. We make spectra for circular
regions whose radii are 2.5’, 2’, and 1.8’ for the cluster,
N and SE, and NE and NW, respectively. We fit the
observed XIS spectra by a model of WABS×APEC. The
fitting results are summarized in table 1. In NW sub
halo region, a little X-ray excess is detected. In SE re-
gion, the number of detected photons is so small that we
cannot determine the temperature and luminosity.

Table 1. The spectral fit results for each halo

Region kT (keV) Abundance
ZwCl0823.2+0425 4.72+0.28

−0.22 0.32+0.08
−0.07

N 5.84+0.74
−0.72 0.30+0.15

−0.15

NE 3.74+1.51
−0.97 0.30 (fixed)

NW 1.72+0.60
−0.33 0.30 (fixed)

Next, we investigate Lx-T and M -T relations for
ZwCl0823.2+0425 and sub halos. Previous typical ob-
servations show LxE(z)−1 ∝ T 2.5−3.0 (e.g. Ikebe et
al. 2002), where E(z) =

√
Ωm(z + 1)3 + ΩΛ. Figure 3

shows the Lx-T relation obtained from our results. This
indicates LxE(z)−1 ∝ T 3.8(±0.11), which does not agree
with the former typical results. A self-similar model pre-

Fig. 3. LX-T relation obtained from the observed halos. Error bars
stand for the 90% statistical errors. Solid lines represent the best
fit power-law model (LxE(z)−1 ∝ T 3.8).

dicts ME(z) ∝ T 1.5 (Kaiser 1986). Figure 4 shows
the M -T relation derived from our data, which indi-
cates ME(z) ∝ T 1.3(±0.06). This is slightly deviated
from the self-similar model (3.3σ). However, it should be
noted that any systematic errors of the background are
not considered at present, which could affect the above-
mentioned results.

Fig. 4. M -T relation obtained from the observed halos. Error bars
stand for the 90% statistical errors. Solid and dashed lines rep-
resent the best fit power-law model (ME(z) ∝ T 1.3) and that
predicted by the self-similar model, respectively.
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Abstract

The purpose of this work is to answer the question of “how have spatial distributions of components in
galaxy clusters evolved over the history of the universe?”. It is well known that galaxy clusters consist of
dark matter, intergalactic hot gas, and galaxies, and that hot gas has an extended distribution and galaxy
components show a morphology–density relation and the Butcher–Oemler effect. However, the origin of
these cluster component distributions is still unknown. One simple interpretation is that galaxies have
gradually fallen to the cluster centers, with evolution of their color and morphology. If this simple scenario
is correct, the relative distributions of galaxies to hot gas should become centrally-concentrated toward
lower redshifts. Our exploratory study suggests that galaxies are falling to the cluster center while hot gas
is expanding with decreasing redshifts.

Key words: galaxies: clusters: general—X-rays: galaxies: clusters

1. Background and Motivation

It is well known that galaxy clusters consist of dark mat-
ter, intergalactic hot gas, and galaxies. The distributions
of each component are also well studied; for example,
cluster hot gas distributions are known to be more ex-
tended than those of dark matter (or galaxies). That is,
beta in the beta model measured using X-ray data is usu-
ally less than unity for hot gas distributions (e.g., Jones
& Forman 1999), and this means that the hot gas has
higher specific energy than dark matter. On the other
hand, the morphology–density relation and the Butcher–
Oemler effect are known for galaxy (optical) components
in clusters (e.g., Goto et al. 2003). However, the origin
of such cluster component distributions is still unknown.
One simple interpretation is that galaxies have gradually
fallen to the center of gravitational potential with evo-
lution of their color and morphology and merged into a
single central galaxy, and that kinetic energy lost from
galaxies (through interactions of interstellar media and
intergalactic hot gas) has expanded the hot gas distri-
bution. In fact, there are some works which suggest
this scenario. Zabludoff & Mulchaey (1998) predict that
members of a galaxy group are merged into a central
bright galaxy in a few tenths of the Hubble time if the
galaxy density is initially high enough, and they found
a rich population of dwarf galaxies around an isolated
X-ray bright galaxy, NGC 1132, suspected to be in the
process of galaxy mergers. Kawaharada et al. (2009)

reported more direct evidence; using the XMM-Newton
and 2MASS data, they found that the galaxy luminosity
distribution is more centrally-concentrated than the cor-
responding metal distribution which has been provided
from galaxies to the hot gas.

In this work, we aim to directly detect the spatial
evolution of the galaxy components. For this purpose,
we use the galaxy distributions divided by correspond-
ing hot gas distributions at different redshifts. The hot
gas distribution, which traces the dark matter, is indis-
pensable to compensate for the effect of various dark
matter profiles among different clusters. Since the hot
gas is expected to expand toward lower redshifts, taking
the relative profile also has the advantage of exaggerat-
ing the predicted redshift evolution. If our scenario is
correct, this relative distribution of galaxies to hot gas
should become centrally-concentrated toward lower red-
shifts. This will be direct evidence for explaining the
origin of the observed morphology–density relation and
Butcher–Oemler effect, and/or extended hot gas distri-
butions.

2. Preliminary Result using the SDSS and XMM-Newton

As a preliminary study, we derive relative distributions
of galaxies to hot gas for four galaxy clusters (with sim-
ilar X-ray temperatures) at 0.073 < z < 0.282, using the
optical data from the Sloan Digital Sky Survey (SDSS)
and the X-ray data from XMM-Newton. Two of them
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Fig. 1. The relative distributions of galaxy luminosity profiles to hot gas profiles of the two clusters, Abell 2029 at z = 0.073 (solid line) and
ZW 3146 at z = 0.282 (dot-dashed line) derived from the combination of the SDSS and XMM-Neton archive data. The lower redshift
cluster (Abell 2029) have steeper gradients; this suggests that galaxy members fall to the cluster center with decreasing redshift.

have the morphological R-S type (Rood & Sastry 1971)
of “cD” and the other two have the R-S type of “C”. To
see galaxy distributions in optical, we make a luminos-
ity profile of galaxies in each galaxy cluster as follows.
First, we select all extended objects with i-band magni-
tudes of iBCG < i < ilim (see below for the definitions),
in a region with a physical radius of 2.5 Mpc at the clus-
ter redshift (we use the current standard cosmological
model throughout this paper) measured from the X-ray
center. We define iBCG as the i-band magnitude of the
brightest cluster galaxy, and ilim to detect galaxies with
absolute magnitudes brighter than M∗+1, including the
combinations of evolution- and K-corrections. Second,
we integrate fluxes of all extended objects in a circle cen-
tered on the X-ray center with an increasing radius in a
step of 100 kpc, and then subtract the background flux
derived from field galaxies around the cluster. Third,
we normalize the luminosity profile to the flux in the
central bin. To see gas mass profiles in X-ray, we first
make a background-subtracted 0.5–10 keV MOS1 image
(as a background, public blank sky image in the official
XMM-Newton website is used), and divide it by its expo-
sure map. X-ray surface brightnesses are square-rooted
so that the profiles are nearly proportional to electron
number (and hence gas mass) within each projected ra-
dius, and integrated in a circle with an increasing radius
of 100 kpc. This gas mass profile is also normalized to
values in the central bin.

To compare optical luminosity and gas mass distribu-
tions of different clusters, we normalize their physical dis-
tances from the X-ray centers by the virial radii (Rvir) of
each cluster. Then, we divide optical luminosity profiles
by gas mass profiles, assuming that all galaxy members
in a galaxy cluster have similar mass-luminosity ratios.
While type C clusters do not show redshift evolution,

type cD clusters evolve with redshift, just as we expected.
The relative distribution of Abell 2029 at z = 0.073 is
more concentrated than that of ZW 3146 at z = 0.282,
as shown in Figure 1. Our exploratory study with small
sample suggests that galaxies are falling to the cluster
center while hot gas is expanding with decreasing red-
shifts.

3. Future Work

There are two problems to draw firm conclusion; one is
too small size of the sample, and the other is that the
magnitude limit in the SDSS data defined by the star-
galaxy separation (Stoughton et al. 2003) is insufficient
to derive galaxy distributions in detail. To solve these
problems, we are now proposing deep imaging with larger
telescopes for much more clusters which have XMM-
Newton archival data. More importantly, we are also
proposing deep (and multi-color) imaging observations
for clusters at higher redshifts, in order to see the evo-
lution of galaxy clusters backward in the history of the
universe. We have a number of clusters at 0.3 < z < 0.8
with good X-ray data quality, and are making a corre-
sponding optical data set homogeneous for the overall
redshift range of 0.1 < z < 0.8. Then, we will be able
to study the cluster evolution in a time interval of 5.5
Gyr, that is comparable to the dynamical time scale of
a typical cluster,

√

R3/GM ∼ 5 Gyr.
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Abstract

Suzaku enable us to investigate not only type Ia supernovae products (Si, S, and Fe) but also type II
products (O and Mg) in the intra-cluster medium (ICM) to ∼ 0.3 r180 region of clusters and groups of
galaxies. We measured the metal abundances of the ICM of the clusters and groups between ∼1 and ∼4
keV and also calculated the Fe, O and Mg mass-to-light ratios (IMLR, OMLR, MMLR) with both B-band
and K-band luminosities. The OMLR and MMLR were measured to 0.3 r180 region in the ICM for the first
time with Suzaku, while the resultant IMLR were consistent with those with ASCA. The MLRs of many
groups seem to be lower than those of clusters. In addition, the values with K-band seem to be smooth
for each cluster compared with those with B-band. Observed spatial metal distribution hint that type II
products seem to have wider distribution than type Ia products. These suggest that metal enrichment
process in the ICM seem to be similar for different clusters, while the MLRs of groups seem to have some
scatter.

Key words: cluster: metal abundance

1. Observations and Spectral analysis

We selected four groups, NGC 5044, Fornax cluster,
NGC 507 and HCG 62 below ∼ 2 keV, and three clus-
ters Abell 262 (hereafter A 262) , Abell 1060 (hereafter
A 1060) and AWM 7 between 2 and 4 keV, to study the
metallicity distribution in the ICM with Suzaku. These
objects are nearby, bright systems observed with Suzaku.
Detail analysis methods for each group and cluster were
shown in Matsushita et al. (2007), Sato et al. (2007a,
2008, 2009a,b), Tokoi et al. (2008), and Komiyama et
al. (2009).

In the observed spectra, the ionized O, Mg, Si, S, Fe
lines are clearly seen for all objects. Although the ionized
O lines are prominent in the outer regions of the groups
and clusters, most of the emission is supposed to come
from the local Galactic emission. Note that the the O
abundance of the ICM is sensitive to the assumed Galac-
tic component models as mentioned in Sato et al. (2007).
We use H0 = 70 km s−1 Mpc−1, ΩΛ = 1−ΩM = 0.73 in
this paper. The solar abundance table is given by An-
ders & Grevesse (1989), and errors are 90% confidence
region for a single interesting parameter.

2. Results and Discussion

2.1. Abundance profiles

For all objects, the Fe abundances at the central region
are a subsolar abundance, and decrease to ∼ 0.2 of solar
abundance around ∼ 0.3 r180. We measured not only Si,
S, and Fe but also O and Mg abundance profiles up to a
radius of ∼ 0.3 r180 for the first time with Suzaku. Be-
cause the Fe abundance was well determined in the metal
abundances with the smaller uncertainties, we compared
the distributions of the metal abundances with that of
the Fe abundance. In order to compare the relative vari-
ation in the abundance profiles, we show abundance ra-
tios of O, Mg, Si, and S divided by Fe as a function of
projected radius. The projected radius is scaled by the
virial radius for each object. As a result, the Si and S to
Fe abundance ratios are close to ∼ 1.5 from the central
to the outer region, while the gradients of the O and Mg
to Fe ratios seem to be milder increasing than those of
the Si and S to Fe ratios. In addition, O/Fe solar abun-
dance ratios at the central region are about ∼ 0.6, while
the other elements to Fe ratios at the central region are
almost a solar abundance.

In order to investigate whether the gradient of the ra-
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Fig. 1. Average of the radial Z/Fe ratio profiles for groups and clusters
in r <∼ 0.1 r180 and r >∼ 0.1 r180 region.

Fig. 2. Temperature dependence of the MLRs with B-band (left

and K-band (right) for each group and cluster.

dial O, Mg, Si, and S to Fe ratios had different distri-
butions or not, we calculated the average of each ratio
in r <∼ 0.1 r180 and r >∼ 0.1 r180 regions. This was
because the metals within 0.1 r180 might be affected by
the contributions from the central galaxy. The resul-
tant averages are shown in figure 1. For the groups, the
Mg, Si, and S to Fe ratios are about 1–1.5 solar within
r <∼ 0.1 r180, while the O/Fe ratio is about ∼ 0.6 so-
lar. The ratios of groups have no spatial difference in/out
r ∼ 0.1 r180. For clusters, the ratios within r <∼ 0.1 r180

are similar to the case of the groups. On the other hand,
in r >∼ 0.1 r180 region, the O and Mg to Fe ratios seem
to increase compared to those within r <∼ 0.1 r180, al-
though the Si and S ratios are almost equal between the
regions.

2.2. IMLR and OMLR with B-band and K-band

We introduce the parameter of the metal mass-to-light
ratio and estimate its value for the groups and clus-
ters. Combining the X-ray luminous gas mass profile of
the groups and clusters and the abundance profiles ob-
tained with Suzaku, we calculated the cumulative metal
mass profiles. Using the integrated optical (B-band) lu-
minosity, we calculated the oxygen mass-to-light ratio

(OMLR), magnesium mass-to-light ratio (MMLR), and
iron mass-to-light ratio (IMLR) in unit of M�/L�. All
the integrated OMLR, MMLR, and IMLR with B-band
show a steep increase up to a radius of ∼ 0.1 r180, and
seem to reach almost the maximum at 0.1-0.2 r180. The
steep increase in the r < 0.1 r180 region suggests that
the gas with O, Mg, and Fe ions which were synthesized
in the central regions have been distributed to a wide re-
gion in the intra-cluster space, and/or that the member
galaxies have been more concentrated than the ICM.

We also calculated OMLR, MMLR, and MMLR with
K-band luminosity based on the Two Micron All Sky
Survey. Detail analysis methods of K-band luminosity
are mentioned in Sato et al. (2009a) and Komiyama et
al. (2009). While the increase of MLRs with B-band
luminosity seem to stop up to a radius of ∼ 0.1–0.2 r180,
the MLRs with K-band continue to increase in our obser-
vation region with Suzaku. Comparing to the tendency
of MLRs with B-band, that with K-band seems to be
similar to each object, and MLRs with K-band show a
milder dispersion. These suggest that metal enrichment
process in the ICM seem to be similar for each group and
cluster.

Makishima et al. (2001) shows the larger and richer
system have higher value of IMLR with B-band lumi-
nosity with ASCA. As mentioned in Sato et al. (2009a),
Suzaku observations show that not only IMLR, but also
OMLR and MMLR have the same tendency as ASCA
observations. In order to investigate the temperature
dependence of the OMLR, MMLR, and IMLR with K-
band, we plotted the MLRs within ∼0.1 and 0.25 r180 in
figure 2. As shown the tendency with B-band, the MLRs
with K-band of lager and richer system have lager value
within 0.1 and 0.25 r180. In addition, the tendency of the
IMLRs have a flatter distribution compared with that of
the OMLRs in r <∼ r 180 region. This suggests that the
metal distributions in r <∼ 0.1 r180 region are affected
by the central galaxies.
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Abstract

The metallicity distribution in the intracluster medium (ICM) of the Fornax cluster was studied with
Suzaku and XMM-Newton. The abundances of O, Mg, Si, S, and Fe within a radius of 0.2r180 were
measured with high accuracy with Suzaku. The abundance of Fe and the gas mass within a radius of
0.3r180 were measured with XMM-Newton.

The oxygen and iron mass-to-light ratio (OMLR, IMLR) within 0.1r180 are over an order of magnitude
lower than those of rich clusters and some relaxed groups of galaxies like the NGC 5044 group. The metal
mass to light ratios outside 0.1r180 increases with radius, and may become comparable to those of the NGC
5044 group at 0.4–0.5r180. In the Fornax cluster, the asymmetric X-ray emission may point to large-scale
dynamical evolution, which might have hampered the strong concentration of hot gas in the center.

Key words: X-rays: galaxies: clusters — intracluter medium — metallicity

1. Introduction

Groups and poor clusters of galaxies are different from
richer systems in that iron mass-to-light ratio (IMLR)
of poorer systems are systematically smaller than that
in rich clusters (Makishima et al. 2001). The metal
distribution in the intracluster medium (ICM) may be
used as a tracer of the history of the gas heating, since
both metal enrichment and heating timescales determine
the metal distribution in the ICM.

With Suzaku, the central region, <0.1r180, of the For-
nax cluster, which is a nearby poor cluster with an ICM
temperature 1.3–1.5 keV, has studied (Matsushita et
al. 2007a). The X-ray emission of the Fornax clus-
ter shows asymmetric spatial distribution, and the cD
galaxy, NGC 1399, is offset from the center (Scharf et
al. 2005; Machacek et al. 2005). The metals in groups
and poor clusters may be much more extended than rich
clusters which may contain all of the metals synthesized
in galaxies. Therefore, we observed outer regions of the
Fornax cluster.

We use the Hubble constant H0 = 70 km s−1 Mpc−1.
The distance to the Fornax cluster is DL = 19.8 Mpc,
and 1′ corresponds to 5.70 kpc. The virial radius,

r180 = 1.95 h−1
100

√
k〈T 〉/10 keV Mpc (Markevitch et al.

1998; Evrard et al. 1996), is about 1 Mpc for the average
temperature k〈T 〉 = 1.3 keV. We use the new abundance
table from Lodders et al. (2003). Unless otherwise spec-
ified, errors are quoted at 90% confidence.

2. Observation and Data analysis

Suzaku and XMM-Newton performed offset pointing ob-
servations of the Fornax cluster up to 0.2r180 and 0.3r180,
respectively. We divided the fields into four direction,
North(N); South(S); Northeast(NE); Northwest(NW).

We assumed the ICM consists of a single temperature
vapec model (Smith et al. 2001) and fitted spectra of
XIS. The metal abundances of He, C, N, and Al were
fixed to the solar values. We divided the other metals
into six groups, O; Ne; Mg; Si; S, Ar and Ca; Fe and Ni,
and allowed them to vary.

To determine gas mass, we used 0.8–1.2 keV energy
range of XMM-Newton data, where the uncertainties in
the background are small.
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3. Results and Discussion

The temperatures of the NW and S fields are ∼1.3 keV,
and those of the NE and N fields are ∼1.05 keV.

O, Mg, Si, S and Fe shows similar abundance pro-
files: about 1 solar around NGC 1399, and about 0.5
solar from 0.02 to 0.2r180. The value of Fe abundance
of 0.5 solar is similar to those in rich clusters and other
groups of galaxies (Fig.1). The radial profile of the Fe
abundance from 0.1 to 0.2r180 is almost comparable with
other clusters or groups. In more detail, the Fe abun-
dance of NW and NE regions are 0.50–0.56 solar, while
those of S and N regions are slightly smaller, at 0.4 solar
(Fig.1). The abundance ratios are consistent from the
center to 0.2r180. In average, the abundance ratios of
O/Fe, Mg/Fe, Si/Fe, S/Fe are about 0.6, 0.8, 0.8, and 1,
respectively, in the solar units (Fig.2).

The radial profiles of integrated IMLR (Fig.3) and
OMLR of the Fornax cluster increase with the radius
up to r ∼ 0.3r180, except r ∼ 0.06r180 where NGC 1404
exists, while those of the NGC 5044 group become flatter
from 0.1r180 to 0.3r180. The NGC 5044 group, with an
ICM temperature of about 1.0 keV, has the largest IMLR
and OMLR among groups of galaxies. If the IMLR and
OMLR of the Fornax cluster continue to increase with
the radius at r > 0.2r180, the values may become com-
parable with those of the NGC 5044 group at ∼0.4 r180.
Considering that the Fe abundances of the Fornax clus-
ter and NGC 5044 group are similar, the Fornax cluster
might have hampered the strong concentration of hot
gas in the central region of the cluster, due to recent
dynamical evolution.
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Abstract

NGC 4636, an X-ray bright elliptical galaxy, was observed with Suzaku. Thanks to low background and
good energy resolution of the XIS, we succeeded to estimate the foreground Galactic emission accurately,
and measure the metal abundance distributions out to ∼28 arcmin (� 140 kpc) for O, Mg, Si and Fe for
the first time. Metal abundances are as high as >1 solar within 4’ and decreases by ∼50% from the center
toward the outer region. In addition, the O to Fe abundance ratio is about 0.6∼1.0 solar in all analyzed
regions, indicating that metal products by SNe II and SNe Ia have mixed and diffused to the outer region of
the galaxy. Furthermore, comparing distribution of metal mass and mass-to-light-ratio with those of other
galaxies, we found that metal distributions in NGC 4636 are less extended, possibly due to environmental
factors, such as frequency of galaxy interaction. We also confirmed a signature of the resonance scattering
of the Fe XVII line in the central region, as reported with the XMM-Newton RGS observation.

Key words: galaxies: elliptical and lenticular, cD — X-rays: galaxies — X-rays: ISM

1. Introduction

The hot interstellar medium (ISM) in elliptical galaxies
is filled with metals ejected by supernovae and stellar
mass loss. By accurate analysis of the X-ray spectra of
ISM, we can estimate the metallicity distribution and
prove the metal enrichment history. In the past, ASCA,
Chandra, and XMM-Newton have revealed abundance
patterns in the centers of galaxies, however, observations
of outer regions, where metals ejected from galaxies are
accumulated, are still poor. To understand metal enrich-
ment process, measurements of O, Ne, Mg abundances
out to the outer regions are needed. The most suitable
detector to satisfy these conditions is the Suzaku/XIS
with a better energy resolution and lower background.

NGC 4636 (z = 0.00313; � 17 Mpc) is a bright ellipti-
cal galaxy located at the south of the Virgo cluster. X-
ray emission from the cluster is weak, therefore, we can
study metal enrichment history in an elliptical galaxy.
In addition, we can discuss the temperature dependence
of metal properties or environmental effects in compar-
ison with other elliptical galaxies, groups and clusters
had been observed by the Suzaku/XIS.

2. Observation

Three pointing observations were carried out for study
of NGC 4636; Central region just around NGC 4636 X-
ray peak, north region at 10’ offset to measure metal
abundances in the outer region, and 3.2◦ offset region
for estimating the foreground Galactic emission.

3. Analysis and results

For the central region, we extracted spectra of six annu-
lar regions centered on the X-ray peak. For the north
region, we analyzed the spectrum of a 8’-radius aper-
ture centered on a position at 20’ away from the galaxy
center.

3.1. Spectral fitting

We fitted NGC 4636 spectra of each region considering
the contribution of background. Two-component model
for the emission from NGC 4636 is applied; a single-
temperature vAPEC model for the ISM and a BREMSS
model with a temperature fixed 7 keV for the hard com-
ponent due to low mass X-ray binaries. We tried to
fit with a two-temperature model, however, temperature
and abundances are almost the same as that of single-
temperature model. Therefore, we treated the results of
only the single-temperature model.
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Fig. 1. Metal abundance distributions of NGC 4636 and NGC 1399. Dotted lines indicate the systematic error range due to the uncertainty
of the Galactic X-ray emission. The O abundance in 60–140 kpc represents an upper limit.

3.2. Temperature and metal abundance

The temperature in the central region is 0.64 keV and
goes up to 0.7-0.8 keV. Figure 1 shows the metal abun-
dance distributions of NGC 4636. Thanks to the high
energy resolution of the XIS, O abundance is measured
up to 10-12’ and Mg, Si and Fe to 12-28’ for the first time.
All metal abundances are as high as >1 solar within 4’
and decrease by ∼50% from the center toward the outer
region.

3.3. Resonance scattering in the central region

In the spectrum of the central region, the residual of the
spectral fitting has a negative line future around 0.85
keV. This is possibly due to resonance scattering of the
Fe XVII line reported from the results of RGS.

4. Discussion

We compared the Suzaku results with those of other X-
ray bright elliptical galaxies (NGC 1399 etc).

4.1. Metal abundance distribution

Metal abundances of NGC 4636 exhibit steeper gradient
than those of other elliptical galaxies; NGC 1399 (shown
in Figure 1), NGC 5044 and NGC 507. This means that
NGC 4636 still keeps the metals in aroud the center.

4.2. Radial profiles of the abundance ratio

The abundance ratio O/Fe is about 0.6∼1.0 solar, inde-
pendent of the radius. This means that O and Fe in the
gas diffused to the outside of the galaxy after the prod-
ucts from both SNe II and SNe Ia are well mixed. More-
over, this value is similar to that of NGC 1399, NGC
1404, NGC 720, and NGC 5044. This result indicates
that common metal production process has taken place.

4.3. Metal-mass-to-light-ratio (MLR)

O and Fe radial mass distributions are similar between
NGC 4636 and NGC 1399. This indicates that both
objects have similar metal diffusion process. In addition,
the MLR of NGC 4636 is 2∼3 times larger than that of

NGC 1399, possibly due to that NGC 4636 confines more
metal-rich gas. Figure 2 shows IMLR and OMLR at 0.1
r180 among several galaxies. There may be a correlation
between the temperature and MLR in spherical objects,
NGC 4636, NGC 5044 and HCG 62. On the other hand,
NGC 1399 and NGC 507 show a relatively low MLR.
This indicates that they experience galaxy interaction
frequently and metal rich gas could be stirred by galaxy
motions.

Fig. 2. IMLR and OMLR at 0.1r180 using B band luminosity.
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Abstract

We derived O and Ne abundances in the interstellar medium (ISM) of a relatively isolated S0
galaxy, NGC 4382, observed with the Suzaku XIS instrument, and compared the abundance pattern
of O/Ne/Mg/Fe to those of ISM in elliptical galaxies. The O/Fe ratio is a factor of 2 smaller than those of
ISM in elliptical galaxies, NGC 720, NGC 1399, NGC 1404 and NGC 4636, observed with Suzaku. Since O,
Ne, Mg are predominantly synthesized by supernovae (SNe) II, the observed abundance pattern indicates
that the contribution of SN Ia products is higher in the S0 galaxy, than those in elliptical galaxies. Our
result supports that spiral galaxies have changed into S0 galaxies, since stars in spiral galaxies thought to
contain more SN Ia products than those in ellipticals.

Key words: galaxies: individual (NGC 4382), galaxies: ISM, galaxies: abundances, X-rays: ISM

1. Introduction

The early-type galaxies have a hot, X-ray emitting inter-
stellar medium (ISM), which is considered to be gravi-
tationally confined (e.g., Mathews et al. 2003). For un-
derstanding the metal enrichment processes, the Suzaku
satellite is a powerful tool, due to its better energy res-
olution and lower background than any previous X-ray
CCD detector (Koyama et al. 2007).

The optical observations show no statistically signif-
icant evidence of fractions of elliptical, S0 and spiral
galaxies in clusters at the redshift z>0.5. In contrast,
the lower redshift clusters z<0.5 have increases in the
fractions of S0 galaxies, accompanied by a commensurate
decrease in that of spiral galaxies and no evolutions in the
elliptical fractions (e.g., Desai et al. 2007). These seem
to suggest that spiral galaxies changed into S0 galaxies
at z< 0.5, falling into clusters of galaxies.

Optical observations indicates that the [Mg/Fe] ratio
is super-solar in the cores of bright elliptical galaxies (e.g.
Thomas et al. 2005). This overabundance of Mg relative
to Fe is the key indicator that galaxy formation occurred
before a substantial number of SNe Ia could explode and
contribute to lower the [Mg/Fe] ratio (e.g. Pipino et al.
2009).

With Suzaku, the abundance pattern of ISM of el-
liptical galaxies, NGC 720 (Tawara et al. 2008), NGC
1399, NGC 1404 (Matsushita et al. 2007) and NGC 4636
(Hayashi et al. 2009) were reported. In this paper, we
first investigated stellar metallicity of a S0 galaxy, NGC
4382.

Throughout this paper, we adopt the new solar abun-
dance table by Lodders (2003). Errors are quoted at 90%
confidence.

2. Targets and Observation

NGC 4382 is a S0 galaxy located in the outskirt of Virgo
cluster, 1.7 Mpc from cD galaxy M87. NGC 4382 is
relatively isolated, and suitable to investigate the heavy
element of the ISM of galaxy itself.

The Suzaku observation of the NGC 4382 was carried
out on June 2008 with an exposure of 99 ksec.

3. Analysis

We extracted the spectra within 4 re circular region and
outside 5 re to estimate the background, centered on the
optical center of NGC 4382. Here, re is the effective
radius of a galaxy.

Then, we fitted the spectra subtracted Non-X-ray
background within 4 re and outside of 5 re, for CXB and
Galactic components, with the vAPEC model for ISM,
two power-law models for unresolved sources and CXB,
and two APEC models for Galactic emission. Here, we
assumed that the CXB and Galactic emissions in the re-
gion within 4 re have the same surface brightness and
spectral parameters as those of outside of 5 re.

4. Results

The derived ISM temperature within 4 re is about
0.31+0.02

−0.02 keV. This temperature is lower than those of
the early-type galaxies which has been observed with
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Fig. 1. Confidence contours of the O abundance and Fe abun-
dance. The cross mark denotes the best-fit location, and the
contours represent 68%, 90% and 99% confidence level, respec-
tively. Dashed lines correspond to O/Fe=constant.

Suzaku, NGC 720, NGC 1399, NGC 1404 and NGC 4636
(Matsushita et al. 2007; Tawara et al. 2008; Hayashi et
al. 2009).

The Fe abundance of the ISM is ∼ 0.6–2.9 solar. This
value of Fe abundance is consistent with that of other
early-type galaxies, NGC 720, NGC 1399, NGC 1404
and NGC 4636.

We derived the metal-to-Fe ratios, O/Fe, Ne/Fe and
Mg/Fe, from confidence contours (Figure 1). We can well
constrained the abundance ratios. The abundance ratios
of O/Fe, Ne/Fe and Mg/Fe are 0.33+0.19

−0.11, 0.69+0.15
−0.13 and

0.62+0.27
−0.27 in solar units, respectively. The O abundance

are especially smaller than the Fe abundance in units of
solar abundance.

5. Discussion

5.1. Comparison with the abundance ratio of ISM in el-

liptical galaxies

Figure 2 compares the abundance pattern of NGC 4382
with those of other elliptical galaxies, NGC 720 (Tawara
et al. 2008), NGC 1399, NGC 1404 (Matsushita et al.
2007) and NGC 4636 (Hayashi et al. 2009).

The abundance ratios of elliptical galaxies have similar
pattern with a small scatter, except Ne/Fe ratios, and
not so different from the solar abundance by Lodders
(2003). The average ratios of O/Fe, Ne/Fe and Mg/Fe
of these 4 elliptical galaxies are 0.77, 1.10 and 0.71 in
solar units, respectively. As shown in Figure 2, the O/Fe
ratio of NGC 4382 is a factor of 2 smaller than those
of elliptical galaxies. While, the Ne/Fe and the Mg/Fe
ratios of NGC 4382 tend to be smaller. These results
suggest the differences of metal enrichment history of
ISM between NGC 4382 and elliptical galaxies.
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Fig. 2. Abundance ratios of O, Ne, and Mg against Fe from the sin-
gle-temperature model fit. For comparison, we plotted abundance
ratios of elliptical galaxies, NGC 720, NGC 4636, Fornax cD, and
NGC 1404 are plotted. Solid line represents the ratio of metals to
Fe produced from SN II, and dotted or dashed lines are represent
from SN Ia.

5.2. Contributions from SN Ia and SN II

The theoretical SN Ia and SN II yields are also plot-
ted in Figure 2. Here, we refer the SN Ia and II yields
calculated by Iwamoto et al. (1999) and Nomoto et al.
(2006), respectively.

The ISM abundance ratios of NGC 4382 and elliptical
galaxies are located between those of SN Ia and SN II.
This suggests that these abundances are the mixture of
the yields of SN Ia and SN II.

Since the O is not synthesized by SNe Ia, observed
lower O/Fe ratio of the ISM in NGC 4382 indicates a
larger contributions from SN Ia in this S0 galaxy than
those of elliptical galaxies. In order to explain the result,
present SN Ia rate between S0 and elliptical galaxies are
different, or stars in S0 galaxies contain more SN Ia prod-
ucts than those of elliptical galaxies.

Higher SN Ia products in stars suggest that spiral
galaxies changed to S0 galaxies, considering that stars
in spiral galaxies contains more SN Ia products than gi-
ant elliptical galaxies.
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Abstract

The BGO anticoincidence shield of the Suzaku Hard X-Ray Detector Wideband All-Sky Monitor (HXD
WAM) has a geometrical area of 800 cm2, and operates in the 50 - 5000 keV energy range. It has been
designed to act as a gamma-ray burst detector, providing light curves with up to 15.625 millisecond time
resolution and energy spectra with up to 55 channels. It was incorporated into the 3rd interplanetary
network shortly after launch, and it is now detecting about one confirmed gamma-ray or soft gamma
repeater burst every 2.5 days. It has detected over 500 events so far. We describe the HXD-WAM, and
explain how the data are being utilized by the scientific community.

Key words: gamma rays: bursts; instrumentation: detectors

1. Introduction

We are using the data from the Suzaku Hard X-Ray
Detector Wideband All-Sky Monitor (HXD WAM), in
conjunction with the data from 8 other missions in the
Interplanetary Network (IPN), to derive the positions
of gamma-ray bursts by triangulation. The GRB data
which we use are recorded automatically, regardless of
Suzaku pointing direction. The IPN is an all-sky, full-
time monitor of transient activity, when the integrated
response of all the instruments in the network is con-
sidered, and has a limiting accuracy of < 1’. Its current
event detection rate is > 300/year above a threshold of ∼
10−6 erg cm−2, considering only those bursts detected by
two or more spacecraft. This makes it possible to study a
wide variety of events which imaging GRB instruments
like the Swift BAT and INTEGRAL-IBIS will seldom
detect. These include very intense bursts, very long
bursts, repeating sources (gravitationally lensed GRBs
and bursting pulsars like GRO J1744-28 are two exam-
ples), soft gamma repeater activity, and possibly other
as-yet undiscovered phenomena. The IPN detection rate
of short-duration GRBs is much greater than those of
imaging instruments (e.g. Ohno et al. 2008).

2. The Suzaku HXD WAM

The HXD WAM (Takahashi et al. 2007, Yamaoka et
al. 2009) has 20 BGO anticoincidence shields. They
present a geometrical area of 800 cm2 at normal inci-
dence to a side, and the wedge-shaped units which com-
prise the shield have an average thickness of 2.6 cm.
The energy range is 50 – 5000 keV. The shield electron-
ics comprises a GRB trigger, and triggered data include
both 15.625 or 31.25 ms resolution time histories in 4
energy channels, and 55 channel energy spectra with 0.5
or 1 s resolution. The HXD also detects bursts in the
untriggered data with 1 s time resolution. By compar-
ing the responses of the units which comprise the shield,
a coarse GRB localization may be obtained. Over 500
confirmed and 400 unconfirmed GRBs have been de-
tected in both modes since launch (Table 1 – this does
not include SGR bursts). “Confirmed” means that the
event was observed by at least one other spacecraft in
the IPN, and can therefore be localized to some extent.
Thus the Suzaku/IPN rate is about 1 burst/2.5 days.
The WAM limiting 50-5000 keV burst sensitivity is ∼
5x10−7 erg cm−2. Much of the data may be found on the
Suzaku website: www.astro.isas.jaxa.jp/suzaku/HXD-
WAM/WAM-GRB/.

The IPN currently includes 8 spacecraft, in addition

This document is provided by JAXA.



The Energetic Cosmos : from Suzaku to ASTRO-H 391

to Suzaku. These are Mars Odyssey , in orbit around
Mars, MESSENGER, on its way to Mercury, Wind , in
a distant prograde orbit, INTEGRAL, in an eccentric
orbit, and RHESSI, Swift , AGILE, and Fermi , all in low
Earth orbit. For more details, refer to the IPN website:
ssl.berkeley.edu/ipn3/index.html.

3. Some Results To Date

Over 100 GCN Circulars have now been issued for inter-
esting Suzaku-IPN events. We have called Swift ToOs for
GRB060928 (GCN 5686, 5721, and 5688), for SGR1806-
20 (GCN 5416), for the very intense, long-duration
GRB060213 (GCN 4762, 4763, 4770, 4773), for the short-
duration hard spectrum GRB060429 (GCN 5039, 5067,
Ohno et al. 2008) and for GRB070124 and 070125. The
IPN localizations of 070125 and 081105 were used to re-
fine the Swift-BAT positions (GCN Reports 28.1, 28.2,
GCN Circ. 8484). The short duration, hard spectrum
GRB051103, whose IPN localization suggested a possi-
ble origin in M81 or M82 (GCN 4197), was observed as
a ToO by XMM. Other bursts, with only coarse and/or
delayed localizations, have found a wide variety of uses.
An intriguing ground-based muon detector increase was
reported in conjunction with GRB 090315 (GCN 9009).
IPN bursts are being or have been used by the AMANDA
and IceCube groups, the ANITA group, and the RICE
group to search for neutrino emission associated with
GRBs. They have also been used by the Milagro group
to search for 100 GeV – 100 TeV emission in conjunc-
tion with GRBs, (Atkins et al. 2004, 2005). Because the
IPN GRB detection rate is over 300 bursts/year, and
because these bursts are the more intense (and therefore
probably, on average, closer) ones, IPN bursts constitute
a particularly rich database for these searches (e.g. GCN
4249). The LIGO group has used them to search for co-
incident gravitational radiation (Abbott et al. 2008a,b),
and they have been used to search for orphan afterglows.
IPN data are being studied to determine whether any en-
ergetic Type Ic hypernovae had gamma-ray emission as-
sociated with them (Hurley et al. 2007). The advantages
of the IPN in these searches are its isotropic response and
∼ 100% duty cycle. Alexandre Pelangeon and Jean-Luc
Atteia have used them to refine their pseudo-redshift al-
gorithm. Observations of SGR bursts are also of great
interest to many groups for triggering multi-wavelength
ToO observations.

4. GRB Energy Spectra

The Suzaku HXD WAM has been very carefully cali-
brated, and has excellent high energy sensitivity. Thus
it is often able to derive GRB energy spectra into the
MeV range, if the arrival direction is well enough known.
Figure 1 shows some examples. Over 30 energy spectra
have been analyzed so far.

Fig. 1. Energy spectra in flux units of six Suzaku-IPN bursts. Note
the excellent high energy response of the HXD-WAM (Yamaoka
et al. 2009). The spectra have been renormalized to fit on a
single plot and the y-axis normalization is arbitrary.

5. Conclusions

The HXD WAM has proven to be a very sensitive
GRB detector, and it plays an important role in the
IPN. Its spectral data have excellent statistics up to
the several MeV range, and therefore can complement
the Swift GRB data, whose spectra extend only to
around 300 keV. The IPN and Suzaku WAM data are
public, and can therefore be accessed by all interested
groups. Burst lists are available at the HEASARC
(http://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse), and
both burst lists and triangulation results are available
at the IPN website (ssl.berkeley.edu/ipn3/index.html).

Table 1. Suzaku bursts, August 2005 - March 2009

Data Triggered bursts Untriggered bursts
Confirmed 324 202
Unconfirmed 170 273
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Abstract

We have observed two GRBs, GRB 071112C and GRB 080506, before the start of X-ray flares in
the optical and NIR bands. In conjunction with published X-ray and optical data, we analyzed densely
sampled light curves of the early afterglows and SEDs in the NIR to X-ray ranges. We found that the SEDs
had a break between the UV and X-ray regions in the normal decay phase. No significant variation in the
opticalNIR range was detected together with the X-ray flares, suggesting that the X-ray flares should be
associated with a late internal shock. In addition, we found that two-component jets external shock model
can also explain the observed variations of SEDs during the X-ray flares.

Key words: gamma rays:bursts — radiation mechnisims:nonthermal

1. Introduction

X-ray observations with the Swift satellite have dis-
covered short flares in X-ray afterglows 102−4 sec after
GRBs, which are unexpected in the framework of the
standard external shock model (1). It is very likely that
they do not originate in external shocks that give rise to
the afterglow emission, but in late-time internal shocks,
if all previously observed X-ray flares are due to the same
physical process(e.g. 2,3,4,5,6). No significant variation
in optical was detected together with the X-ray flares.
This behavior is explained by the model with late inter-
nal shocks (7). If the late internal shock model is correct,
a GRB central engine must be alive longer than 1000
sec. Information on the age of the GRB central engine
is very important to constrain the physical mechanism
of GRBs. Although a umber of multi-wavelength obser-
vations have been done so far, they have not been well
organized. Now, we are ready to study X-ray flares with
prompt and multi-wavelength observations in the NIR—
X-ray band. We discuss a model with two-component
external shocks.

2. Observation and Results

We succeeded in observing X-ray flares in GRB 071112C
and GRB 080506 simultaneously with three bands of
the optical—NIR range by the KANATA telescope. We

got 14- and 6-band photometric and X-ray data for
those GRBs in conjunction with observations by the
other telescopes and Swift. Our KANATA 1.5 m tele-
scope, Higashi-Hiroshima Observatory, is equipped with
a unique instrument, TRISPEC, capable of simultaneous
optical-to-NIR imaging. We performed NIR—optical ob-
servations at the early phase of GRBs. Together with the
X-ray and Gamma-ray data, we study GRBs (8). Ob-
served optical spectral indexes were less than X-ray ones.
If an afterglow in a normal decay phase is explained by
the external shock model, SEDs should have a break be-
tween the UV and X-ray regimes in the normal decay
phase. This is because the IR flux is less obscured than
the UV flux.

In the X-ray flares, X-ray flux increased by 3 and 15
times, and the X-ray spectral index change from the nor-
mal decay phase. When the light curves become flare
decay phase from normal decay phase, the electron dis-
tribution index change to 1.24 from 1.66 and to 2.92
from 2.70 for GRB 071112C and GRB 080506, respec-
tively. No significiant variation (< 7 % and < 15 %) in
the optical—NIR range was detacted together with the
X-ray flares, respectively.
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3. Discussion

Here, we propose an alternative model with external
shocks for the X-ray flare. We consider two-component
jets external shock model. One component originates
from the main shell that produces the normal afterglow.
The other originates from a delayed shell, which is re-
sponsible for the X-ray flare. A sharp decay of the X-ray
flare is expected with the emission from the delayed shell
if it follows the temporal variation of SEDs same as the
external shock model for the normal afterglow. The de-
layed shell is required to generate a prominent X-ray flare
by the external shock. The delayed shell could generate
a prominent X-ray flare in a condition that it passes a
region containing enough interstellar medium, for exam-
ple, the opening angle of the delayed shell is larger than
that, or the axis of the delayed shell is off to that of the
main jet. Such conditions were originally proposed to
explain “X-ray flashes”, which are analogous to GRBs
except for their for their softer emission and less ener-
getics (9). Piro et al. (2005) and Galli & Piro (2006)
also proposed a model similar to ours, in which the X-
ray flare was reproduced by a collision of the delayed
shell and a reverse shock region. Here, we consider a
model with two-component forward shock emissions. We
discuss whether the observed SED variation during the
X-ray flares can be explained with this model.

We discuss possible parameters for the two-component
jest external shock model which reproduces the observed
SED variations. We introduce an additional emission
source to the normal afterglow component. The radia-
tion from this emission source is synchrotron emission
from an external shock whose typical and cooling fre-
quencies are represented by ν′

m and ν′
c. As mentioned in

§2, the SEDs are expected to have νc between the UV
and X-ray regimes.

For example, in case S1, the X-ray and optical flux
densities of the normal decay component, Fn,X and Fn,O

are related as;

Fn,X = Fn,O

(
νc

νO

)− p−1
2

(
νX

νc

)− p
2

. (1)

Here, we assumed an SED predicted by the standard
external shock model (4). Similarly, the optical and X-
ray flux densities of the X-ray flare component, Fflare,O

and Fflare,X are related as;

Fflare,O = Fflare,X

(
ν′

c

νX

)− p′
2

(
νO

ν′
c

)− p′−1
2

, (2)

where p′ is the electron distribution index of the X-ray
flare component. We define ratios of the flare to the
normal fluxes in the X-ray and optical bands as

A = Fflare,X/Fn,X, (3)

a = Fflare,O/Fn,O. (4)

Using Eqs. (1), (2), (3), and (4), we obtain

νc =
( a

A

)2

103(p−p′)ν′
c, (5)

where we take νX/νO ≈ 103. In this case S1, the cooling
frequency of the flare component, ν′

c, is assumed to lie
between νO and νX. Given this fact, and substituting
observed quantities summarised into Eq. (5), we derive
the condition for the cooling frequency of the normal af-
terglow component as νc < 1 × 1015 and < 4 × 1011 Hz
for GRB 071112C and GRB 080506, respectively. These
conditions must be compatible with the previously de-
rived result that νc is between the NIR and X-ray bands.
For GRB 071112C, both conditions are consistent with
each other, so that the present two-component external
shock model can reproduce the observed SED variations
in case S1. On the other hand, for GRB 080506, two in-
dependent conditions give no overlapping allowed regions
for νc, so that the case S1 fails to explain the observed
result.

νccan be also constrained by the observed amplitudes
of the X-ray flares in the two-component external shock
model. This restriction for νc depends on the SED pro-
file, in particular, on the relationship between ν′

m and
ν′

c, the observation frequencies of ν′
O and ν′

X. Possible
conditions for the X-ray flare component are divided into
five cases in the slow cooling regime (ν′

m < ν′
c ) and five

cases in the fast cooling regime (ν′
c < ν′

m) . The condi-
tions were limited to those ten cases because we consid-
ered a fading phase of the X-ray flare, that is, ν′

m < νX

or ν′
c < ν for the slow or fast cooling regime, respectively.

The two-component jets external shock model in the
other nine cases were also evaluated like the above ex-
ample about case S1. The observed SED variations can
be reproduced in most cases for both GRB 071112C and
GRB 080506.
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Abstract

We report on the observations of the high energy (>100 MeV) emission from gamma-ray bursts (GRBs),
including the first short GRB with GeV photons 081024B and the featureless long GRB 090217 by the
Large Area Telescope (LAT) onboard the Fermi Gamma-ray Space Telescope. The high energy photons
observed by the LAT from GRB 081024B is delayed with respect to the trigger time of Gamma-Ray
Burst Monitor (GBM) onborad Fermi and they extend after the low energy emission of GBM as well as
other LAT GRBs. Conversrsely, we found no special feature from GRB 090217: there is no delay for
high energy photons, no distinct spectral component. These interesting features and differences for high
energy emission observed by the LAT could help to investigate the emission mechanism of GRBs at high
energy. Some of these LAT GRBs are also detected by the Suzaku Wide-band All-sky Monitor (WAM)
simultaneously. The largest effective area of the WAM from 300 keV to 5000 keV could be of a good
assistance for the Fermi data.

Key words: The Energetic Cosmos, from Suzaku to Astro-H: proceedings

1. Introduction

Gamma-ray Burst (GRB) is the most energetic explo-
sion in the Universe. Although recent observational pro-
gresses brought by HETE-2 and Swift close to the pro-
genitor of GRBs, there are still many issues to be under-
stood, such as gamma-ray emission mechanism, physi-
cal condition of relativistic jet, differences between short
and long GRB classes, etc. One of the most poorly-
understood problem is the high-energy emission proper-
ties of GRBs. Energetic Gamma-Ray Experiment Tele-
scope (EGRET: Dingus et al. 1995) and Astro-rivelatore
Gamma a Immagini LEggero (AGILE: Giuliani et al.
2008) have detected high energy photons above 100 MeV
from several GRBs, and found a distinct spectral and
temporal component compared with the well-observed
traditional Band function component (Band et al. 1993)
around 0.1-1 MeV (Hurley et al. 1994, Gonzaletz et al.
2003). This high-energy component could be explained
by the emission from accelerated proton. In this case,
GRBs could be a candidate of the UHECRs. Further-
more, detection of such high energy photons from cos-
mological distance source should be useful to constrain
some quantum gravity models (Amerlino-Camelia et al.
1998). Therefore, observation of high-energy emissions
from GRBs is very important not only for understand-
ing the nature of GRB but also for developing in particle
physics. However, because the sample number of GRBs

with detection of high-energy photon was very limited,
little was known about high energy emission from GRB
before the Fermi era. GRB observations with Fermi can
realize more sensitivity and larger Field-of-View (FoV)
and thus we can expect the detection of high energy pho-
tons from many GRBs with much statistics by Fermi.
Here, we present the current status of GRB observa-
tions with Fermi, including the first short GRBs with
GeV photon GRB 081024B and another long Fermi-LAT
GRB 090217 without any notable features, and then we
report on the status of the synchronous detection with
Wide-band All-sky Monitor onboard Suzaku satellite.

2. GRB Observations with Fermi

The Fermi Gamma-ray Space Telescope was launched by
NASA on 2008 Jun 11, from Cape Canaveral, Florida.
The Large Area Telescope (LAT: Atwood et al. 2009),
which is the main instrument onboard Fermi is a pair-
conversion telescope covering an energy range from 20
MeV to more than 300 GeV with large FoV (2.4 sr at 1
GeV) and large effective area (∼8000cm2 at more than
1 GeV). Fermi also has the Gamma-ray Burst Moni-
tor (GBM). The GBM is composed of 12 sodium iodide
(NaI) detectors, which covers an energy range from 8
keV to 1 MeV and 2 bismuth germanate (BGO) detec-
tors covering higher energy range from 150 keV to 40
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Fig. 1. The GRB skymap as of September 4th, 2009. Small asterisks show the GRBs detected by Fermi-GBM (Red: Inside LAT FoV, Black:
outside LAT FoV). Large blue asterisks show the GRBs that high-energy (>100 MeV) photons are detected by the Fermi-LAT.

MeV. Combination of the LAT and the GBM enables us
to obtain the GRB spectrum with more than 7 energy
decades from many GRBs. Figure 1 shows the skymap
of GRBs detected by Fermi as of September 2009. Fermi
has detected 291 GRBs by the GBM in this period. The
LAT has detected the high energy (> 100 MeV) pho-
tons from 10 GRBs, and three of these LAT GRBs were
very bright enough to detect more than 10 photons in
the energy range of >1 GeV (GRB080916C: Tajima et
al. 2008, GRB090510: Ohno et al. 2009, GRB090902B:
de Palma et al. 2009). These LAT GRBs includes both
short and long duration GRBs. GRB081024B (Omodei
et al. 2008) was the first short GRB detected GeV emis-
sion. These results mean the very strong GRB detection
rate of the LAT of about 10 GRBs for all burst and a
few GRBs for bright (>10 photons for >1 GeV) bursts.
This GRB detection rate is comparable to that of our
estimation before the launch (Band et al. 2009). We
find the significant evidence of the extra power-law com-
ponent against to the simple Band function from two
bursts so far (GRB090510 and GRB090902B). For short
GRB 090510, this is the first clear detection of this extra
component from short GRB. A hint of the extra com-
ponent can be seen also from GRB 080916C but it was
not strong evidence (Abdo et al. 2009). Interestingly,
the emission observed by the LAT above 100 MeV is
often delayed with respect to the GBM trigger, and sig-
nificantly extends after the low-energy emission. Fur-
thermore, sometimes the high-energy emission lasts up
to hundreds seconds like the afterglow. Conversely, GRB
090217 (Ohno et al. 2009) does not show any special fea-
ture; there is no time delay between low and high energy
photons, and the spectrum can be represented by a sim-
ple Band function. After the 1-year operation of Fermi,
the sample number of GRB with high-energy emission
is already far superior to that of EGRET and we found
various features of high energy emission of GRBs. This

helps us to investigate the nature of high-energy emission
of GRB with Fermi in the near future.

3. Combination between Fermi and Suzaku/WAM

The Suzaku Wide-band All-sky Monitor (Suzaku/WAM:
Yamaoka et al. 2008) is also powerful GRB detector in
keV-MeV energy band with the largest effective area be-
tween 300 keV to 5 MeV. Such large effective area of the
WAM could help to constrain the spectral parameter or
time variability of the sub-MeV component by combina-
tion with the Fermi-GBM. About 100 events are coin-
cident between Suzaku/WAM and Fermi/GBM so far,
and 4 LAT GRBs (GRB 081024B, 090217, 090510, and
090902B) are also detected by the Suzaku/WAM. There-
fore, about 30 % of Fermi GRB will be detected by the
WAM. Thus, theq WAM data could be a good assistance
to the Fermi data in the future observations.
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Abstract

The Swift-XRT Deep Serendipitous Survey is a large (∼ 32.5 deg.2) rather deep ( 0.5-2 keV flux limit
∼ 7×10−16 erg cm−2 s−1) X-ray survey obtained by searching for serendipitous sources around 372 Gamma
Ray Burst (GRB) observed with the XRT telescope on board of the Swift satellite, from January 2005 to
December 2008. Here, we report on the strategy, design and execution of the survey, and we present first
results on the catalog of point-like X-ray sources detected in the observations carried out between January
2005 to June 2007 (237 fields). For the high Galactic latitude fields (i.e. |b| >=20 deg.), we also present
the X-ray number counts (i.e. LogN-LogS), that is consistent with previous results.

Key words: X-ray, surveys, Active Galactic Nuclei.

1. Introduction

An efficient way to complete the census of Active Galac-
tic Nuclei (AGN) is to use X-ray surveys, which have
been found to select efficiently AGN of many varieties,
and at higher surface densities than ever (e.g. ∼ 2000
deg−2 at the limiting flux of C-COSMOS, Elvis et al.
2009, in comparison with less than ∼ 500 deg−2 in
the most recent optical surveys). Up to date, Chandra
and XMM-Newton have perfomed numerous deep pencil
beam surveys and shallow wide contiguos surveys (see
Fig. 1). These two types of surveys are complementary
to each other. Deep pencil beam surveys are essential
to study the population of faintest X-ray sources; yet,
since they sample very small regions of the sky, they are
strongly affected by cosmic variance. On the other hand,
wide shallow contiguos surveys are less affected by cos-
mic variance, and are sensitive at relatively high fluxes,
where only a small fraction of AGN can be detected.

The gap beetwen the deep pencil beam surveys and the
wide contiguos shallow surveys is filled by the very large,
not contiguos, shallow-medium deep surveys. This type
of surveys, exploiting the very large amount of archival
data from Chandra and XMM-Newton satellites, covers
very large sky area, thus permitting the discovery of rare
objects, like e.g. high luminosity obscured AGN.

Within this context we have started a large rather
deep survey using the GRB fields, observed by the XRT
Telescope on board of the Swift satellite (Gehrels et
al. 2004), the Swift-XRT Deep Serendipitous Survey
(SXDSS). This survey presents a few advantages com-
pared to other large area X-ray surveys. First, Swift is

a mission devoted to discover GRBs and follow-up their
afterglows, thus the same sky region can be observed
for very long exposures (up to 1.17 Msec, GRB060729).
This, together with the very low background of the XRT
camera (∼ 1−2×10−4 counts/arcmin2/sec in the 0.3-3
keV band), allows to reach a flux limit of ∼ 7×10−16

erg cm−2 s−1 in the 0.5-2 keV band, that is definitely
deeper than the other similar large area surveys, and
comparable only with the CHAMP survey (see Fig. 1).
Second, the XRT Point Spread Function and vignetting
factor, being approximately constant across the field of
view, secure a rather uniform sky sensitivity. Third, the
GRBs explode randomly in the sky, with isotropic dis-
tribution (Briggs 1996, see Fig. 2) and SXDSS does not
suffer of possible biases towards already known bright
X-ray sources, as the large serendipitous surveys based
on X-ray archival data, like Einstein, ROSAT, Chandra
and XMM-Newton data.

2. Observations and data reduction

The SXDSS is made up of 372 GRB fields observed with
XRT from January 2005 to December 2008, with a total
exposure time >

∼

10 ksec for each field. Here, we present

the first 237 fields, observed from January 2005 to June
2007. The XRT data were processed with the XRTDAS
software (Capalbi et al. 20051) developed at the ASI
Science Data Center and included in the HEAsoft 6.4
package distributed by HEASARC. The observations of
each GRB were processed, and the final cleaned event

*1 http://heasarc.nasa.gov/docs/swift/analysis/xrt swguide v1 2.pdf
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Abstract

Monitor of All Sky X-ray Image (MAXI) is the first astronomical payload on the International Space
Station (ISS). MAXI was activated on 3 August 2009 by receiving electric power, circulated coolant,
and data links from Japanese Experiment Module (JEM) ”Kibo” Exposed Facility of ISS. All MAXI
instruments have successfully passed the post-activation health check. Currently in the commissioning
phase from August through November 2009, the 520-kg space station payload is transferring data via
data relay satellites to a ground station from two X-ray sensors, GSC (Gas Slit Camera covering 2–30
keV with twelve proportional counters) and SSC (Solid State-slit camera covering 0.5–12 keV with 32
X-ray CCD chips), and three support sensors, VSC (Visual Star Camera), RLG (Ring Laser Gyro), and
GPSR (GPS Receiver). Having accumulated the GSC data for one ISS orbit (92 minutes), we released,
on 18 August 2009, the ”first light” image in which we can easily recognize about 20 bright Galactic
sources. A preliminary analysis suggests that GSC achieved about 20–30 mCrab sensitivity in one orbit,
mostly consistent with the pre-flight estimation. In December 2009, we will start the automatic Internet
transmission of the MAXI source detection alerts (MAXI Nova/Burst Alerts), and the public release of
the MAXI light curves, images, and spectra at http://maxi.riken.jp .

Both the X-ray cameras, GSC and SSC, have wide fields of view (FOV), and scan all-sky X-ray images,
once with horizontal FOV and once with zenithal FOV, during every ISS spin (92 minutes) synchronized
with the ISS orbital motion. MAXI is more powerful than any previous X-ray All Sky Monitor (ASM)
payloads, being able to monitor a medium-sized sample of Active Galactic Nuclei (AGNs). A realistic
simulation under optimal observation conditions (Hiroi et al. in this proceedings) suggests that the 5σ
detection limits of GSC will be 20–25 mCrab ( ∼7×10−10 ergs cm−2 sec−1 in the energy band of 2-30
keV) for one ISS orbit (92 min), 4–5 mCrab for one day, and ∼ 2 mCrab for one week, reaching a source
confusion limit of ∼0.2 mCrab in every 1.5 years. We plan to operate MAXI for more than five years.
The MAXI objectives are (1) to alert the community to X-ray novae and transient X-ray sources, (2) to
monitor long-term variabilities of X-ray sources, (3) to stimulate multi-wavelength observations of variable
objects, (4) to create unbiased X-ray source catalogues, and (5) to observe diffuse cosmic X-ray emissions,
especially with better energy resolution for soft X-rays down to 0.5 keV.

Key words: ASM, All Sky Monitor, X-ray nova, AGN, GRB, X-ray transient, X-ray source catalogue
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1. Introduction

Monitor of All-sky X-ray Image (MAXI) is a 520-kg
all-sky X-ray monitor, which were launched on Space
Shuttle Endeavour at 7:03am JST on 16 July 2009, and
installed on the International Space Station (ISS) at
00:24am JST on July 27 (see figure 1), and successfully
activated on August 3. During the commissioning phase
from August through November 2009, we evaluate the
MAXI data to understand the instrument characteris-
tics in orbit, the flight operations, and data processing
before we start the public data release in December 2009.

The MAXI mission enables both monitoring and sur-
veying the whole sky. MAXI will alert astronomers of
GRBs, X-ray novae, and any significant brightening of X-
ray sources when they occur. With the long-term data
of X-ray sources, we can determine special time scales
of variability, e.g., long-term periodic or quasi-periodic
motions of X-ray sources. MAXI will promote multi-
wavelength observations with other space and ground-
based observatories in various bands, such as X-ray, in-
frared, optical, and radio. With MAXI’s sensitivity, we
can systematically investigate the variable activity of
black hole binaries and AGNs. MAXI provides unbiased
X-ray source catalogues over all the sky. Monthly or
biannual X-ray catalogues could contribute to the long-
term study of variable behavior of AGN for the first time.

MAXI is also able to make an all sky X-ray map with
soft X-rays and medium energy X-rays. The soft X-ray
map provides line features such as Oxygen X-ray lines,
which are useful in researching geo-coronal recombina-
tion lines as well as the evolution of hot gas in the Galaxy.

2. Two Types of X-ray Cameras

Figure 2 shows the MAXI overview and its subcompo-
nents. MAXI has two types of X-ray cameras: Gas Slit
Camera (GSC) covering 2–30 keV with twelve propor-
tional counters; Solid State-slit Camera (SSC) covering
0.5–12 keV with 32 X-ray CCD chips. In this proceed-
ings, the GSC status has been reported by Mihara et al.,
and the SSC status, by Tomida et al. and Kimura et al.
Table 1 lists characteristics of the MAXI X-ray cameras.

2.1. Gas Slit Camera (GSC)

GSC uses twelve pieces of one-dimensional position sen-
sitive proportional counters (PSPC). Each set of two
counters makes one camera unit, and hence GSC has
six camera units in total. Three camera units view a
horizontal direction from ISS; the other three, a zenithal
direction (see figure 3). Each of the six GSC camera
units has a field of view (FOV) of 80 degrees wide and
3 degrees across. The X-ray optics of each GSC camera
unit is a combination of a slit and many parallely aligned
plates. The parallel plates over each PSPC limit its field
of view to a three-degree-wide area on a great circle of

the sky, and the slit projects X-ray sources of different
positions along the great circle onto different positions of
the detector surface along its position sensitive direction.
Adjacent GSC camera units has a 40-degree-wide over-
lap of their FOV (see figure 3), and therefore a horizontal
(or zenithal) set of three camera units (right, center, and
left) together makes a FOV of 180 degrees by 3 degrees.
Since the line of sight of the “horizontal” camera units
is tilted up towards the zenithal direction by 6 degrees,
GSC does not see dark or bright Earth atmosphere as
far as ISS stays within its allowable attitude range.

The two sets (horizontal and zenithal) of the GSC
FOVs cover 2.4 % of the whole sky, and hence MAXI
is not optimized for the detections of short-duration X-
ray brightenings. Nonetheless, we will issue the MAXI
Nova/Burst alerts if we detect such short-duration events
inside the MAXI FOV with good significance.

Going around the Earth, ISS always faces its one side
toward the Earth center like an airplane. Every ∼92 min-
utes when ISS completes one orbit, ISS also finishes one
spin around the ISS rotation axis (see figure 3), and each
of the horizontal and zenithal fields of view of GSC scans
more than 90 % of the whole sky. The sky region covered
by the horizontal FOV is covered again by the zenithal
field of view about 20 minutes later. Thus X-ray sources
with variability time scales longer than several tens min-
utes will be good targets in the MAXI monitoring.

MAXI carries a GPS receiver, which enable us to at-
tach a time tag to each GSC X-ray photon event with
accuracy of 0.2 msec. Actual time scales which we can as-
sess are limited by poor photon statistics due to MAXI’s
small slit apertures, but the time-tagging accuracy is use-
ful when we study pulsation periods and their long-term
changes by light curve folding.

2.2. Solid-state Slit Camera (SSC)

SSC consists of two camera units: one with a horizontal
view; the other with a zenithal view. Each SSC camera
unit uses an array of 16 chips laid out in a 2×8 format
with no gaps in between. Each of the two SSC camera
units has a field of view of 90 degrees wide and 3 degrees
across. The X-ray optics of each SSC camera unit is also
a combination of a slit and many parallely aligned plates.
The line of sight of the “horizontal” camera unit is tilted
up towards the zenithal direction by 16 degrees. The two
sets (horizontal and zenithal) of the 90-degree wide SSC
FOVs cover 1.4 % of the whole sky. In one orbit, each
of the horizontal and zenithal fields of view of SSC scans
∼70 % of the whole sky.

SSC has a smaller slit aperture area and a smaller
detection area than GSC, but SSC has higher soft X-ray
sensitivity and higher energy resolution. SSC is essential
to monitor soft X-ray sources and map the sky with soft
X-ray lines.
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Fig. 1. MAXI in the orbit after installed on the station Fig. 2. MAXI payload overview

Table 1. Characteristics of the MAXI X-ray slit cameras

GSC: Gas Slit Camera SSC: Solid-state Slit Camera

X-ray detector
12 pieces of one-dimensional PSPC
(Xe 99 % + CO2 1 %)

32 chips of X-ray CCD
(1 inch2, 1024×1024 pixels per chip)

X-ray energy range∗ 2–30 keV 0.5–12 keV
Total detection area 5350 cm2 200 cm2

Energy resolution (FWHM) 18 % (at 5.9 keV) ≤ 2.5 % or 150 eV (at 5.9 keV)

Instantaneous sky coverage 2.4 % of the whole sky
(160 deg × 3 deg† × 2 sets‡)

1.4 % of the whole sky
(90 deg × 3 deg† × 2 sets‡)

Slit aperture area 20.1 cm2 × 6 camera units 1.35 cm2 × 2 camera units
Detector position resolution 1 mm 0.025 mm (pixel size)
Localization accuracy♯ < 0.1 degrees (goal) < 0.1 degrees (goal)
Point Spread Function 1.5 degrees 1.5 degrees
Time tagging accuracy♭ 0.2 msec 5.8 sec (nominal)
Weight⨿ 160 kg 11 kg

Notes.
∗Energy ranges with quantum efficiency > 10 %.
†The transmission function has a triangular shape with a FWHM of 1.5 deg.
‡Zenitial view (one set) and horizontal view (the other set).
♯Attitude determination accuracy has been estimated to be < 0.01 degrees.
♭Using MAXI’s GPS receiver.
⨿MAXI total weight is 520 kg.

3. MAXI First Light Image

On 18 August 2009, we released the MAXI first light im-
age (figure 4), created from the GSC data accumulated
for one ISS orbit from 3:00pm to 4:30pm JST of 15 Au-
gust 2009. No exposure correction, no background sub-
traction, or no position correction has been applied. we
can easily recognize about 20 bright Galactic sources. A
preliminary analysis suggests that GSC achieved about
20-30 mCrab sensitivity in one orbit, mostly consistent
with the pre-flight estimation of 5σ detection limits: 20–
25 mCrab in the energy band of 2-30 keV for one ISS
orbit (92 min), 4–5 mCrab for one day, and ∼ 2 mCrab

for one week, reaching a source confusion limit of ∼0.2
mCrab in every 1.5 years (Hiroi et al. in this proceed-
ings).

The unobservable zone around the Sun is a result of
the onboard sun avoidance angle set to 30 degrees. After
the acquisition of the first light image, we have gradu-
ally reduced the sun avoidance angle of GSC to be five
degrees. Since ISS’s orbital inclination is 51.6 degrees
and its precession period is ∼2 month, two disc-shaped
unobservable areas (with radius of 10 degrees) around
the ISS rotation poles will move along constant declina-
tion circles (±38.4 degrees) of the equatorial coordinate
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Table 2. MAXI data products and public data release plan

MAXI Product∗ Release Start Latency Contents

Nova/Burst Alert via the Internet† December 2009 < 30 sec♭ position, time, brightness, significance
Data of Pre-selected sources‡ December 2009 ∼ 1 day light curves, image, spectrum⨿

Data of any sky regions♯ September 2010 ∼ 1 day light curves, image, spectrum⨿

Notes.
∗The web interface for the alert email registration and the public data downloading will be placed at http://maxi.riken.jp/ .
†MAXI detections of significant transient events with various timescales will be reported through MAXI’s alert email system
and other existing routes, such as GCN(The Gamma-ray bursts Coordinates Network) and ATel(The Astronomer’s Telegram).
The MAXI alert system has been described by Negoro et al. in this proceedings.
‡At the beginning of the release, the number of pre-selected sources will be ∼400.
♯On the web interface, users can specify any time spans and sky regions.
♭Fastest case, using real-time downlinked data. A typical duration of real-time downlink is 60–70 % of the total operation time.
⨿With a background spectrum file and an instrumental response file.

Fig. 3. MAXI GSC fields of view Fig. 4. MAXI first light

system, and become observable ten days later.

4. Data Products and Public Release Plan

Table 2 lists the MAXI data products and the release
plan. We will provide the nova/burst alerts and the
light curves, images, and spectra. With the alerts,
we inform the community of not only the emergence
of X-ray novae but also any significant X-ray transient
events with various timescales from seconds to longer
than days. The MAXI Nova/Burst Alert system is de-
scribed in Negoro et al. in this proceedings. You can
receive the email alerts by registering a mailing list at
http://maxi.riken.jp . We also use other existing routes,
such as GCN(The Gamma-ray bursts Coordinates Net-
work) and ATel(The Astronomer’s Telegram).

In December 2009, we will start the public release of
the MAXI light curves and images of about 400 pre-
selected sources. The release of spectra will follow,
when we finish creating background files and instru-
mental response files of acceptable quality. We will
listen to your recommendation of additional targets to
the pre-selected list. You will be able to browse and

download the light-curve, image and spectral files at
http://maxi.riken.jp , and analyze them with a software
package, HEASoft/XANADU.

In September 2010, we open a web interface at
http://maxi.riken.jp, where you can specify any time
spans and sky regions (not limited to the regions of
the pre-selected sources) to download their MAXI light
curves, images, spectra.

Currently our scope of work does not include the pub-
lic release of the low-level products, such as X-ray pho-
ton event data. By collaborating with the MAXI team,
however, you can access the MAXI low-level products for
scientific analysis.
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Abstract

The joint JAXA/NASA ASTRO-H mission is the sixth in a series of highly successful X-ray missions
initiated by the Institute of Space and Astronautical Science (ISAS) The planned launch date is 2014.
ASTRO-H will investigate the physics of the high-energy universe by performing high-resolution, high-
throughput spectroscopy with moderate spatial resolution over the 0.3–600 keV energy range. ASTRO-H
is a combination of wide band X-ray spectroscopy (3–80 keV) provided by multi-layer coating, focusing
hard X-ray mirrors and hard X-ray imaging detectors, and high energy-resolution soft X-ray spectroscopy
(0.3–10 keV) provided by thin-foil X-ray optics and a micro-calorimeter array. The mission will also
carry an X-ray CCD camera as a focal plane detector for a soft X-ray telescope and a non-focusing soft
gamma-ray detector. With these instruments, ASTRO-H covers very wide energy range from 0.3 keV to
600 keV. The micro-calorimeter system is developed by international collaboration lead by ISAS/JAXA
and NASA. The simultaneous broad bandpass, coupled with high spectral resolution of ∆E ∼7 eV by the
micro-calorimeter will enable a wide variety of important science themes to be pursued.

Key words: X-ray, Hard X-ray, gamma-ray, X-ray Astronomy, Gamma-ray Astronomy

1. Introduction

ASTRO-H, which was formerly called as NeXT, is an
international X-ray satellite that Japan plans to launch
with the H-II A rocket in 2014 (Takahashi et al. 2008).
It has completed the phase A study in 2008 and entered
into Phase B since Oct. 2008. NASA has selected the
US participation in ASTRO-H as a mission of opportu-
nity. Under this program, the NASA/Goddard Space
Flight Center collaborates with ISAS/JAXA on the im-
plementation of an X-ray micro-calorimeter spectrome-
ter (SXS Proposal NASA/GSFC, 2007). Other interna-
tional members are from SRON, Geneva University and
CEA/DSM/IRFU. In addition, in early 2009, NASA,
ESA and JAXA have selected science working group
members to provide scientific guidance to the ASTRO-H
project relative to the design/development and operation
phases of the mission.

The ASTRO-H mission objectives are to study the
evolution of yet-unknown obscured super massive Black
Holes (SMBHs) in Active Galactic Nuclei (AGN); trace
the growth history of the largest structures in the Uni-
verse; provide insights into the behavior of material in
extreme gravitational fields; determine the spin of black
holes and the equation of state of neutron stars; trace
particle acceleration structures in clusters of galaxies and

Fig. 1. Artist’s drawing of the ASTRO-H satellite. The focal length
of the Hard X-ray Telescope (HXT) is 12m, whereas the Soft
X-ray Spectrometer (SXS) and Soft X-ray Imager (SXI) will have
a focal length of 5.6 meters.

SNRs; and investigate the detailed physics of jets.
In this paper, we will summarize the scientific require-

ments, the mission concept and the current baseline con-
figuration of instruments of ASTRO-H.

2. Science Requirements

ASTRO-H aims to achieve the following objectives by
inheriting the tradition and advancing the technology of
highly successful X-ray missions initiated by the Insti-
tute of Space and Astronautical Science (ISAS) begin-
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ning with the launch of the Hakucho mission in 1979
through to the currently operating Suzaku mission.

1. For “revealing the large-scale structure of the uni-
verse and its evolution,”

• ASTRO-H observes galaxy clusters, the largest
structure of the universe, and uncovers their
entire pictures of thermal energy, kinetic en-
ergy of intracluster medium, and non-thermal
energy, and directly trace the dynamic evolu-
tions of galaxy clusters.

• ASTRO-H observes distant (past) super mas-
sive black holes hidden by thick surround-
ing materials with 100 times higher sensitivity
than Suzaku, and studies the evolution and the
role in galaxy formation of such black holes.

2. For “understanding the extreme conditions in the
universe,”

• ASTRO-H measures the motion of matter gov-
erned by gravitational distortion at extreme
proximity of black holes, and reveal the struc-
ture of relativistic space-time.

3. For “exploring the diverse phenomena of the non-
thermal universe,”

• ASTRO-H probes the physical condition of the
sites where high energy particles (cosmic rays)
gain energy, which leads to a better under-
standing of the process in which gravity, col-
lisions, and explosions give rise to cosmic rays.

4. For “elucidating dark matter and dark energy,”

• ASTRO-H maps the distribution of dark mat-
ter in galaxy clusters and the total mass of
galaxy clusters at different distances (ages),
and studies the roles of dark matter and dark
energy in the evolution of galaxy clusters.

3. Spacecraft and Instruments

ASTRO-H is in many ways similar to Suzaku in terms
of orbit, pointing, and tracking capabilities (Table.1),
although the mass is larger; the total mass at launch will
be 2400 kg, and the length is longer, the total length in
the orbit will be ∼ 14 m. ASTRO-H will be launched into
a circular orbit with altitude 500–600 km, and inclination
30 degrees or less. Science operations will be similar to
that of Suzaku, with pointed observation of each target
until the integrated observing time is accumulated, and
then slewing to the next target. A typical observation
will require 40–100 ksec integrated observing time, which
corresponds to 1–2.5 days of clock time. All instruments
operate simultaneously.

Table 1. ASTRO-H Mission

Launch date 2014 (planned)
Launch site Tanegashima Space Center, Japan
Launch vehicle JAXA H-IIA rocket
Mass ∼2.4 metric tons
Orbit altitutude 550 km circular
Orbit Inclination Approximate circular orbit
Orbit type ∼31 degree
Orbit Period 96 minutes
Mission length longer than 3 years

(target 5 years)

To achieve the scientific goals, the ASTRO-H satellite
must collect X-rays from celestial objects ranging from
0.2 keV to 80 keV with X-ray telescopes and carry out
imaging and spectroscopy observations using three types
of focal-plane detectors. It must also be able to detect X-
rays from 10 keV to 600 keV with a non-imaging device.
The properties (i.e. the arrival time, position, and en-
ergy) of detected signals must be recorded in the stored
data system of the satellite after being digitized, which
are transmitted to ground stations.

ASTRO-H will carry two hard X-ray telescopes
(HXTs) for the hard X-ray imager (HXI), and two soft
X-ray telescopes (SXT), one with a micro-calorimeter
spectrometer array with excellent energy resolution of
∼7 eV, and the other with a large area CCD. Both soft
and hard X-ray mirrors are mounted on top of the fixed
optical bench. Two focal-plane detectors for soft X-ray
mirrors are mounted on the base plate of the spacecraft,
while two hard X-ray detectors are mounted on the ex-
tensible optical bench to attain 12 m focal length. In
order to extend the energy coverage to soft γ-ray region,
a Soft Gamma-ray Detector (SGD) will be implemented
as a non-focusing detector.

Fig. 2. Configuration of the ASTRO-H satellite
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3.1. Hard X-ray Imaging System

The hard X-ray imaging system onboard ASTRO-H con-
sists of two identical mirror-detector pairs (Hard X-ray
Telescope (HXT) and Hard X-ray Imager (HXI)). The
HXT has conical-foil mirrors with graded multilayer re-
flecting surfaces that provide a 5–80 keV energy range
(Ogasaka et al. 2008). The effective area of the HXT
is maximized for a long focal length, with current de-
sign value of 12 m giving an effective area of ∼300 cm2

at 30 keV. A depth-graded multi-layer mirror reflects
X-rays not only by total external reflection but also by
Bragg reflection. In order to obtain high reflectivity up
to 80 keV, the HXT’s consist of a stack of multi-layers
with different sets of periodic length and number of layer
pairs with a carbon/platinum coating.

The HXI consists of four-layers of 0.5 mm thick
Double-sided Silicon Strip Detectors (DSSD) and one
layer of 0.5–1 mm thick CdTe imaging detector
(Kokubun et al. 2008). In this configuration, soft X-
ray photons will be absorbed in the Si part (DSSD),
while hard X-ray photons go through the Si part and
are detected by the newly developed CdTe double strip
detector.The DSSDs cover the energy below 30 keV while
the CdTe strip detector covers the 20-80 keV band. The
DSSD has a size of 3×3 cm2 and a thickness of 0.5 mm,
resulting in 2 mm in total. A CdTe strip detector has
a size of ∼3×3 cm2 and a thickness of 0.75 mm. In ad-
dition to the increase of efficiency by keeping non X-ray
background low, the stack configuration and individual
readout provide information on the interaction depth.

3.2. Soft X-ray Spectrometer System

The Soft X-ray Spectrometer (SXS) is based on Suzaku-
XRS (X-Ray Spectrometer) technology, which is the low-
est risk option for implementing the capabilities needed
for the SXS. The SXS consists of the Soft X-ray
Telescope (SXT-S), the X-ray Calorimeter Spectrometer
(XCS) and the cooling system (Mitsuda et al. 2008).

The XCS is a 32 channel system with an energy res-
olution of ≤7 eV between 0.3–12 keV. Micromachined,
ion-implanted silicon is the basis of the thermistor ar-
ray, and 800-micron-thick HgTe absorbers provide high
quantum efficiency across the 0.3–12 keV band. The ef-
fective area of the instrument will be 225 cm2 at 6 keV,
by a factor of about 1.5 larger than that of Suzaku XRS.
The detector is a 6x6 format array which covers a 3×3
arcmin2 filed of view, with a focal length of 5.6 m.

The XCS cooling system must cool the array to 50 mK
with sufficient duty cycle to complete the SXS scien-
tific objectives, requiring extremely low heat loads. To
achieve the necessary gain stability and energy resolu-
tion, the cooling system must regulate the detector tem-
perature to within 2 µK rms for at least 24 hours per
cycle. As with Suzaku, the array will be cooled us-
ing an Adiabatic Demagnetization Refrigerator (ADR).

The ADR and detector assembly will be developed, in-
tegrated, and tested together at GSFC, prior to installa-
tion into a dewar system developed by ISAS. The ADR
Controller (ADRC) electronics control and monitor the
ADR performance. The design of the dewar system is
based on coolers developed for space-flight missions in
Japan (Suzaku, Akari, and the SMILES instrument to be
deployed on the ISS) that have achieved excellent per-
formance with respect to cooling power, efficiency and
mass. The lifetime is designed to be longer than 5 years.

3.3. Soft X-ray Imaging System

X-ray sensitive silicon charge-coupled devices (CCDs)
are a key device for the X-ray astronomy. The low
background and high energy resolution achieved with the
XIS/Suzaku clearly show that the X-ray CCD will also
play very important role in the ASTRO-H mission. Soft
X-ray imaging system consists of an imaging mirror and
a CCD camera (Soft X-ray Telescope (SXT-I) and Soft
X-ray Imager (SXI)) (Tsunemi et al. 2008).

In order to cover the soft X-ray band below 10 keV,
the SXI will use next generation Hamamatsu CCD chips
with a thick depletion layer, low noise, and almost no
cosmetic defects. The SXI features a large FOV and cov-
ers 38×38 arcmin2 region on the sky, complementing the
smaller FOV / lower angular resolution but much higher
spectral resolution of the SXS calorimeter. A mechan-
ical cooler ensures a long operational life at −120 ◦C.
The overall quantum efficiency and spectral resolution is
better than the Suzaku XIS. The imaging mirror has a
5.6-m focal length, and a diameter no larger than 45 cm.

3.4. Soft Gamma-ray Detector (SGD)

Highly sensitive observations in the energy range above
the HXT/WXI bandpass are crucial to study the spec-
trum of accelerated particles. The SGD is a non-focusing
soft gamma-ray detector with a 10–600 keV energy range
and sensitivity at 300 keV, more than 10 times better
than the Suzaku HXD (Hard X-ray Detector). It out-
performs previous soft-γ-ray instruments in background
rejection capability by adopting a new concept of narrow-
FOV Compton telescope (Takahashi et al. 2003).

In order to lower the background dramatically and
thus to improve the sensitivity as compared to the HXD
of Suzaku, we combine a stack of Si pad detectors and
CdTe pad detectors to form a semiconductor Compton
imager. In order to detector scattered photon at large
angle, the side part of the Si stack is also surrounded by
CdTe detectors. The Si stack consists of 32 layers of 0.5
mm thick Si detectors. Eight layers of CdTe detectors
with a thickess of 0.75 mm will be placed underneath the
Si stack and two CdTe layers will surround the Si Stack.
The imager is then mounted inside the bottom of a well-
type active shield. Above ∼50 keV, we can require each
event to interact twice in the stacked detector, once by
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Fig. 3. A portion of a simulated spectrum from the cluster A2029,
assuming 400 km/s turbulence, and models assuming 200, 400,
and 600 km/s, clearly showing the capability of SXS to measure
cluster dynamics. The simulation is for 100 ksec.

Compton scattering in a stack of Si detectors, and then
by photo-absorption in the CdTe part (Compton mode).
Once the locations and energies of the two interactions
are measured, the Compton kinematics allows us to cal-
culate the energy and direction (as a cone in the sky) of
the incident γ-ray by following the Compton equation,

4. Expected Performance

The key properties of SXS are its high spectral resolution
for both point and diffuse sources over a broad band-
pass, high sensitivity, and low non-X-ray background.
These properties open up the full range of plasma di-
agnostics and kinematic studies of X-ray emitting gas
for thousands of targets, both Galactic and extragalac-
tic. SXS improves upon and complements the current
generation of X-ray missions, including Chandra, XMM-
Newton, Suzaku and Swift.

SXS spectroscopy of extended sources can reveal line
broadening and Doppler shifts due to turbulent or bulk
velocities (Fig. 3). This capability enables the spectral
identification of cluster mergers, SNR ejecta dispersal
patterns, the structure of AGN and starburst winds, and
the spatially dependent abundance pattern in clusters
and elliptical galaxies. SXS can also measure the opti-
cal depths of resonance absorption lines, from which the
degree and spatial extent of turbulence can be inferred.
Additionally, SXS can reveal the presence of relatively
rare elements in SNRs and other sources through its high
sensitivity to low equivalent width emission lines. The
low SXS background ensures that the observations of al-
most all line rich objects will be photon limited rather
than background limited.

Fig. 4 shows Detection limits of the SXT-I/SXI and
HXT/HXI for point sources and for sources with of 60’
× 60’ extension. By assuming a background level of
∼ 1×10−4 counts/s/cm2/keV, in which the non X-ray
background is dominant, the source detection limit in
1000 ksec would be roughly 10−14 erg cm2 s−1 in terms
of the 10–80 keV flux for a power-law spectrum with a
photon index of 2. This is about two orders of magni-

tude better than present instrumentation, so will give a
breakthrough in our understanding of hard X-ray spec-
tra. With this sensitivity, 30-50 % of hard X-ray Cosmic
Background would be be resolved.

In addition to the imaging observations below 80 keV,
the SGD will provide a high sensitivity in the soft γ-ray
region to match the sensitivity of the HXT/HXI com-
bination. The extremely low background brought by a
narrow-FOV Compton telescope adopted for the SGD
will provide sensitive γ-ray spectra up to 600 keV, with
moderate sensitivity for polarization measurements.

XMM-Newton and Suzaku spectra frequently show
time-variable absorption and emission features in the
5–10 keV band. If these features are due to Fe, they
represent gas moving at very high velocities with both
red and blue shifted components from material presum-
ably near the event horizon. CCD resolution is too low
and the required grating exposures are too long to prop-
erly characterize the velocity field and ionization of this
gas and determine whether it is from close to the black
hole or from high velocity winds. SXS, in combination
with HXI, provides a dramatic increase in sensitivity over
Suzaku, enabling measurements that probe the geome-
try of the central regions of ∼50 AGNs on the orbital
timescale of the Fe producing region (for an AGN with
a 3×107M� black hole, this is ∼60 GM�/c2 = 10 ksec).

Fig. 4. Detection limits of the SXT-I/SXI and HXT/HXI for point
sources.
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Mission Overview:

The Nuclear Spectroscopic Telescope Array experi-
ment (NuSTAR) is a NASA Small Explorer (SMEX)
mission. It is scheduled for launch in late 2011. The
mission life is 2 years, although 5+ years operation is
feasible since there are no expendables. NuSTAR will
operate in the 6-78 keV energy band. It will be the
first mission to employ true focusing optics at energies
significantly above 8 keV. Previous missions have uti-
lized pseudo-imaging techniques such as coded aperture
masks. Focusing will enable higher angular resolution
and sensitivity than previous hard X-ray missions. An
overview of the experiment is shown in fig. 1. Of note
is the adjustable mast that will deploy two optics 10.15
meters from the focal plane arrays. This will be the first
use of a deployable mast in a high energy astrophysics
mission. The optical bench, which supports the optics
modules, contains three metrology lasers, which provide
real time information on relative shifts in the optics-focal
plane due to mast motion. The optics bench also con-
tains a star tracker, an electronics box and 3 Phaeton ac-
celerometers. The focal plane bench supports the mast
and its canister, 2 focal plane assemblies, 3 metrology de-
tectors, the central electronics box, 2 star trackers and a
magnetometer.

Fig. 1. NuSTAR telescopes in deployed configuration

NuSTAR will be launched by a Pegasus XL in a
550×600 km orbit of 6 degree inclination. The spacecraft

(ATK Space Systems) is single string with 3-axis atti-
tude control. There will be daily downlinks via TDRSS,
and uplinks will not be routinely required. The pointing
strategy will emphasize long observations of survey fields,
specific pointed observations and targets of opportunity.
The mission operations center will be at Berkeley and
the science operations center at Caltech. Processed data
will be delivered to both science users and the NASA
science archive (HEASARC).

NuSTAR achieves extremely large effective area in a
compact geometry in the energy band beyond Newton
and Chandra ( >

∼
10 keV). It achieves this through a

combination of large geometric area, long focal length
and multilayer coatings on the optics (see below). This
is illustrated in fig. 2, where NuSTAR is seen to pro-
vide effective area comparable to the high throughput
Newton mission, but extending out to much higher en-
ergies. The combination of high angular resolution (cur-

Fig. 2. NuSTAR effective area

rent estimated on-orbit performance 50”) and large effec-
tive area lead to unprecedented sensitivity over previous
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non-imaging missions in the hard X-ray band. This is
indicated in fig. 3; NuSTAR will achieve ∼ 100 times
better sensitivity than previous major missions such as
RXTE and Integral.

Fig. 3. NuSTAR continuum sensitivity

Science Objectives:

While the observing plan details continue to be worked
out, the broad science objectives of NuSTAR are clearly
defined. A supermassive black holes survey will be per-
formed through a combination of deep pointings in the
GOODS field (> 200 arcmin2), along with a wide survey
(> 4 deg2). Hard X-rays are particularly appropriate
for such a survey due to their ability to penetrate dust
and gas obscured objects such as shrouded AGN. The
second objective is to study collapsed stellar remnants
through a survey of the Galactic center (GC). With 100
times the sensitivity of Integral in the 20-40 keV en-
ergy band, and more than an order of magnitude bet-
ter angular resolution, NuSTAR will, for instance, iden-
tify more than ∼ 100 high mass X-ray binaries in the
GC. A broad survey of the GC will not only detect Sgr
A∗, but also a large number of low mass X-ray bina-
ries, and targets of timely interest, such as magnetars.
A third goal of NuSTAR is to study supernova explo-
sion physics and stellar nucleosynthesis through observa-
tions of young supernova remnants (SNR). Deep point-
ings will be obtained of both Cas A and SN 1987A. The
Cas A pointing will be used to obtain a spatial map of
the 44Ti line emission at 68 and 78 kev. NuSTAR car-
ries high energy resolution (∼ 1 keV at the Ti lines)
Cadmium Zinc Telluride (CdZnTe) detectors, and thus
NuSTAR can perform Doppler-resolved spectroscopy of
the Ti lines as well. This combination of diagnostics
will provide an unprecedented ability to study super-
nova explosion physics. The fourth goal of NuSTAR is

to study the TeV gamma ray sources detected by tele-
scopes such as HEGRA, HESS and MAGIC. The nature
of these sources is diverse, including pulsar wind nebu-
lae, supernova remnants and star clusters. At least 4 of
these sources will be observed, and contemporaneous ob-
servations with gamma ray and optical telescopes will be
undertaken. Finally, in the lucky event of a SN Ia closer
than Virgo or a core collape SN in the Local Group,
NuSTAR will respond within 48 hours.

Instrument Overview (Optics):

The optics design is a conical approximation to the
Wolter type-I geometry (Serlemitsos et al. 1995), with
each mirror shell consisting of an upper and lower sec-
tion. There are 130 mirror shells per optic. The inner
shells are segmented into sextants and the outer shells
into twelftants. The 2 telescopes thus have 4752 seg-
ments. The glass segments start out as flat sheets, and
are thermally-slumped into the proper shape using a pro-
cess first introduced to X-ray astronomy some 10 years
ago (Hailey et al. 1997), and with improvements devel-
oped for the Constellation-X and IXO missions (Zhang
et al. 2002). After slumping, the individual glass seg-

Fig. 4. Fabrication of glass-graphite-epoxy composite optics

ments are coated with a multilayer, an artificial crys-
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tal consisting of a bi-material layer of constantly vary-
ing d-spacing, and atomic interfacial smoothness. This
approach (Christensen et al. 2000) greatly enhances
reflectivity through coherent reflection of hard X-rays
over a broad energy band. The optics are a graphite-
glass-epoxy composite structure built using the error-
correcting monolithic assembly and alignment process –
EMAAL (Hailey et al. 2003). In this process graphite
spacers are epoxied to a Titanium mandrel, and the spac-
ers are machined to the precise surface at which the glass
segments must sit. The glass segments are epoxied in
place, and another layer of spacers epoxied to the glass
and machined to the proper surface. More glass is added
and the process repeated, as illustrated in fig. 4. In this
fashion tedious optical alignment of each shell of glass is
replaced with precision machining of spacers. This ap-
proach to building hard X-ray optics was verified in the
flight of the HEFT balloon experiment (Harrison et al.
2005). A recent NuSTAR prototype optic is shown in
fig. 5, where the Titanium mandrel, spacers and glass
segments are visible. This prototype gave 45” (HPD),
close to the 43” requirement for as-built performance.

Fig. 5. NuSTAR prototype telescope. The segmented glass and
spacers are visible on the Titanium mandrel

Instrument Overview (Focal Plane):

The focal plane detectors are 2mm thick pixel-hybrid
CdZnTe read out by a 32×32 arrayed ASIC with ampli-
fier, discriminator, sample and hold and on-chip ADC
(Harrison et al. 2005). The anode is segmented with
0.6 mm (12 arcsecond) pixels. Four 2cm×2cm detectors
form a single focal plane, providing a field of view 12.7’
on a side. The energy resolution of the CdZnTe is 600
eV and 1 keV (FWHM) at 6 keV and 60 keV respec-
tively. The time tag is 10 microsec. The focal plane de-
tectors are collimated by CsI active veto shields read out
by Hamamatsu R2248 photomultiplier tubes. Two 100
micron beryllium windows combine to form both a mi-

crometeorite shield and entrance window. A prototype
CdZnTe unit attached to the focal plane motherboard,
which accommodates the 4 detectors of an individual fo-
cal plane assembly, is shown in fig. 6. The engineering
model has demonstrated all the necessary performance
requirements.

Fig. 6. One of four CdZnTe pixel hybrids on the focal plane mother-
board

Summary:

Currently all the instrument subsystems have com-
pleted their critical design reviews. The mission critical
design review is scheduled for February 2010. Fabrica-
tion of flight optics begins in the fall of 2009.
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Abstract

We report current status of the timing calibration of the X-ray Imaging Spectrometer (XIS) on board
Suzaku. The XIS is designed to be flexible enough and can be operated in various clocking modes. Since
the absolute timing accuracy of the Hard X-ray Detector (HXD) was calibrated to be better than 360 µs,
we calibrated the XIS timing accuracy referring to the HXD data. We employed Hercules X-1 and Cygnus
X-1 for the calibration taking into account of the energy dependence of their time variations. We found no
significant offset in the XIS time assignment in the normal mode (with burst/window options), whereas a
marginal offset of 30 ± 16 ms was found in the Parallel-Sum mode.

Key words: instrumentation: detectors — techniques: cross correlation — X-ray: general

1. Introduction

The X-ray Imaging Spectrometer (XIS) on board
Suzaku is designed to be flexible enough and can be op-
erated in various clocking modes. As a result, the XIS
can obtain useful data for time-series analysis. However,
time assignment of the XIS was calibrated only for some
of the clocking modes within the accuracy of the time
resolution. Since the absolute timing accuracy of the
Hard X-ray Detector (HXD) was calibrated to be better
than 360 µs (Terada et al. 2008), we calibrated the XIS
timing accuracy referring to the HXD data.

2. Details of CCD clocking

There are two kinds of clocking modes in the XIS, Nor-
mal and Parallel-sum modes. Furthermore, two options
(window and burst options) may be used in combination
with the Normal mode. We present below details of the
CCD clocking for 3 sets of modes/options, which were
calibrated in this paper. Because the time assignment
tools of XIS did not fully support the modes/options,
we manually corrected the event time if necessary. Note
that the XIS functions in unit of 8 seconds, whose timing
is synchronous to the satellite master clock.

2.1. Normal mode with a 0.1s Burst option

All the pixels are read out every 8 seconds. The effec-
tive exposure of 0.1 sec starts 7.844 sec after the 8 sec

boundary.

2.2. Normal mode with a 1/8 window option

Eight sets of short exposure are obtained in 8 sec when
1/8 window option is employed. The exposure is 1.002
sec for the first one and 0.971 sec for the rest. These ex-
posures are separated by 25 ms of the dead time required
for the charge transfer.

2.3. Parallel-sum mode

The pixel data of 128-rows are summed in the Y-
direction on the CCD, and the sum is treated as a single
row in the subsequent process. No spatial information
is available in the Y-direction. The time resolution is
8 sec/1024 ∼ 7.8 ms.

3. The calibration targets

We selected two targets, Hercules X-1 and Cygnus X-1,
for the present calibration. Her X-1 is a low mass X-ray
binary with a spin period of 1.24 s, an orbital period of
1.7 day, and the disk precession period of ∼ 35 days. The
energy dependence of the pulse profile is small (Soong et
al. 1990). Cyg X-1 is one of the most famous black hole
candidates (Remillard & McClintock 2006), and shows
random time variations called shot noise (Ibragimov et
al. 2005). The energy dependence of the time variations
is also small (Negoro et al. 1994).
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4. Timing calibration of the XIS

4.1. Normal mode with a 0.1s burst option

We used the Her X-1 data obtained in the high state
(2008 Feb 21, 39 ksec, SCI-on). Folded pulse profiles
(1.237749 s) were created for the XIS and the HXD/PIN
using the data in a common energy band (10-12 keV)
taking into account of the large dead time in the XIS.
We calculated the cross-correlation between the pulse
profiles, and determined their relative shift (Fig. 1). The
relative shift, which corresponds to the time assignment
error of the XIS, was found to be ＜ 24 ms.

Fig. 1. The cross-correlation function between the XIS and the
HXD/PIN pulse profiles (10-12 keV). The unit of abscissa is a
pulse phase, and 1/16 phase corresponds to ∼77 msec.

4.2. Normal mode with a 1/8 window option

We used the Cyg X-1 data in the low state (2005 Oct 5,
17 ksec, SCI-off). Because the time variations in Cyg X-
1 might have intrinsic energy dependence, we calculated
the cross-correlation of the light curve in various energy
bands taking 2-3 keV band as a reference. The relative
shifts thus obtained are plotted as a function of energy in
Fig. 2. Possible jump of the shifts between the XIS and
the HXD/PIN data represents the XIS time assignment
error, which was constrained to be＜ 59 ms, assuming a
linear energy dependence.

Fig. 2. Relative shift of the time variations between different energy
bands of Cyg X-1 data taking 2-3 keV as a reference. Possible
jump at ∼ 11 keV represents the time assignment error of the
XIS.

4.3. Parallel-sum mode

We used the Cyg X-1 data in the low state (2008 Apr 18,
33.9 ksec, SCI-on). Same analysis as §4.2. was applied.
The relative shifts thus obtained are plotted as a function
of energy in Fig. 3. Possible jump of the shifts between
the XIS and the HXD/PIN data represents the XIS time
assignment error, which was constrained to be 30 ± 16
ms, assuming a linear energy dependence.

Fig. 3. Relative shift of the time variations between different energy
bands taking 2-3 keV as a reference. Possible jump at ∼ 10 keV
represents the time assignment error of the XIS.

5. Discussion & Summary

We summarize in table 1 the time assignment error of
the XIS obtained in the current analysis. We could con-
strain the accuracy of the XIS time assignment in the
Normal mode with a burst/window option much better
than the time resolution. However, a marginal offset was
found in the XIS time assignment in the Parallel-sum
mode. Origin of this marginal offset is under investiga-
tion.

Table 1. Summary of the XIS time assignment error

Mode Normal Normal Parallel-Sum
Option 0.1s burst 1/8 window

Time resolution 0.1 s 1 s 7.8 ms
Relative shift ＜ 24 ms ＜ 59ms 30 ± 16 ms†
† Positive shift means XIS time is delayed behind HXD.
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Abstract

We report the XIS calibration on the data taken with the 2×2 mode and window option and the
current status of the XIS Non-X-ray Background (NXB) database. The 2×2 mode and window option are
useful for bright source observations to avoid telemetry saturation and event pile-up. The NXB database
provides the best-estimated NXB spectrum for any specific observations obtained with the standard mode
(Normal-Clock with no Window or Burst and 5×5- (3×3-) Editing mode). The data taken with the 2×2
mode in the “SCI-off” era are fully calibrated, and there is no practical difference from those taken with
the standard mode. A calibration study for the data taken with the 2×2 mode in the “SCI-on” era is
on-going. The calibration for the data taken with the window option was significantly improved in the
HEASOFT 6.6.2 released at 2009 April 1st. In the comparison with the standard-mode data, the gain
difference around 6 keV becomes less than 10 and 15 eV in XIS 0,3 and XIS 1, respectively. We have been
updating the NXB database every half a year. There is no drastic change in the light curves, but steady
∼4 % year−1 level increase and decrease are found in those of XIS 0,3 and XIS 1, respectively.

Key words: instrumentation: detectors — methods: data analysis — X-ray CCDs

1. Introduction

The X-ray Imaging Spectrometers (XISs) on-board
Suzaku (Koyama et al. 2007) have two different data
processing modes, Clock mode and Editing mode. The
Clock mode describes how the CCD clocks are driven,
and consists of Normal mode and P-sum mode. The
Normal-Clock mode, furthermore, has two options,
Burst (shorten exposure time) and Window (limiting
processing region). The Editing mode specifies how de-
tected X-ray events are edited, and consists of 5×5, 3×3,
2×2 mode and Timing mode. Combination of these
modes and options affords a flexible XIS operation.

So far, most observations have used a combination of
the Normal-Clock mode with no Burst or Window op-
tions and the 5×5- (or 3×3-) Editing mode (we here-
after call this mode “standard” tentatively). On the

other hand, some bright source observations utilize the
Normal-Clock mode with Burst and Window options
and/or the 2×2-Editing mode in order to avoid severe
event pile-up and/or telemetry saturation.

We here report the XIS calibration on the data taken
with the 2×2 mode and the Window option. In addition,
we also report the current status of XIS Non X-ray Back-
ground (NXB) database, which is basically prepared for
the “standard” mode observation.

2. Calibration on the 2×2 mode

The n×n mode records pulse hight information about
n×n pixels around the local peak of an X-ray event.
Thus, compared to the standard 5×5 (3×3) mode, the
advantage of using the 2×2 mode is to save telemetry,
while disadvantage is that a part of pulse hight correc-
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Abstract

We present results from monitoring the performance of the Suzaku XIS CCD sensors during the first
three years of operation. Accumulated radiation damage has changed the gain of the XIS sensors as
much as three percent and degraded the spectral resolution by as much as thirty percent as measured
by the onboard X-ray calibration sources. The spatial non-uniformity of the XIS contamination has
changed by a factor two as measured using bright Earth data. These trends are regularly updated at
http://space.mit.edu/XIS/monitor.

Key words: XIS, CCD, radiation damage, performance monitoring, contamination

1. Introduction

Suzaku was launched on July 10, 2005 into a circular
orbit of approximately 550 kilometers altitude.The X-
ray Imaging Spectrometer (XIS) on-board Suzaku con-
tains four x-ray sensitive charge coupled devices (CCDs),
three of which are front-illuminated (FI) and one back-
illuminated (BI). The BI device has been treated with
the chemisorption charging process developed at the Uni-
versity of Arizona.

XIS2, one of the FI devices, failed during the second
year of the mission, likely due to a micrometeorite im-
pact, and is not presented here.

We present results from monitoring the performance
of the Suzaku XIS CCD sensors during the three years
of operation.

2. Performance Monitoring

2.1. Onboard Calibration Sources

Each XIS sensor is equipped with two radioactive 55Fe
calibration sources illuminating the upper corners of the
CCD. These can be used to track changes in the energy
scale and spectral resolution as radiation damage accu-
mulates.

Most XIS operating modes telemeter events from the
calibration sources.

Events from each of the regions illuminated by the
calibration sources are selected and grouped into one day
data sets. A sample of the illumination pattern is shown
in figure 1. Each device is slightly different.

Fig. 1. Onboard Calibration Source Locations

Standard ASCA grade 02346 selection (with split
thresholds set to 13 and 7 adu for FI and BI respectively)
is applied to distinguish x-ray events from particle back-
ground. The energy of each event is calculated assuming
a linear CCD energy scale calibrated by the location of
the Manganese Kα peak in the data obtained immedi-
ately after launch. For each device, the x-ray events from
the two calibration source regions are combined into a
single spectrum.

Fig. 2. Spectrum of the Calibration Source
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2.2. Energy Scale

The observed locations of the spectral peaks, divided
by the nominal locations of the peak, (5.9keV for Man-
ganese Kα), are plotted as functions of time in figure
3.

It is assumed that the majority of the change in gain
is due increases in the charge transfer inefficiency (CTI)
as a result of radiation damage to the CCDs. The rates
of change in the peak locations determined by linear fits
to the data range from 0.4 % per year for the FI devices
to 0.96 % per year for the BI.

These trends, and those for the Manganese Kβ line
at 6.4keV, are regularly updated at
http://space.mit.edu/XIS/monitor/ccdperf/.

Fig. 3. Energy Scale Trend without Gain Corrections

The standard XIS processing does take out the down-
ward trend nicely as seen in figure 4.

Fig. 4. Energy Scale Trend with CALDB Applied

2.3. Energy Resolution

As the radiation damage increases the spectral res-
olution degrades. The same Gaussian fit that pro-
vides the peak location also provides the width. The
full width at half maximum for the Manganese Kα

peak since launch is shown in figure 5. See
http://space.mit.edu/XIS/monitor/ccdperf/.

3. Contamination Monitoring

The effects of the increase in contamination can be
clearly seen in the XIS1 spectra of the bright Earth
shown above. The left of figure 6 is from August of 2005,
the right is from July 2009. The ratio of the counts in
the nitrogen line at about 392eV to those in the oxygen

Fig. 5. Energy Resolution without Gain Corrections Applied

line at 525 eV can be used to track the relative contam-
ination thickness.

Fig. 6. Bright Earth Spectra

Measuring the ratio in radial bins across the device
allows us to track the evolution of the nonuniformity of
the contamination. Select profiles are shown in figure 7.
It is clear that the shape has evolved over the mission to
date.

These trends are regularly updated at
http://space.mit.edu/XIS/monitor/brightearth/.

Fig. 7. Selected Thickness Profiles
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Abstract

We have developed the X-ray CCD camera system for the Soft X-ray Imager (SXI) which will be
launched as focal plane detectors of X-ray telescope onboard the Japanese 6th X-ray astronomical satellite,
Astro-H. The X-ray CCD is back-illuminated (BI) CCD which has an Optical Blocking Layer (OBL)
directly coating its X-ray illumination surface with Aluminum-Polyimide-Aluminum instead of Optical
Blocking Filter (OBF). The X-ray CCD is affected by large doses of extreme ultraviolet (EUV) radiation
from Earth sun-lit atmosphere (airglow) in orbit. To evaluate the performance of polyimide that cut off
EUV, we measured the EUV transmission of both OBL and OBF at various energy range between 15–72 eV
by utilizing beam line located at the Photon Factory in High Energy Accelerator Research Organization
(KEK-PF) in this March and June, and obtained the EUV transmission to be 3% at 41 eV which is as
same as expected transmission from the designed thickness of polyimide layer.

Key words: instrumentation: detectors — X-ray CCDs; Optical Blocking Filter; Optical Blocking
Layer

1. Introduction

He ions are the second major component around the
Earth and resonantly scatter the solar He II EUV emis-
sion (304Å= 41 eV). This HeII emission is so strong
(8×106 photons cm−2s−1sr−1) that we have to block the
He II emission line for the X-ray CCD onboard X-ray
satellite on-orbit.

Since a X-ray CCD, especially Back-illuminated CCD
(BI-CCD), has high detection efficiency for Optical and
EUV as well as soft X-ray, we have used an OBF in
front of a CCD chip. XIS-CCD onboard Suzaku satel-
lite has equipped with the OBF, which is composed of a
thin polyimide (C22H10O4N2) layer sandwiched by two
Al layers (Kitamoto et al. 2003, Koyama et al. 2007).
The thickness of polyimide layer and the Al layers are
∼1400Å and ∼800+400Å, respectively. Polyimide and

Al has a capability to cut EUV and optical light, respec-
tively, which causes in increase in dark current. But the
thickness of OBF is so thin that OBF is always in dan-
ger of tearing by the acousmato or vibration during the
launch, and it is difficult to handle on the ground.

In stead of OBF, We have developed OBL with Hama-
matsu Photonics, K.K, which is composed same design
of OBF, polyimide layer sandwiched by Al, and directly
coated BI-CCD. We are going to employ OBL for SXI
(Tsunemi et al. 2008). Thanks to OBL, we can make
the thickness of polyimide thinner and ,as a result, the
quantum efficiency of SXI camera in the soft X-ray range
can be higher. Out primary goal of EUV transmission
of OBL is ∼1% at 41 eV to block EUV from sun-lit at-
mosphere.

In this paper, we report the EUV transmission of both
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Fig. 1. EUV transmission of the OBF as a function of EUV energy.
The Al-L edge absorption structure above ∼70 eV is clearly seen.

OBL and OBF.

2. Measurement of EUV transmission of OBL and OBF

We measured EUV transmission of both OBL and
OBF at Beam line 20A in KEK-PF, which can pro-
vide EUV from 10–80 eV using the 3-m normal incidence
monochromator. The EUV beam was restricted by a slit,
resulting in a beam size of ∼2 mm× ∼2 mm. We set the
thin Al filter (∼1000Å) in the gate valve to eliminate the
higher-order light. We also set the OBF in another gate
valve, and the OBF could be put in and out of the EUV
beam. The OBF was made by Luxel Co. LTD and the
thickness of Al and polyimide of OBF measured by Luxel
Co. LTD was 1030±50Å and 1129±100Å, respectively.

In the vacuum chamber, we set both window-less pho-
todiode and BI-CCD. The BI-CCD chip has two Al layers
coating of 400Å and 800Å on its full surface area, and
has a polyimide layer (1100Å) on its half surface area.
Hereafter we named the both polyimide and Al coating
area on the CCD chip ‘polyimide area‘ , and named the
only Al coating area ‘non-polyimide area‘.

The EUV transmission of an OBF was calculated as
a ratio of currents measured with photodiode with the
OBF and one without it. BI-CCD was mounted on
the X-stage in the Vacuum Chamber and we could irra-
diate alternately the polyimde area and non-polyimide
area with the beam. The EUV transmission of a poly-
imide layer of OBL was calculated as a ratio of the CCD
signal measured with polyimide area to that with non-
polyimide area.

We measured the EUV transmission of OBF and OBL
in the energy range from 15 eV to 72 eV. Derived EUV
transmission of OBF and OBL are shown in Fig. 1 and
Fig. 2, respectively.

3. Result and Discussion

The thin line is calculated transmission from the design
value reported from Luxel Co LTD (Fig.1 ). This cal-
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Fig. 2. EUV transmission of the polyimide of OBL as a function of
EUV energy. The model line is assumed the thickness of polyimide
is 1100Å.

culated transmission clearly exceed our measurement re-
sults at all energy range. The heavy line is our mod-
eled transmission curve assuming the thickness of Al and
polyimide is 950Å and 1220Å, respectively, and we also
apply an extra Al2O3 layer (110Å) in our model. In
previous works (Kitamoto et al. 2003), the oxidation
of Al has been pointed out and their results support
this model. The measured EUV transmission of OBF
is seemed to be well explained by our model, and thick-
ness of both polyimide layer and Al layer is consistent
with the design value within the error, even if we add
the thickness of Al2O3 layer as the Al layer.

The EUV transmission of polyimide of OBL is ∼3%
at ∼41 eV (Fig. 2). The solid line is calculated trans-
mission from the design value reported from Hamamatsu
Photonics, K.K. Our measurement result is seemed to be
well explained by this calculation.

More quantitative discussion about the thickness of
polyimide layer, Al layer, and Al2O3 layer is beyond the
aim of this paper. We will measure the X-ray transmis-
sion of OBL and OBL to evaluate the thickness of these
three layers.

From these results, we confirmed the polyimide layer
of OBL directly coating the BI-CCD chip can block EUV
well, and we found the OBL with 1100Å polyimide layer
and 1200Å Al layers has a capability to satisfy nearly
our requirement to block EUV from sun-lit atmosphere.
The hump structure below 30 eV is seen in both Fig. 1
and Fig. 2 and this structure might be caused by higher
order EUV below Al-K edge (∼70 eV). The origin of this
structure is under investigation.
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Abstract

The SGD (Soft Gamma-ray Detector) is one of scientific instruments onboard the ASTRO-H. The main
part of the SGD is Compton camera with a narrow field of view, surrounded by BGO active shileds. By
this combination, SGD can achieve more than ten times as good a sensitivity as the Suzaku HXD (Hard
X-ray Detecor). As well as the Suzaku HXD-WAM, BGO active shield can be operated as Wide-band
All-sky Monitor (WAM) with a large effective area in 30keV - 10MeV energy band, to observe transient
phenomena such as gamma-ray bursts (GRBs), soft gamma-ray repeaters (SGR), terrestrial gamma-ray
flash (TGFs), and solar flares, and monitor bright soft gamma-ray sources with the earth occultation
technique. Here, we present a design plan of soft gamma-ray monitor by SGD BGO active shiled and a
current staus of development.

Key words: Detector: Soft gamma-ray, Gamma-ray bursts

1. SGD BGO Active Shield

The main part of SGD is Compton camera with a narrow
field of view, surrounded by large BGO active shields.
By this combination, SGD can achieve more than ten
times as good a sensitivity as Suzaku/HXD. BGO ac-
tive shields (SGD-BGO) will work as Wide-band all sky
monitor (WAM), as well as HXD-WAM. SGD-BGO will
have the largest effective area around the MeV band at
the time of Astro-H launch and have a big potential to
explore important sciences.

SGD-BGO will have about 1900 cm2 effecive area
which is twice as large as that of the HXD-WAM (see
Fig. 1); ∼ 400 cm2 even at 10 MeV, with a very wide
energy band from 100 keV to 10MeV. These will be very
effective to observe objects with a hard spectrum and a
rapid time variability, since photon statistics in the high
energy band increases. Moreover, SGD-BGO will also
have a large field of view of 4π in comparison with 2π of
HXD-WAM. This will lead to a higher GRB detection
rate than about 140 per year of HXD-WAM.

2. Expected Sciences

So far, there has been not enough observations for short
duration phenomena such as short GRBs and TGFs, be-
cause of restriction by small photon statistics. Therefore,
observations by SGD-BGO with a good time resolution
and a large effective area are highly expected.

Main scientific target of SGD-BGO is short GRB.Past

observations reported that short GRBs show a harder

Fig. 1. Comparison of effective area between SGD-BGO and
HXD-WAM.

spectra than long GRBs (e.g Ohno et al. 2008). But, for
many GRBs, we could not determine spectral parameters
such as the peak energy (Ep) and the photon index above
Ep (β). SGD-BGO enables us to do it and resolve a
rapid time variability. So we will be able to discuss the
difference of distribution between short and long GRBs
by using Yonetoku’s relation (Yonetoku et al. 2004), and
study the differences of progenitors. In addition, we can
clarify the relation between soft gamma-ray repeaters
(SGRs) and short GRBs. In these days, some GRBs are
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found to be near galaxies. Their energy and luminosity
are estimated to be very similar to those of SGRs. If we
detect the pulsation from the light curves of short GRBs,
we can study the association between short GRBs and
SGRs.

Other science of interest is Terrestrial Gamma-ray
Flash (TGFs) which have a very short duration of a few
milliseconds and a hard spectrum up to 20 MeV. The ori-
gin of radiation is thought to be due to bremsstrahlung
by accelerated electrons. Beam structure should be re-
solved with a finer time resolution and thus we will be
able to study the acceleration mechanism. In addition,
we can detect 2.2MeV line of nuclear decay and 511keV
line of pair annihilation from solar flares. Monitoring
the bright soft gamma-ray sources to study the long term
variability by earth occultaion technique is also expected.

3. Design plan of all-sky gamma-ray monitor

We are now considering a design plan of functionality of
all-sky gamma-ray monitor with SGD-BGO, within the
limited resources.

For energy range, we will optimize the energy bins
against the HXD-WAM and extend the energy band up
to 10 MeV to constrain the hard spectra of short GRBs
and TGFs better. For time resolution, we are considering
a finer resoultion of the pulse height history than HXD-
WAM to study the time valiability of short GRBs and so
on (see Table 1). Alternatively, monitor data every one
second are reduced by optimizing so that the data size
does not become large.

Table 1. Data format plan of SGD-BGO (below). For reference, that
of HXD-WAM is also shown (above).

Data Format energy Time Output
Type bins resolution (duration)
Monitor PHa 55 1 s Any time output
Trigger THb 4 1/64 s 64 s duration

PH 55 0.5 s 64 s duration

Monitor PH 16 4 s Any time output
Trigger TH 4 1/64 s 64 s duration

PH 64 244 µs 2 s duration
PH 64 0.5 s 64 s duration

a: Time History data, b: Pulse Height data

4. Current status of BGO shield development

SGD employs APD (Avalanche Photo-Diode) for BGO
readout. The advantage of APD against photo-multiolier
is a small size, a lower bias voltage, and a small affection
by the magnetic field. However, the scintillation light
accumulation is one of concerns because of its small light
detection window. By experiment, we confirmed that

readout with a combination of a large BGO and a small
APD can achieve the threshold down to 50 keV (see Fig.
2), which is enough for the anti-coincidence background
rejection for the main sensor (Compton camera).

Fig. 2. 241Am (59.5 keV) spectrum with a large BGO plut a small
APD. Colors of data indicate the difference among the readout
positions of APD to BGO.

To reduce the BGO weight, we consider the optimal
shape of BGO blocks. We are studying with both exper-
iments as above and ray-tracing simulations, so that the
BGO light output is not reduced so much.

5. Summary

We are planning a design of the Wide-band All-sky mon-
itor by using SGD BGO active shields. This will have
a big potential to study the phenomena of a rapid time
valiability and a hard spectrum, since the high energy
phothon statistics of the data increases. We are now
considering some improvements from HXD-WAM and
performing some experiments to evaluate basic capabil-
ities and optimze the BGO shape.
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Abstract

We have been developing the hard X-ray imager (HXI) as on board instruments of the ASTRO-H
satellite. This paper describes the HXI basic concept and the expected performance.

Key words: ASTRO-H, Hard X-ray Imager, HXI

1. Introduction

Hard X-ray Imager (HXI) is one of focal plane detectors
of ASTRO-H, which is the 6th Japanese X-ray astro-
nomical satellite scheduled to be launched around 2014.
Among the major objectives is achieving high sensitiv-
ity observation with focusing and imaging capabilities in
the 5–80 keV energy region. The ASTRO-H satellite will
carry two hard X-ray telescopes that feature multilayer
supermirrors assembled in grazing incident X-ray tele-
scopes. Two identical imagers are located at focal points
of two HXTs. The focal length of the HXT is 12 m. To
realize the focal length, ASTRO-H has a extendable opti-
cal bench (EOB), which is extended in orbit. Two HXIs
are mounted on the EOB plate.

2. HXI Basic Concept

From both of scientific and technical point of views, there
are many requirements which should be met by the focal-
plane imaging detector. HXIs require high detection effi-
ciency in the hard X-ray region of 5–80 keV, sufficient po-
sition resolution for the point spread function of HXTs,
and, the large geometrical size of the imagers to cover
the field of view of HXTs. Moreover, low detector back-
ground succeeded to Suzaku HXD is essential for the
high sensitivity observation.

Fig. 1 shows the current design of the HXI configura-
tion. The HXI consists of four-layers of 0.5 mm thick
double-sided strip detectors and one layer of 0.5–1 mm
thick CdTe double-sided strip detector. In this configura-
tion, lower energy X-ray photons will be absorbed in the
Si part, while higher energy X-ray photons go through
the Si part and are detected with the CdTe part. Fast
timing response of the double-sided strip detectors al-













































Fig. 1. The HXI Configuration.

lows us to place the whole detector inside the well of the
active shield made of BGO. Signal from the BGO shield
is used to reject background events in the same way as
Suzaku HXD. With this configuration, the lower energy
spectrum obtained with the Si part, is less contaminated
with the background due to activation in heavy mate-
rial, such as Cd and Te. The low detector background
of Si detector inside the BGO active shield has been es-
tablished in the data obtained with the Suzaku HXD
Si-PIN. In Table 1, the HXI specification is summarized.

3. Expected Performance

3.1. Efficiency and Effective Area

By using a Monte Carlo simulation, the detection ef-
ficiency of the HXI was calculated. The upper panel
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Table 1. HXI Specification

Configuration 4 layers of 0.5 mm thick Si,
1 layer of 0.5–1 mm thick CdTe,
and BGO active shield

Mass 38 kg / 1 HXI
Power 30 W / 1 HXI
Energy Range 5–80 keV
Imaging Area 32 × 32 mm2

Field of View 9 × 9 arcmin2

Position Resolution 250 µm
Time Resolution < 10 µsec
Energy Resolution < 2 keV (FWHM at 60 keV)
Detection Efficiency 80% (at 60 keV)
Detector Background < 1–3 × 10−4 ph/cm2/s/keV
Operating Temperature ∼−20◦C

of Fig. 2 shows the HXI detection efficiency. In this
Monte Carlo simulation, the HXI consists of four layers
of 0.5 mm thick Si detectors and one layer of 0.75 mm
thick CdTe detector.

The HXT-HXI effective area combined the effective
area of HXT and the detection efficiency of HXI is shown
in the lower panel of Fig. 2. This plot shows the effective
area for one HXT-HXI system.

3.2. Detector Background

An estimated background spectrum of HXI is shown in
Fig. 3. This background includes a Si background due
to albedo neutron and a CdTe background due to CdTe
activation. The albedo neutron background, which is the
dominant component of the Suzaku HXD Si-PIN back-
ground, is derived from the background data of Suzaku
HXD Si-PIN. The neutron background level is scaled
based on the Si volumes. The CdTe activation back-
ground is modeled based on the proton beam experi-
ments.

The grey lines in Fig. 3 shows the the background
level after an optimization. The HXI stack configuration
and individual readout provide information on the inter-
action depth. This depth information is very useful to
reduce the background, because we can expect that low
energy X-rays interact in the upper layers and, therefore,
we can reject low energy events detected in lower layers.
Moreover, since the background rate scales with the de-
tector volume, low energy events collected from the first
few layers in the stacked detector have a high signal to
background ratio, in comparison with events obtained
from a monolithic detector with a thickness equal to the
sum of all layers.

Fig. 2. The HXI detection efficiency (upper) and the effective area
of one HXT-HXI system (lower).





















Fig. 3. The expected background spectra for the whole detection
area (upper) and for a point source (lower). The orange spectrum
shows an optimized background level.
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Abstract

Metrology systems will play an increasingly important role in the design of future space telescopes.
Long extendible benches and multiple spacecrafts flying in formation will be employed in order to create
space-based interferometers and increased focal length. Determination of the optical bench alignment
for these future observatories requires a sophisticated metrology system. Astro-H serves as a path-finder
for many of these future missions in that it will possess an extendible optical bench for the hard X-ray
telescopes and an advanced metrology system. One possible solution for the Astro-H metrology system is
discussed here, as well as its applicability to the International X-ray Observatory (IXO).

Key words: metrology — Astro-H HXD — IXO

1. Metrology Systems and Future X-ray Missions

To advance high-energy (E ≈ 10 − 100 keV) X-ray as-
tronomy to the next stage requires improving angular
resolution and minimising the background level. Both
goals can be achieved by increasing the focal length of
hard X-ray telescopes. However, there are limits to how
long a focal length can be realised with a rigid optical
path since: (i) unlike for optical telescopes, we cannot
fold the focal length along the optical path of an X-ray
telescope; (ii) we need to launch compactly.

Upcoming X-ray missions, such as Astro-H and the In-
ternational X-ray Observatory (IXO), intend to achieve
a long focal length by placing the detector platform at
the end of an extendible optical bench (EOB) that will
be deployed once in orbit. In the case of the two Hard X-
ray Telescopes (HXTs) on Astro-H, the EOB will extend
an additional 6-metres from the fixed telescope struc-
ture to achieve a focal length of 12-metres. The EOB
will not be completely rigid and will be subject to dis-
tortion due to day/night temperature variations in low-
Earth orbit (LEO), and spacecraft attitude manoeuvres.
Precise alignment of the HXTs and detectors must be
maintained so a sophisticated metrology system to mea-
sure deviations is demanded.

2. The Metrology Concept for Astro-H
The metrology system on Astro-H needs to be compact
and light-weight; consume little power (less than 5 W);
and operate for at least 3-year in a LEO environment.
The currently proposed system consists of two modules

Fig. 1. Two metrology systems located inside the spacecraft will
measure lateral and roll displacements in the structure.

designed to measure the lateral (X/Y) and rotational
(Roll) shifts of the spacecraft’s optical bench relative to
the instruments. The modules are installed inside the
spacecraft’s main body where the telescope mirrors are
located (Figure 1).

Each system is capable of measuring absolute lateral
displacement from the optical bench to an accuracy of
at least 60µm, exceeding the Astro-H requirements. By
comparing the measured lateral displacement on each
sensor, the rotation about the telescope main axis can
be determined.

The system uses a laser reflected off a corner reflector
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Fig. 2. The basic concept is sketched in the left panel. The right panel illustrates how the concept is robust to reflector misalignment.

and recorded on a two dimensional detector. The reflec-
tor returns the beam in the same direction it came from,
but offset by a known distance along both lateral axes.
If the detector moves laterally, the reflected beam will
move on the detector (Figure 2).

The mechanical interface and laser launch optic
mounts are made of thermally stable materials to ensure
laser pointing stability. To further decrease the sensitiv-
ity of the system to errors in laser pointing, the size of
the detection surface is increased to about 7.5 cm via the
use of a fiber optic taper (Figure 3).

Fig. 3. The design of the metrology sensor is outlined.

The metrology system approach has several advan-
tages: (i) it provides an absolute shift relative to a cali-
brated position; (ii) is immune to solar background; (iii)
is robust to angular changes of the bench; (iv) the spot
shift is linearly proportional to lateral movement; (v) it
requires little processing power; and (vi) it is compact
and light-weight.

3. Metrology on Future Astrophysical Missions

Future X-ray missions such as IXO will also require a
metrology system to measure distortions in the optical
path. The IXO mirrors will have a better point spread
function and longer focal length (∼ 20 m) than Astro-
H, so will require better positional resolution. However,
the basic concept for the Astro-H metrology system is
largely transferable to IXO.

Metrology systems will play an increasingly important
role in the design of future space telescopes. Long ex-
tendible benches are proposed for far-infrared missions
to create space-based interferometers to improve resolu-
tion. Formation-flying, in which telescopes fly in forma-
tion to create very large interferometers (e.g ESPRIT,
LISA); or where telescopes and detectors fly on sepa-
rate spacecrafts to create very long focal lengths, will be
the next step in the field of metrology. Astro-H plays a
fundamental role in serving as a stepping-stone to these
future endeavours.
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Abstract

Soli-state Slit Camera (SSC) is X-ray CCD camera onboard MAXI, which start the operation in Aug
2009. We describe the SSC hardware and report the in-orbit performance in initial phase.
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1. Overview of SSC

Soli-state Slit Camera (SSC) is X-ray CCD camera on-
board the MAXI mission (Ueno et al, this proceeding).
SSC covers 0.5 to 10keV with moderate energy resolution
(150eV at 5.9keV in FWHM).

The SSC system is composed of two SSC Units (SS-
CUs) and SSC Electronics (SSCE). SSCU is a sensor part
of SSC. Each SSCU includes X-ray CCDs, pre-amplifiers,
multiplexers, slit-collimator system, calibration source,
and so on. Fig.1 shows the schematic view of SSCUs.
One of SSCUs monitors X-ray sky in the horizontal di-
rection of MAXI (ISS moving direction), and another is
for zenith (anti-earth) direction. Hence, the former is
called SSCU-H, and another is called SSCU-Z.

SSCE controls SSCUs. SSCE generates CCD drive
signal according to commands from main computer of
MAXI, and digitizes the video signal from SSCUs. SSCE
also generates CCD clocking signal. CCD is two dimen-
sion array, while SSC requires only 1-dimensional posi-
tion information. Hence, electrons in multiple rows are
gathered in serial register at the bottom of imaging re-
gion, and the charges in serial register are transferred
to read-out node. The number of summed rows in nor-
mal observation can be selected from 16, 32 and 64 by
commands. We call this number “binning” parameter.
The binning of 64 is selected for the nominal observa-
tion. Binning=1,2,4,8 can be selected for the diagno-
sis only. The clocking speed is 8µs/pixel, and a two-
phase vertical transfer takes ∼100 µs. The video signal
from 16 CCDs in a SSCU are processed by one read-out
electronics and one analog-to-digital converter (ADC).
When a CCD is driven and read-out, other 15 CCDs are
in exposure. SSCE also controls CCD temperature using
thermo-electric cooler embedded in CCD chips.

Loop heat pipe and radiator system (LHPRS) is not
a portion of SSC, however, they are very important to

Fig. 1. SSC camera units (SSCUs)

cool X-ray CCDs. MAXI has two radiator panels whose
total size is about 1.0m2.

CCDs of MAXI are type of FFTCCD-4673 fabri-
cated by Hamamatsu Photonics K.K.1 Fig.2 is a photo-
graph of MAXI-CCD. The chip is front-illuminated and
two-phase CCD operated in full frame transfer mode.
The pixel number is 1024×1024, and the pixel size is
24 µm×24 µm, giving the CCD size of 25 mm × 25 mm
for X-ray detection. In order to obtain the large X-ray
collection area, each SSCU includes 16 CCDs, which are
placed in 2×8 array. The total X-ray detection area of 32
CCDs is ∼200cm2. Charge injection (CI) is available to
minimize the damage of particle radiation. The energy
range covered by SSC is 0.5–10keV.

SSC has collimator and slit system but not X-ray mir-
rors. Collimators of SSC limit field of views (FOV) to be
narrow and long shaped, and slit and CCDs determine
the direction from which each X-ray photon comes in the

*1 http://www.hamamatsu.com/
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narrow FOV. Slat collimators are made of thin sheets of
phosphor bronze. The thickness is 0.1mm, and 24 sheets
are placed above CCDs in the interval of 2.3 mm. The
width of narrow FOV determined by slat collimators is
1.5◦ in FWHM. Slit of SSC consists of two sharp edges
made of tungsten. The width between the two edges is
2.7mm. Since the position resolution of CCD is much
better than the slit width, the angular resolution along
the narrow FOV is determined by the slit width to be
1.5◦. The angular length of the FOV is 90◦.

Fig. 2. X-ray CCD of MAXI

2. In-orbit performance

After the successful installation of MAXI onto the Inter-
national Space Station, SSC and LHPRS were activated
15 Aug 2009. SSCUs are cooled down to ∼ −15C◦ by
LHPRS, and averaged temperature of CCDs cooled by
thermo electric coolers got less than −60C◦. Fig.3 shows
the spectrum of a X-ray CCD in SSCU-H. Mn kα/kβ

lines from calibration source and fluorescence lines of Cu
kα/kβ coming from collimators are clearly detected. Cu
lines are confirmed to be detected in all of 32 CCDs.

X-ray CCD has sensitivity for the optical light. Al-
though the surface of MAXI-CCD is coated with alu-
minum to block optical light, it is not possible to con-
duct the observation when sun is close to the SSC filed
of view. So SSC has been operated when ISS is at night
during the early calibration phase. Fig.4 is the X-ray sky
image obtained with SSCU-H for the first 3 weeks. Non
X-ray background are not subtracted, and the exposure
time and effective area are not corrected. The energy
band is 1.0 to 9.0keV. As can be seen, about a half of
the whole-sky is covered by SSCU-H, and about 20 X-ray
objects are clearly detected. While the most of them are

detected in GSC, another camera of MAXI, low energy
sorces, such as Cygnus Loop, are detected in SSC only.

Fig. 3. X-ray spectrum obtained with CCDID=0 of SSCU-H.

Fig. 4. X-ray sky viewed with SSCU-H in the galactic coordinate.
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Abstract

The Monitor of All sky X-ray Image (MAXI) mission is the first astronomical payload to be installed
on the Japanese Experiment Module - Exposed Facility (JEM- EF or Kibo-EF) on the International Space
Station (ISS). It is scheduled for launch in the middle of 2009 to monitor all sky X-ray objects on every
ISS orbit. MAXI consists of two X-ray detector systems:the Gas slit camera (GSC) and the Solid-state
Slit Camera (SSC). These are combinations of a narrow slit, a collimator, and a one-dimensional position-
sensitive detector. The energy range of the GSC and the SSC are 2-30 keV and 0.5-12 keV, respectively.
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1. MAXI SSC

The SSC (Solid State Camera) consists of 32 CCDs.
CCDs are installed in two camera units called SSC-H and
SSC-Z, each includes 16 CCDs where each CCD acts as
one dimensional position sensitive detector. The mod-
erate energy resolution enables us to detect the various
emission lines including 0.5 keV oxygen line. The aver-
aged energy resolution at the CCD temperature of -70
deg is 145 eV (FWHM) for 5.9 keV X-ray. The energy
resolution and the energy scale of the SSC are calibrated
using ground data. However, their change in the orbit
is inevitable due to degradation of the charge transfer
efficiency (CTE) caused by radiation damage. Therefore
Orbital calibration using bright X-ray source is needed.

2. Calibration System

We evaluated the performance of the SSC with a cali-
bration system constructed at JAXA. The compact X-
ray generator which generates flourescent X-rays is con-
nected to a secondary target chamber. We employ Al,
Cl, Ti, Fe, Ni, and Zn as secondary targets. These sec-
ondary X-rays are then incident on the SSC. The SSC is
cooled down using a cryogenic cooler to −30◦C, and then
peltier element was used to cool them down to -70◦C .

3. Energy Resolution

The energy resolution was measured using ground cali-
bration system. Each CCD had slightly different energy

resolution, but they were all fitted by a function of

FWHM =
√

a + bE + cE2 (1)

where E is the energy and a, b and c are the free pa-
rameters. Figure 1 shows the energy resolution of SSC-
H CCD0. The data points shows the FWHM of each
secondary target line, and the solid line shows the fit-
ted function. As a ground calibration result, parame-
ter c is set to 0. From the fitted function, we found
that energy resolution of every 32 CCD is whithin
FWHM=92.3-110.3eV at 0.5keV and FWHM=142.0-
152.3eV at 6.0keV.

Fig. 1. The energy resolution of SSCU-Z CCD-0 and its fitted func-
tion.
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4. Quantum Efficiency

Since the SSC is a slit camera, X-ray will hit the CCD
with incident angle θ < 40◦. Since the thickness of the
depletion layer that X-ray experiences depends on the
incident angle, the quantum efficiency (QE) is position
dependent. Fig 2 shows the QE as a function of energy.
The dotted line represents the QE at the incident angle
of nearly 0◦ and the solid line is at incident angle of 40◦.
For both line, O, Al, Si-edge can been seen. Each CCD
is divided into 4 different positions and their QEs are
stored into CALDB.

Fig. 2. Quantum efficiency of SSCU.

5. Response function

The CCD’s response to monochromatic X-ray is very
similar to that of the Suzaku XIS. It can be expressed as
a function of 4 Gaussian components and constant com-
ponent. The 4 Gaussian components represents, main
peak, Sub peak, Si escape peak and Si peak. The sub
peak component is a part of“ tail”components and its
gaussian center is slightly lower PH channel than that of
the main peak component. An X-ray photon is absorbed
at the depletion layer, but electrons are split over a few
pixels. Some of the pixels have a PH lower than the split
threshold and are not counted as a signal. The Si escape
can be expressed by a Gaussian model centered at the
PH channel lower than the main peak by 1.74 keV which
is the energy of the Si Kα line. After an X-ray photon
is absorbed at the depletion layer, the fluorescent X-ray
photon of Si is generated. The Si X-ray photon escapes
from the pixel which absorbed the incident X-ray pho-
ton. The Si component can be described by a Gaussian
model centered at 1.74 keV. The fluorescent X-ray pho-
ton of Si is absorbed at a pixel far from the place where
an incident X-ray photon was absorbed.

6. Orbital Calibration

We simulated the spectrum of Cas A for orbital calibra-
tion of the SSC. This SNR is known for its brightness

Fig. 3. Responses function of CCD, consists of 4 gaussian compo-
nents and a constant component.

and strong emission lines which makes perfect candidate
for calibration. Fig 4 shows the simulated one month
spectra of Cas A. The response function acquired by an-
alyzing the ground data was used for this simulation.
We fitted Si, S, and Fe emission lines and determined
the center energy of emission line by 0.04% for Si and S,
0.15% for Fe.

Fig. 4. Simulated one month spectra of Cas A.

7. Summary

We calibrated the MAXI SSC using ground data and
determined the energy resolution to be around 150eV at
6.0keV. We also determined the quantum efficiency of
the CCD for several different incident angle. The re-
sponse function of CCD to monochromatic X-ray can be
described by 4 gaussian and a constant conponent. For
orbital calibration, we simulated the one-month spectra
of Cas A and figured out the SSC can determine its line
center of emission lines by 0.04% for Si and S, 0.15% for
Fe.
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Abstract

We summarize the prospects for extragalactic survey with the MAXI mission and expected properties of
the MAXI source catalog, on the basis of realistic estimate of the sensitivity by extensive simulation studies.
Using the MAXI simulator, we develop a program of source detection of faint sources from MAXI/GSC
data, in which maximum likelihood fit is performed to a projected image by taking into account the image
response and background. We find that the 5σ sensitivities are approximately 20–25 mCrab, 4–5 mCrab,
and 1.7 mCrab for the 1-orbit, 1-day, and 1-week operation, respectively, assuming a nominal background
rate. The MAXI source catalog will eventually contain more than 1,300 Active Galactic Nuclei (AGNs)
at the confusion limit from extragalactic sky at Galactic latitudes higher than 15 degree.

Key words: catalogs — galaxies:active — X-rays:galaxies — X-rays:general

1. INTRODUCTION

One of the main goals of the MAXI mission is to provide
a new X-ray catalog from the entire sky, including both
transient and persistent sources. The Gas Slit Cameras
(GSCs; Mihara et al. 2009) and the Solid-state Slit Cam-
eras (SSCs; Tomida et al. 2009) cover the energy band
of 2–30 keV and 0.5–12 keV, respectively, with unprece-
dented sensitivities as an all-sky mission. In particu-
lar, the large effective area of the GSCs at energy above
2 keV enables us to detect absorbed Active Galactic Nu-
clei (AGNs) that were missed in the ROSAT All Sky
Survey, and thus provides a unique database of extra-
galactic populations.

In this paper, we quantitatively evaluate the sensitiv-
ity and position accuracy of the MAXI GSCs, which are
the most fundamental properties of the source catalog.
Here we extensively utilize the MAXI simulator devel-
oped by Eguchi et al. (2009).

2. ANALYSIS METHOD

To extract the best sensitivities from the data, we have
developed an analysis method by employing image fit-
ting with the maximum likelihood algorithm. Firstly, we
project the positions in RA and DEC of photon events
in the vicinity of a target in the “sky coordinates”, as
in the case of an image analysis of pointing satellite’s
data. To derive the flux, position and their errors, we
perform 2-dimensional fitting to this simulated image by
a model consisting of the point spread function (PSF)
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Fig 1: An example of the PSF inte-
grated for the 1-week observation.

• Software

– maxisim ver.7.1.1 (simulation)

– dis45 ver.2.04 (image analysis)

• Source Spectrum

– Crab-like (a power law of Γ = 2.1)

• Non-X-ray Background Rate

– 10 counts sec−1 counter−1

• Energy Band Used in the Analysis

– 2–30 keV

• Exposure (Operation Time)

– 1 week, 1 day, or 1 orbit (= 90 min)

and background (the non X-ray background (NXB) and
the cosmic X-ray background).

One complexity in the analysis of MAXI data is that
the PSF and background are position dependent, being
determined by the orbit and attitude condition. To take
this into account, we also utilize the MAXI simulator to
construct the PSF and background models with a suffi-
ciently larger number of photons to suppress the statisti-
cal fluctuation. An example of the PSF model integrated
for the 1-week observation is displayed in Figure 1.

In the fitting, the normalization of the PSF (i.e., flux)
and background level are set to free parameters, as well
as its position. Here we assume that the shape of the PSF
does not significantly differ in the region of interest, and
ignore its position dependence for simplicity.

We define the detection significance (σD) as
σD = (best-fit flux) / (its 1σ statistical error)

and set σD ≥ 5 as the criteria for secure detection (i.e.,
relative ≤ 20% error in the obtained flux). To evalu-
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ate the position accuracy, we make the error contour at
90% confidence level, or more simply, calculate the root
sum square of the position errors in the two (x and y)
directions.

3. RESULTS

3.1. Sensitivity

The results are plotted in Figure 2, which are obtained
by assuming a nominal NXB rate (10 counts/sec/counter
at the cut-off rigidity of 8 GeV/c). The 5σ sensi-
tivities from the 1-week, 1-day, and 1-orbit observa-
tion are found to be ∼2 mCrab, 4–5 mCrab, and 20–
25 mCrab, respectively, where the unit “mCrab” is de-
fined as the flux of the Crab nebula in the 2–10 keV
band, ∼ 2 × 10−11 ergs cm−2 sec−1. These sensitivi-
ties are approximately five times better than that of the
all sky monitor on RXTE, although this result is based
on ideal conditions. We confirm that the observing con-
dition of this target in terms of effective exposure (i.e.,
exposure multiplied by the slit area) is close to the av-
erage over the entire sky. Hence, these results can be
regarded as typical performance of MAXI.
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Fig 2: Sensitivity curve as a function
of integration time. The three points
correspond to the sensitivities of 1-orbit,
1-day, 1-week observations, from left to
right, obtained from our simulations.
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Fig 3: A correlation between the flux
and error radius (combined from the two
directions). The solid curve represents
the best-fit power law.

3.2. Position Accuracy

Figure 3 displays the relation between the flux F and
the error radius (combined from the two directions). We
find that a typical error radius for targets with fluxes
close to the 5σ sensitivity limit is approximately 0.2 de-
gree, regardless of exposure time. We also find that the
positional error is roughly proportional to F−0.7∼−1.0,
steeper than a naive prediction of F−0.5. We infer that
this is due to coupling between the position and flux de-
termination in the fitting process.

3.3. Sensitivity Dependence on Non X-ray Background

Based on the above simulations and theoretical formula,
we examine the dependence of sensitivities on the NXB
rate. Figure 4 displays the expected sensitivities as a
function of a NXB rate for the case of 1-orbit, 1-day,
and 1-week observation (from top to bottom). It is seen
that the sensitivity for a 1-week observation is inversely
proportional to the square root of the NXB rate be-
cause background events are dominant over those from

the source. The slope of the sensitivity curve for a 1-
orbit observation is flatter than the 1-week case, because
the detection significance is mainly determined by the
photon counts from the source in this short exposure.
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Fig 4: Expected sensitivities as a func-
tion of a NXB rate for the cases of
1-orbit, 1-day, and 1-week observation
(from top to bottom). The three points
correspond to the results obtained from
our simulations.

Fig 5: The total number of extragalactic
AGNs detected with MAXI given as a
function of the operation time. Dashed
line corresponds to the source confusion
limit.

4. SUMMARY

Figure 5 displays the total number of extragalactic AGNs
detected with MAXI as a function of the operation time.
We estimate that the sensitivity reaches the confusion
limit (∼0.2 mCrab) from approximately 1.5 years op-
eration of MAXI. According to the population synthe-
sis model of Ueda et al. (2003), at this flux level, ap-
proximately 1,300 AGNs are expected to be detected at
Galactic latitudes larger than 15 degree. The number of
detected AGNs in the MAXI survey is larger than that in
any other all-sky survey covering the energy band above
2 keV. The MAXI catalog will contain many new tran-
sient and/or absorbed AGNs, and hence become a unique
database of extragalactic populations complementary to
other catalogs of all-sky missions performed by ROSAT,
Swift/BAT, or INTEGRAL.
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Abstract

The Nuclear Spectroscopic Telescope Array (NuSTAR) will be the first focusing hard X-ray (6 - 79
keV) mission in orbit. NuSTAR will fly two co-aligned telescopes consisting of multilayer coated grazing
incidence optics and shielded focal planes with CdZnTe pixel detectors. The NuSTAR instrument incor-
porates a deployable mast to achieve a 10-m focal length. This Small Explorer Mission is currently under
development, and is scheduled for launch in mid 2011.

Key words: X-ray telescope: X-ray optics: X-ray detectors

1. Introduction

The Nuclear Spectroscopic Telescope Array (NuSTAR)
will be the first focusing telescope on orbit to operate
in the high energy X-ray band (6 - 79 keV). The NuS-
TAR instrument contains two co-aligned telescopes that
consist of multilayer coated grazing incidence optics and
solid state CdZnTe detectors that together extend fo-
cusing to the hard X-ray band above 10 keV. NuSTAR
achieves a 10-meter focal length by employing an ex-
tendible mast that deploys on-orbit. The mission will
launch on a Pegasus XL rocket into a low-inclination
(6-degree) 600 km low-Earth orbit. This orbit largely
avoids the SAA, resulting in low background. We de-
scribe here the expected performance of the instrument.
Further information about NuSTAR can be found at
http://www.nustar.caltech.edu.

2. Optics

The NuSTAR optics are based on multilayer coated,
thermally formed glass segments mounted into a coni-
cal approximation Wolter I geometry. Each optic con-
sists of 130 shells, with each shell segmented both in
azimuth and along the optical axis. The segments are
made of borosilicate glass formed into cylindrical sections
using a thermal forming technique developed for the
Constellation-X mission by the Goddard Space Flight
Center. Depth graded multilayer coatings are applied
to the substrates at DTU Space, and the segments are
mounted into conical shells at Columbia University.

The projected angular resolution of the optics is 45”
Half Power Diameter (HPD). The substrate figure is dic-
tated by the quality of the forming mandrels, which for
NuSTAR is 20 – 50 arcseconds depending on the mirror
shell. The multilayer recipes are optimized for a smooth
response as a function of energy, and good off-axis re-
sponse. There are 10 mirror groups, and groups one
to seven (the inner, small radius shells) are coated with
depth graded Pt/SiC multilayers to extend the energy
range up to 78.3 keV, while mirror groups eight to ten are
coated with W/SiC multilayers to improve mid-energy
response.

3. Focal Plane

The NuSTAR focal plane contains actively shielded
CdZnTe pixel detectors, which provide excellent spectral
resolution and high quantum efficiency without requir-
ing cryogenic operation. The focal plane will consist of
4 hybrid detectors arranged in a 2 × 2 array. The hy-
brids consist of a 2 mm thick CdZnTe sensor coupled to
a custom low-noise ASIC developed at Caltech. Each
hybrid detector has 32 by 32 pixels with a pixel pitch of
604.8µm. The optical axis will be offset from the center
of the array so that it intersects the active area of one
hybrid. The focal planes are actively shielded in a CsI
crystal well that is 1.5 cm thick at the base. In addition,
a passive aperture stop which passively deploys from the
shield simultaneous with the mast deployment limits the
diffuse X-ray background with an opening angle of 1.3
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Fig. 1. Simulated background at 6 degree equatorial orbit

1.26 keV (FWHM) at 86.5 keV

test pulse = ~300 eV (FWHM) 

Fig. 2. Eu-155 source spectrum observed with NuSTAR prototype
detector at 0◦C

millisteradians.

The internal and diffuse background for the 6 degree
equatorial orbit is shown in Figure 1. The low inclination
orbit largely avoids the SAA (<3% of time is spend in
SAA), for a stable and low background. The background
estimates are the result of extensive Monte Carlo mod-
eling using MGGPOD and GEANT.

The maximum data rate is 400 events/sec for two
telescopes, however the livetime since the last event is
recorded with each event, so that sources with countrates
up to 10,000/s will have accurate flux measurements.
Figure 2 shows a spectrum from an 155Eu gamma-ray
source taken with Caltech ASIC coupled to a 2 mm thick
CdZnTe detector at 0 ◦C. The hybrid achieves energy
resolution of 1.26 keV (FWHM) at 86.5 keV and ∼300
eV (FWHM) for the test pulse. For X-ray energies be-
low 20 keV, the energy resolution approaches the readout
noise limit of 300 eV.
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Fig. 3. Observatory effective area

4. Observatory Performance

The observatory effective area of NuSTAR as well as
Chandra ACIS and XMM-Newton PN are shown in the
Figure 3. As the figure shows, NuSTAR has an extended
sensitivity compared to previous missions up to 78.3 keV,
after which the area is cutoff due to the Pt K-edge.

Targets of opportunity can be observed within a few
hours, with worst case turn around 12 hours.

5. Data Analysis - Archiving

Data will be sent down via the Tracking and Data Relay
Satellite System and ground stations to the University
of California, Berkeley. The data will be passed on to
the Science Operations center at the California Institute
of Technology, where it will be prepared for the science
community and the HEASARC science archive. Data
will be available for the science community after valida-
tion by the Science Operatons Center.

6. Summary

The observatory will provide a combination of sensitiv-
ity, spatial, and spectral resolution factors of 10 to 100
improved over previous missions that have operated at
these X-ray energies. A NASA Small Explorer (SMEX)
mission, NuSTAR is currently in Phase B development
and is scheduled to launch into low-Earth equatorial or-
bit in August 2011.
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Abstract

We are developing TES microcalorimeter array for DIOS (Diffuse Intergalactic Oxygen Surveyor) mis-
sion, to perform survey observations of Warm-Hot Intergalactic Medium (WHIM) using OVII and OVIII

emission lines. The superior energy resolution close to 2 eV FWHM will enable us to measure the WHIM
lines and their redshifts, separately from the Galactic lines. The TES calorimeters are processed in our
group using MEMS technology. We achieved ∆E = 2.8 eV (FWHM) at 5.9 keV with a single pixel device,
and trial models of 16 × 16 pixel arrays have been produced for the DIOS emission.

Key words: Microcalorimeter,-TES,-Warm-Hot Intergalactic Medium-Future mission

1. Introduction

Based on several N-body simulations of cosmological
large structure formation, a significant (30-50%) frac-
tion of baryons is thought to reside in the form of gas
in a “warm-hot” phase (T = 105−7 K) (Fukugita et
al.), which is hard to detect with currently operating
missions. This warm-hot gas is called Warm-Hot Inter-
galactic Medium (WHIM). The importance of the obser-
vational study of WHIM can be summarized as follows:
1: Direct detection of WHIM will solve the problem of
“missing baryons”.
2: WHIM is the best tracer of the large scale structure
gorverned by dark matter.
3: WHIM is an important probe for the chemical and
thermal history of the universe.

Table 1. Parameters of the observing instruments on board DIOS

Effective erea > 100 cm2

Field of view 50′ diameter
SΩ > 100 cm2 deg2

Angular resolution 3′ (16×16)
Enerrgy resolution < 5eV FWHM (0.1-1.5 keV)
Observing life > 5 yr

2. DIOS: Diffuse Intergalactic Oxygen Surveyor

Japanese small X-ray mission DIOS is designed to ex-
plore WHIM using emission kine for first time. The
structure and performance of DIOS are shown in the fig

1 and table1. DIOS aims to detect the WHIM signal and
to reveal the large scale structure of universe through the
WHIM distribution. It is expected that WHIM is bright
in the oxygen lines (Chen & Ostriker). A clean confirma-
tion for the existence of WHIM to detect the redshifted
ionized oxygen emission lines (OVII: 574 eV, OVIII: 654
eV in the rest frame). To detect the oxygen lines, the
X-ray sensor needs to have superior energy resolution
close to 5 eV FWHM for separation of lines from our
galaxy. DIOS will use TES microcalorimeters to realize
such energy resolution.

3. TES (Transition Edge Sensor) microcalorimeters

Microcalorimeters are X-ray detectors that absorb X-ray
photons with the absorber, and produce signals by tem-
perature rise. The energy resolution of microcalorime-
ters depends on operating temperature T , thermal ca-
pacity C and the temperature sensitivity α of ther-
mometer. Microcalorimeters can achieve excellent per-
formance at an extremely low temperature below 100
mK. The energy resolution of 7 eV at 5.9 keV was
achieved in the orbit with Suzaku XRS which employed
semiconductor thermometers (Kelley et al.). Using TES
for the thermometer, it is possible to achieve the energy
resolution < 2 eV at 5.9 keV.

3.1. Single pixel performance

We produced TES calorimeters with in-house sputtering
and dry etching processes. Our TES consists of Ti/Au
thin film to control the transition temperature through
proximity effect. The device is shown in fig 1(Yoshino et
al.), which consists of TES with a size of 200×200×0.135
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Fig. 1. Upper left: The DIOS spacecraft. Upper right: A picture of the 16×16 TES array. Lower left: Energy spectrum for 55Fe X-ray source
by a single pixel TES calorimeter. Lower right: the fabricated Ti/Au TES calorimeter with Au absorber.

µm3 and Ti/Au thickness of 100/35 nm. The calorime-
ter is eqoipped with an Au absorber to stop X-rays, with
thickness of 1.5 µm. This TES calorimeter showed good
energy resolution of ∆E = 2.8±0.3 eV (FWHM) at 5.9
keV. The spectrum was fitted with seven lorentzians.
The natural widths of the lorentzians, their intensities,
and energy ratios are fixed based on the parameters by
Holzer et al.

3.2. Multipixel array performance

To observe the spatial structure of WHIM, detector size
of 1 cm2 or more is required. We are developing a 16×16
pixel array with large absorbers to meet the requirement.
Such a number of pixel with complete wiring has been
only fabricated in Japan, so far. In this 16×16 array
(Ezoe et al., Yoshitake et al.), each TES pisel has a size
of 180 ×180µm2 with no absorber. We achieved energy
resolution ∆E = 4.4±0.2 eV at 5.9 keV.

4. Prospects

In near future, we hope to achieve energy resolution ∆E
< 2 eV at 2 keV with 16×16 pixel array attached with
large absorbers. We plan to formally propose DIOS to
ISAS/JAXA as a small satellite mission around 2013,
aiming for launch in 2015-2016.
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Abstract

We are planning to have a Formation Flying Astronomical Survey Telescope (FFAST) that will make
a hard X-ray (≤ 80 keV) imaging survey. Two small satellites(∼ 1m3), a telescope satellite and a detector
satellite, will be placed into a circular 550 km orbit and in formation flying that will be controlled the
separation of 20m±10 cm. With a relative-circular orbit, we can select the scanning sky region arbitrarily;
in the case of covering Ω ∼ 1000 deg2 areas of sky, the detection limit of 0.1mCrab will be achieved in two
years. Hence, the FFAST will be able to fill the sensitivity gap of AGN surveys performed by ongoing and
future hard X-ray missions.

Key words: workshop: proceedings — Hard X-ray — Formation Flying — AGN survey

1. Introduction

The recent technological advances of multilayer coating
enable us to develop focusing hard X-ray system using
Brag reflection. In the last ten years, several research
groups have conducted hard X-ray observations by a
balloon-borne experiment, InFOCus,HERO,HEFT ,
and SUMIT . And, X-ray astronomical satellites that
carry a hard X-ray telescope are being planned in the
2010s (e.g. NuSTAR, ASTRO-H ). Due to the graz-
ing angle of the X-ray reflection, on the other hand, the
X-ray telescope increase in length so that we can have
enough effective area. However, the longer focal length
will have a difficulty to be equipped with a single satel-
lite. Hence, it is quite reasonable to separate the mirror
and the detector into two spacecrafts maintained a cer-
tain distance using formation flying.

Therefore, we propose a Formation Flying Astronom-
ical Survey Telescope (FFAST) mission that will cover a
large sky area in hard X-ray band.

2. Design and Performance

The telescope satellite and the detector satellite of
FFAST are put into the circular 550 km orbit and kept
the distance of 20m ± 10 cm by a formation-flying guid-
ance system. Fig.1 shows the configuration of FFAST

in the orbit. The size of each satellite except the solar
panels is about 1m3.

The telescope satellite has a hard X-ray super-mirror
that is an assembly of depth-graded Pt/C multilayer
coated mirrors in a conical approximation to the Wolter
I geometry (Ogasaka et al. 2008). The FFAST X-ray
telescope (FFAST/XRT) that covers the energy range
up to 80 keV is identical that of ASTRO − H with the
exception of the focal length. We have improved multiple
thin-foil optics and now achieved 90 arcsec (HPD) with
good rotation asymmetry PSF. We show the effective
area of FFAST/XRT in the middle left panel of Fig.1.

The detector satellite carries an SD-CCD that func-
tions as a hard X-ray imaging spectrometer up to
100 keV (Miyata and Tamura 2003). The SD-CCD is
a CCD with a scintillator plate that is directly attached
to the back-side of the CCD. X-rays enter into the CCD
from the front (electrode) side. High energy X-rays that
penetrate the CCD will be absorbed in the scintillator
and converted into visible light, which is detected by the
CCD. Note that the scintillator events, X-ray events di-
rectly detected in the depletion layer, and a cosmic-ray
events are easily distinguished by the charge spread and
the pulse height. The CCD chip is fully depleted which
can be a back-illuminated CCD identical to that em-
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Fig. 1. FFAST configuration in orbit. (left : the telescope satellite, right : the detector satellite). The effective area of the FFAST/XRT
(middle left). The detection efficiency of the SD-CCD (middle right).

ployed on ASTRO-H. The middle right panel of Fig.1
shows the detection efficiciency of the SD-CCD; the de-
pletion depth of the CCD is ∼ 200µm, and the thickness
of the CsI scintillator plate is ∼ 300µm. Three 3-side-
buttable SD-CCD chips on the FFAST focal plane cover
the FOV of 10’×15’. And they are working at −90 ◦C
with a mechanical cooler that is almost identical to that
developed for the ASTRO-H CCD and that employed in
the Suzaku satellite (Mitsuda et al. 2007).

We have already demonstrated the hard X-ray tele-
scope with the super-mirror and the SD-CCD by SUMIT
balloon-borne experiment in 2006.

In the attitude control, the telescope satellite aligns
the optical axis on the center of SD-CCD array, and the
the detector satellite tracks the telescope to focus on the
SD-CCD surface. Moreover, the roll angle of the detec-
tor satellite is controlled so that star images move in the
same as vertical charge-transfer direction of the CCD,
which is operated in TDI mode. We note that the detec-
tor satellite has a reaction control system (RCS) that can
control the satellite orbit. The RCS is used to compen-
sate the non-gravity perturbation except for contingency.
Because the two satellites in a tandem construction fit
inside shroud of a solid rocket now being developed, they
will be launched by means of a single rocket.

3. FFAST Orbital Design

As has been mentioned, two satellites will be placed into
Keplerian orbit and maintained a constant distance. Ac-
cording to the C-W solution of Hill’s equation that de-
scribes the relative motion of these two spacecrafts, one
can derive only two possible orbits for the formation fly-
ing, an along-track orbit and a relative-circular-orbit.
Using a guiding-formation-flying with a small amount
of thruster gas in the relative-circular orbit (relative-
circular FF), we can arbitrarily choose and confine sky
survey region. Thus, from the perspective of scientific
objectives, we are considering employing the relative-
cicular FF.

Fig. 2. Exposure map of FFAST 3 × 66 square degree scanning
observation in a year.

And, we have designed the orbit for 3×66 square de-
gree scanning observation. The expected exposure map
in a year is shown in Fig.2. From our calculation, the
survey flux limit of 0.1 mCrab intensity will be achieved
for 46% of the region. In two years, 0.1 mCrab flux limit
over ∼1000 square degree of the sky. Hence, FFAST has
a possibility to perform a unique AGN survey to fill the
sensitivity gap of AGN surveys done by on-going and
future missions in hard X-ray regime.

4. Summary

We described here the FFAST project that will be the
first focusing hard X-ray mission using a formation fly-
ing. The FFAST survey in two years (Ω～1000 deg2, Slim

～ 0.1mCrab) is expected to fill a sensitivity gap between
shallow all-sky and deep pencil-beem AGN surveys.
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Abstract

We have been developing a hard X-ray polarimeter with high sensitivity, called as a PHENEX (Po-
larimetry for High ENErgy X rays) polarimeter. We constructed prototype PHENEX polarimeter and
carried out a preliminary observation of the Crab Nebula on June 13th, 2006 as a balloon-borne experi-
ment. Though we confirmed from the data that PHENEX polarimeter detected hard X rays from the Crab
Nebula with a significance of 8σ, the degree and the direction of polarization with high accuracy could
not be determined because of the trouble for attitude control system (ACS) and the small detection area
of the prototype polarimeter. We improved the PHENEX polarimeter and carried out a balloon-borne
experiment in June 2009 launching from Taiki Aerospace Research Field to observe the polarization of the
Crab Nebula with higher accuracy. In this paper, we will report the summary of this experiment.

Key words: Hard X ray, Polarimetry, PHENEX, Crab Nebula

1. Instrument

The PHENEX polarimeter is constructed in a modu-
lar fashion with an array of ”unit counters”. The unit
counter is Compton-scattering-type polarimeter sensi-
tive to the energy range from 40 keV to 200 keV and
it has a modulation factor of 53% and a detection effi-
ciency of 20% at 80keV(Y. Kishimoto et al. 2007). We
have constructed the PHENEX polarimeter with eight
unit counters as a flight model. The instrument config-
uration for this flight is shown in Fig. 1. In the cen-
ter of the PHENEX polarimeter, a CsI(Tl) scintillation
counter is installed and it is called as ”monitor counter”.
It is used to monitor the flux from the Crab Nebula and
thus to confirm the pointing. The monitor counter and
the eight unit counters are installed inside CsI(Tl) active
shields.

2. Summary of the Balloon Experiment in 2009

Installing the PHENEX polarimeter to a gondola for
balloon-borne experiment, we have launched it from
Taiki Aerospace Research Field on June 18th, 2009. Fig.
2 shows the flight route of the balloon. From 12:08 to
14:45, we obtained a level flight for 2.5 hours at an al-
titude of about 39 km. The detector system operated
well over the duration of the flight. Then, the gondola
was separated from the balloon and parachuted into the

Fig. 1. Flight model of PHENEX polarimeter. Eight unit counters
and one monitor counter are installed in CsI(Tl) active shields.

sea. The polarimeter was subsequently recovered safely
without any serious damage and the data storage on the
detector was also recovered safely. Fig. 3 shows the trig-
ger rates of the unit counters and the monitor counter. It
is recognized that these rates change drastically at the
time which corresponds to launching and reascending.
The bump of the trigger rate around 10:00 corresponds
to Pfotzer maximum. During the level flight, the trigger
rates of the unit counters and the monitor counter were
about 1kcps and 300cps, respectively. Though the gap
of the trigger rates is observed around 13:55, it corre-
sponds to the matter that we had lowered the voltage
for the PMTs because of wrong information on the time
for the cutting from the balloon. Hence, the data from
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13:49 to 14:10 was not used for the further analysis of
the counting rates.

Fig. 2. Flight route of balloon. We obtained a level flight for 2.5
hours at an altitude of about 39km.

Fig. 3. Trigger rates of the 8 unit counters and the monitor counter.
These rates change drastically at the time which corresponds to
launching and reascending.

We carried out the OFF-observation from 12:10 to
13:26 and ON-observation from 13:26 to 14:22. How-
ever, unfortunately the azimuthal ACS (attitude control
system) for the PHENEX polarimeter did not function
correctly though the elevation can be controlled at the
accuracy of 0.2 degrees. Then the line of the sight could
not be stabilized as shown in Fig. 4 though the line of
the sight can be monitored. Fig. 5 also shows the az-
imuth offset during ON-observation. The distribution of
the azimuth offset from Crab Nebula is shown in Fig.
6. The x axis and y axis correspond to the azimuthal
offset angle from the Crab Nebula and the observation
time, respectively. For the data, we used only the data
from 13:36:00 to 13:48:40 and from 14:10:00 to 14:20:00
(boxed regions in Fig. 5) to avoid the duration affected
by shutoff of high voltage supplies. The boxed region in
Fig. 6 corresponds to the field of view of the PHENEX
polarimeter. Calculating the integral time in this region,
the time of ON-observation is estimated to be 572 sec-
onds. So, we are analyzing the data of the PHENEX
polarimeter and trying to confirm increase of event rate
due to the flux of the Crab Nebula.

Fig. 4. Azimuthal angle of the gondola during level flight is drawn.
Unfortunately, the duration which the Crab remains at the field of
view of the PHENEX polarimeter was about 10 minutes because
the ACS did not function correctly

Fig. 5. The azimuth offset from Crab Nebula is drawn. The boxed
regions around 13:40 and 14:15 show the durations in which we
used the data for estimation of ON-observation time.

3. Conclusions

We have developed the PHENEX hard X-ray polarime-
ter and have carried out the balloon-borne experiment in
June 18th, 2009. Though the polarimeter operated well,
unfortunately the azimuthal ACS did not function cor-
rectly. From the quick analysis on the line of the sight,
we recognized that it observed the Crab Nebula for 10
minutes. We will analyze the data in detail.
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Abstract

It is quite important to obtain wide band spectra of high energy astrophysical phenomena at the same
time in order to probe emission processes or structures. Especially observations of transient objects, such
as gamma-ray bursts of active galactic nuclei, expect detectors with wide energy band coverage for the
sake of an efficient spectroscopy within limited time windows. An avalanche photo diode (APD) is a
compact photon sensor with an internal gain of ∼100. We have developed an X-ray/gamma-ray detector
using a reach-through APD (5 × 5 mm2) optically coupled with a conventional CsI(Tl) scintillator, which
covers typically from 1 keV to 1 MeV. Further, we developed a 1-dimensional array of the 8/16 APDs (net
16 × 20)mm2) for the purpose of an imaging photon detector combined with coded masks, to be applied
in future missions. We present the current status and performances of our hybrid detector.

Key words: instrumentation: detectors, photometers, spectrographs

1. Introduction

An avalanche photo diode (APD) is a semiconductor
device having not only characteristics of photo diodes,
which are high quantum efficiency (∼80%) and fast
response ( < 1 nsec), but also an internal gain of
∼100. Recently in-orbit operation of an APD is success-
fully demonstrated by a pico-satellite Cute 1.7+APD II
(Kataoka et al. 2009), and APDs will be applied to
ASTRO-H. A reach-through type APD has a thick de-
pletion layer (∼100 µm), larger part of which works as
a photon-absorbing and electron-drifting layer. The rest
of the depletion layer located at its thin edge causes an
avalanche amplification. Therefore every signal is com-
pletely amplified when photons are absorbed anywhere
in the depletion layer. On the other hand, dark currents
are a little higher than reverse type APDs because the
reach-through APD multiplies even lots of thermal elec-
trons. Therefore an optimal shaping time may differ to
establish the best signal-to-noise ratio. Detailed study
of reach-through APD is described in Yatsu et al.(2006).

2. Wide band spectrometer with an APD

We optically coupled a Hamamatsu APD (SPL5767,
5×5 mm2) to a CsI(Tl) scintillator (4×4 mm2) and il-
luminate gamma rays from the APD side. Soft X-rays
are detected directly by the APD while hard X-rays are

absorbed by CsI(Tl). In the latter case the APD works
as a readout of scintillation photons. These two compo-
nents are distinguished by the difference of the signal rise
times. The signal from the APD is led to a charge sensi-
tive amplifier and then divided into two lines. The one is
connected to a fast shaping amplifier (τ = 50 nsec) and
the other to a slow amplifier (τ = 2 µsec). When a pho-
ton is absorbed by the APD, the fast amplifier responds
with a larger signal than the slow amplifier. On the con-
trary, the photon detection by the scintillator results in
smaller and larger signals from the fast and slow ampli-
fiers, respectively. As a result we successfully obtained
a spectrum of 137Cs in the 3 orders of energy. Obtained
energy resolutions (FWHM) at 32 keV and 662 keV are
6.6±0.4 % and 7.6±0.1 %, respectively (Tanaka et al.
2007).

3. APD array

Using the technique described in the previous section,
we have been developing imaging detectors with coded
masks. As a first step we developed 1-dimensional ar-
rays of the APD with Hamamatsu (Fig. 1 left), which
are manufactured by dividing 16×20 mm2 APD into 8 or
16 slits with common cathodes. In this section a stand-
alone test of the APD arrays is mentioned. We measured
55Fe spectra for each pixel at the room temperature and
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Fig. 1. (Left)APD arrays with 2.2 and 1.1 mm width for the 8-ch and the 16-ch array, respectively. (Middle) Relative gain along with the
APD channel. (Right) Energy resolutions of 5.9 keV line for each channel. The top and bottom panels in each column correspond to
8-ch and 16-ch array, respectively.

a typical energy threshold is ∼2 keV. Fig. 1 (Middle and
Right) shows relative gains and energy resolutions at 5.9
keV for each pixel determined by the Gaussian fitting,
in which the fluctuations across the pixels are within
∼2 % and ∼1 %, respectively. It is already known using
a test pulse that the capacitive noise is larger (typical
capacitance of 25 and 19 pC for 8-ch and 16-ch array, re-
spectively), mainly due to the noise characteristics of the
charge sensitive amplifier used. Here the better energy
resolution obtained by 16-ch array can be understood by
the smaller capacitance than 8-ch array. In addition the
measurement was at the room temperature and while
we plan to use it at −20 degree. Thus we think we can
expect better resolution with some optimization.

4. APD array with scintillator

We produced CsI(Tl) scintillator to fit to the APD pixel
sizes, which are 2.2 × 10.0 × 16.0 mm3 and 1.2 × 10.0 ×

16.0 mm3 for the 8- and 16-ch arrays, respectively. We
wrapped the larger one with commercially available En-
hanced Specular Reflector (ESR) and optically combined
it to the 8-ch array. And then the stacked detector
was exposed to a 137Cs gamma-ray source at the room
temperature. We demonstrated the two components are
clearly separated and we extracted events corresponding
to the photons detected by the APD and the scintilla-
tor. The energy resolution at 32/36 keV and 662 keV
are 8.0 % and 8.4 %, respectively. The current mea-

surement has a little energy gap between the APD and
CsI(Tl) spectra at ∼50 keV. In order to solve this prob-
lems it is necessary to measure at a lower temperature
e.g., −20◦C.

5. Conclusions & Future work

The 8- and 16-ch APD arrays works well together with
the CsI(Tl) array and they showed very uniform per-
formance among each pixels. More measurements are
required especially at the temperature of −20◦C for the
purpose of higher energy resolutions and wide band spec-
troscopy without the gap.

We have more things to check such as absorbed posi-
tion dependence of the gain uniformity in a single APD
pixel and scintillation light leakage from neighbouring
CsI(Tl) pixels. We also develop a specific LSI for the
readout of the 16-ch APD array, having lower gain and
lower capacitance gradient than conventional VATAs,
and its performance will be tested. A design study of
coded masks using geant4 are now underway.
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Abstract

We have produced gas electron multiplier (GEM) ,which is one of the recently developed micro-pattern
gas detector, using a laser etching technique since 2002. Our GEM was selected as a key device of the
X-ray polarimetry mission, Gravity and Extreme Magnetism SMEX (GEMS). Since GEMS will be the
first mission carrying RIKEN/SciEnergy GEM into Low Earth Orbit, we have evaluated the risks which
impact the GEM in space. We carried out gain stability measurements, obtaining that the GEM had
enough stable gain for space uses. We irradiated Fe ion beam to our GEM for studying robustness against
discharges. Our GEM survived the 40-year equivalent beam irradiation.

Key words: GEMS, gas electron multiplier, X-ray polarimeter

1. Introduction

1.1. development of Gas Electron Multiplier

The gas electron multiplier (GEM) which was invented
at CERN in 1997 is one of the recently developed micro-
pattern gas detector [1]. The GEM is a 2-dimensional
proportional counter. We have developed the GEM using
a laser etching technique since 2002 [3],[4]. Our GEM
(RIKEN/SciEnergy GEM) was selected as a key device
of the X-ray polarimetry mission, Gravity and Extreme
Magnetism SMEX (GEMS) [5].

1.2. The GEMS mission

The GEMS satellite will launch into Low Earth Orbit
(LEO) at an altitude of 575 km and an inclination an-
gle of 28.5◦ in 2014. During the 2-year lifetime of the
mission, GEMS observes X-ray polarization from stellar
objects; black holes, pulsars, magnetars, supernova rem-
nants, etc. GEMS carries 3 independent telescopes (mir-
ror and polarimeter pairs). The polarimeters have sen-
sitive at an energy range of 2–10 keV. The polarimeters
can image photoelectron tracks with a time projection
chamber technique using the RIKEN/SciEnergy GEM.

2. Risks when using GEM in LEO

GEMS is the first mission carrying RIKEN/SciEnergy
GEM onboard satellite. We have evaluated risks when
using the GEM in LEO, since the typical space envi-
ronment is severe for the GEM. In LEO, satellites pass
through South Atlantic Anomaly (SAA) in which there

is a significant flux of geomagnetically trapped protons.
We can avoid damages due to discharges caused by the
protons if turning off high voltage during the passage of
SAA every 90 minutes.

Even outside SAA, galactic cosmic-rays accidentally
hit satellites. The galactic cosmic-rays consist of pro-
tons and heavy ions. Heavier ions easily cause discharges
because of their large energy deposit in material.

We present in this paper two experimental results for
evaluating the risks. First is the gain stability after ap-
plying high voltage. Second is the robustness against
discharges caused by the galactic cosmic-rays.

3. Gain stability measurement

Fig. 1 shows gain variation of our GEM and the one pro-
duced at CERN for a few hours after turning-on high
voltage. Since the CERN GEM,which was produced us-
ing wet etching, needed a few hours to stabilize the gain,
we can not use it in the LEO missions which repeat high
voltage off and on every 90 minutes. In contrast, our
GEM was stable enough.

4. Heavy ion irradiation test

4.1. galactic cosmic ray ions

The galactic cosmic ray ions are dangerous for the micro-
pattern gas detectors since they might cause discharges
and/or destroy the detectors (e.g. micro strip gas de-
tectors onboard INTEGRAL). Fig. 2 shows the flux of
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Fig. 1. Short-term gain stability of the RIKEN and CERN GEMs. The
time-zero means the moment of turning on high voltage. The gain
is normalized at the time-zero.
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Fig. 2. The flux of incident particles assuming an orbit at an altitude
of 600 km and inclination of 30 degrees. The flux is calculated by
CREME96: FLUX DRIVER.

major cosmic ray ions in LEO. Only one ion may short
the GEM if the energy deposit of the ion is large enough.
Since the energy deposit of an ion is proportional to the
square of its atomic number, Fe is the most dangerous in
the major cosmic-ray ions. Thus, we studied robustness
of the GEM against discharges by irradiating Fe ions.

4.2. Fe ion irradiation

Fig. 3 shows a setup of the Fe ion irradiation test. We ir-
radiated the Fe ion beam with an energy of 500 MeV/nuc
provided by the heavy ion accelerator HIMAC located in
Chiba, Japan. The flux of the Fe ion was 130 cts/s/cm2.
During the irradiation, we read signals from the center
of read-out pads, and monitored the discharge with an
oscilloscope. We paused irradiation while measuring the
gain with a radio isotope 55Fe.

Fig. 4 shows the gain variation during the irradiation.
Our GEM survived more than 600 sec irradiation which
is equivalent to 40-year fluences. We concluded that our
GEM was robust enough against the discharges caused
by cosmic ray heavy ions.

5. Summary

We have developed the GEM using a laser etching tech-
nique since 2002. GEMS that is the first X-ray polarime-

Fig. 3. Setup of irradiation test. Full-striped Fe ion beam comes
from the synchrotron accelerator, HIMAC.
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Fig. 4. Gain variation during the Fe ion irradiation test. The gain
was obtained by using a 55Fe source. The error bars show statistic
and systematic errors. The data point at 607 s corresponds to the
40-year equivalent cosmic-rays.

try mission using the RIKEN/Scienergy GEM will be
launched in 2014. We have evaluated risks when using
the GEM in LEO. The GEM was stable enough in gain
for space missions. The GEM was robust enough against
the discharges caused by cosmic ray heavy ions.
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Abstract

TSUBAME is a university-built small satellite mission to measure polarization of hard X-ray photons
(30-200 keV) from gamma-ray bursts using azimuthal angle anisotropy of Compton-scattered photons.
Polarimetry in the hard X-ray and soft gamma-ray band plays a crucial role in understanding of high-
energy emission mechanisms and the distribution of magnetic fields and radiation fields. TSUBAME has
two instruments: the Wide-field Bust Monitor (WBM) and the Hard X-ray Compton Polarimeter (HXCP).
The WBM determines on board the direction of the burst occurrence with an accuracy of 10 degrees. The
spacecraft is then slewed to the GRB in 15 seconds from the trigger using CMG, a high speed attitude
control device. HXCP will measure the polarized X-ray photons from the GRB while the spacecraft slowly
spins around the bore sight.

Key words: Gamma-ray bursts — Polarimetery

1. Introduction

In the study of GRBs and other X-ray and γ-ray sources,
analysis of their spectra and time variability has been
commonly used. But the information extracted from
these observations identify the dominant emission mech-
anism. Measurements of the polarization can clarify the
emission mechanism. The orientation of the polarization
plane will provide an idea of the distribution of magnetic
field, radiation field and matter around the sources ro-
tation powered pulsars, accreting black holes and active
galactic nuclei; AGNs. The reliable polarimetry in soft
X-ray band has been only reported at the energies 2.6
and 5.2 keV using Bragg reflection (Weisskopf et al. 1976
). For GRBs, only a few observations of X-ray polarime-
try have been reported using RHESSI (Coburn et al.
2003) and INTEGRAL (McGlynn et al. 2007) and these
results are disputable because of uncertainties in possi-
ble systematics. In such situations, new observatories of
X-ray polarimetry for GRBs with high sensitivity and
good calibration are eagerly long-awaited.

2. TSUBAME Mission Overview

“TSUBAME”, meaning a bird “swallow” in Japanese, is
a small satellite that will measure the polarization of as-
tronomical objects. The dimensions of TSUBAME are
45 cm × 45 cm × 45 cm and the total mass is ∼35 kg.
TSUBAME is planned to be launched as a piggyback

on the H-IIA rocket. The main target of TSUBAME is
GRB. A prompt observation in the study of GRBs is
needed because the duration of prompt emission is gen-
erally short (T90 ∼ 40 s). TSUBAME detects the GRB
and localizes the coordinate of the GRB on board using
the burst detection and localization detector Wide-field
Burst Monitor (WBM). By slewing promptly (∼90 deg
within 15 s) using the rapid maneuvered system (CMG:
Control Momentum Gyro), the Hard X-ray Compton Po-
larimeter (HXCP) is pointed to the position of the GRB
and starts the observation within 15 s after the burst
occurrence.

3. Wide-field Burst Monitor

The WBM consists of five sets of a flat plate CsI scin-
tillator (6 cm × 6 cm × 0.5 cm) connected to a APD
S8664-1010 (Ikagawa et al. 2005) These CsI scintillators
are attached to each corner of the observatory to cover
the half sky (2π str) as shown in Fig. 1. With WBM, we
expect to detect ∼ 60 GRBs per year, among which po-
larization may be measured from 6 GRBs. GRBs will be
localized with an accuracy of 10 degrees using the count
rates of five detectors.

4. Hard X-ray Compton Polarimeter

The polarimeter HXCP will detect the polarized X-ray
photons in the 30 – 200 keV band using the azimuthal an-
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Fig. 1. TSUBAME configuration: Hard X-ray compton Polarime-
ter (HXCP) is centered at the observatory. CsI counters of the
Wide-field Burst Monitor (WBM) are attached to each corner of
the observatory.



 

 

Fig. 2. Detector design for hard X-ray compton polarimeter (HXCP):
CsI scintillators (absorber) surround plastic scintillators (scat-
terer).

gle anisotropy of Compton scattered photons. It consists
of 8 × 8 sets of plastic scintillators (scatterer) connected
to four Multi-Anode Photo-Multiplier Tubes (hereafter
MAPMTs) R8900-M16-UBA, and 32 sets of CsI scintil-
lators (absorber) connected to APDs S8664-55 (Ikagawa
et al. 2003) surrounding the 8 × 8 scatterers as shown in
Fig. 2. We surround the these scintillators with passive
shields consisting of lead , tin and copper plates to reject
backgrounds.

We estimate the parameter of HXCP using the
GEANT4 simulator. For very bright GRB (flluence
1.6 × 10−4 erg cm−2, 100 % polarization, ) similar to
GRB021206 with the RHESSI polarimetry(Coburn et al.
2003), we obtain a modulation factor (MF) of 47.8 ± 0.9
%, an effective area of 3.6 cm2(7.0 cm2@100 keV), a min-
imum detectable polarization at 3 σ of 6.2 ± 0.2 %, and

its field of view (FoV) of ±30◦.
We are investigating an option to mount two HXCPs

on TSUBAME. One has a collimator which consists of
phosphor bronze, and the other has no collimator. The
HXCP without the collimator has a large FoV (∼ ±30◦)
while the HXCP suffers from the high background X-
ray photons. The other hand, the other HXCP with the
collimator has a narrow FoV (∼ ±5◦) while the HXCP
suffers from a lower background level. The HXCP with-
out the collimator specializes the polarized observations
of GRBs because the narrow FoV makes the detection
efficiency less sensitive due to the poor localization ac-
curacy of WBM and CMGs to the GRBs (∼ ±10◦). The
other HXCP aims to detect other polarized scientific ob-
jects such as bright galactic diffuse sources (e.g., Crab
Nebula), binary systems (e.g., Cyg X-1) and flares from
blazars or soft gamma-ray repeaters. If the objects are
very bright (≥ 1 Crab), TSUBAME can detect the po-
larization from these objects significantly.

5. Future Work

We are now developing a prototype model (PM) of
HXCP and will perform a polarized X-ray beam test at
KEK-PF in the end of 2009 in order to evaluate the
polarimetry capability and to compare with the expec-
tation from the geant4 simulations. And then we will
subsequently develop an engineering model and a flight
model based on the PM. In addition, it is also necessary
to design and develop the other systems (e.g., WBM and
power supplying systems) in detail.

6. Conclusion

TSUBAME is a university-built small satellite mission
to measure the polarization of hard X-ray photons from
GRBs using the two detectors: WBM for localization,
and HXCP for polarimetry in hard X-ray band. Since
TSUBAME is a very small satellite (∼35 kg), TSUB-
AME can slew to any directions where a GRB is local-
ized within 15 s from the trigger using CMG. We are now
developing the PM for investgating the performance of
HXCP using the polarized X-ray beam at KEK-PF on
December 2009.
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Abstract

At Kanazawa University, we started X-ray microcalorimeter experiments in 2007. We are now devel-
oping a compact adiabatic demagnetization refrigerator (ADR) to operate X-ray microcalorimeters. The
ADR will be composed of two stages, so that it can achieve large cooling capacity with a reasonable size.
So far, we fabricated the colder stage, which consists of a salt pill of ferric ammonium alum (FAA), a
superconducting magnet, and a mechanical heat switch. We operated it in a dedicated cryostat for this
experiment, and achieved ∼ 100 mK.

Key words: X-ray microcalorimeter — ADR — salt pill

1. Introduction

An X-ray microcalorimeter is a non-dispersive spectrom-
eter that measures the energy of an incident X-ray pho-
ton as a temperature rise (Moseley, Mather & McCam-
mon 1984). Operated at 50–100 mK, it achieves very
high resolving power. More importantly, its performance
does not degrade even if the object is extended. It will
bring a breakthrough to the X-ray astronomy.

To achieve 50–100 mK in orbit (microgravity environ-
ment), an adiabatic demagnetization refrigerator (ADR)
is currently one of the most practical solutions. The XRS
instrument onboard Suzaku satellite utilized a single-
stage ADR, and achieved 60 mK in orbit for the first
time (Kelley et al. 2007). The SXS instrument onboard
Astro-H (Mitsuda et al. 2010) adopts a dual-stage ADR,
to achieve an operating temperature of 50 mK under a
detector heat load of 0.4 µW.

At Kanazawa University, we started X-ray mi-
crocalorimeter experiments in 2007, in collaboration
with ISAS/JAXA and Tokyo Metropolitan University
groups. We are now developing a compact dual-stage
ADR to operate X-ray microcalorimeters, with future
X-ray satellites and γ-ray burst missions in mind. So
far, we fabricated the colder stage and tested it. In this
paper, we briefly reports the status of our ADR devel-
opment, and results of the cooling performance tests.

2. Salt pill fabrication

We fabricated a paramagnetic salt pill for the colder
stage in our lab, adopting ferric ammonium alum (FAA;
Fe(NH4)(SO4)2·12H2O) as a paramagnetic salt material.
FAA is widely used in ADRs for 50–100 mK, because
of its suitable properties, i.e., a large angular momen-
tum (J = 5/2), a low magnetic transition temperature
(26 mK), etc. We used a glass-epoxy cylinder as a salt
container (Fig. 1). Its size was determined to contain
70 g FAA, which corresponds to hold time of 10 hours at
100 mK under a bath temperature of 1.8 K and a para-
sitic heat load of 1 µW. Since the thermal conductivity
of FAA crystal is very low at ∼ 100 mK, we installed 260
gold wires of 0.1 mm diameter in the container, and then
the FAA crystal was grown. Net weight of the crystal was
67 g. After the crystal growth, the container was sealed
with epoxy adhesive (Stycast 2850FT). Note that, from
the reliability point of view, a combination of a stain-
less steel container and welding is better. However, we
took this approach because we can seal the container
after crystal growth is finished. We performed several
thermal cycles, but no leak occurred so far.

3. Cryostat and experimental setup

We prepared a dedicated cryostat for this experiment,
following Shinozaki et al. (2008). This cryostat has
an experimental stage of liquid He temperature, large
enough for mounting two sets of ADRs and a detector,
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Fig. 1. Fabrication of FAA salt pill.
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Fig. 2. Setup of the salt pill

and a radiation shield of the same temperature around
it. It is possible to pump down the liquid He, and hence,
the stage and the shield temperatures can be lowered.
Around the He tank and the shield, there are two vapor-
cooled radiation shields.

To reduce radiation into He, we installed 10–20 layers
of MLI (multi-layer insulation) around the two vapor-
cooled radiation shields. By introducing MLI, liquid He
hold time doubled (∼ 48 hours), which suggests that
a parasitic heat load into the He tank was reduced to
∼ 120 mW. This significantly lowered the attainable
temperature by pumping (< 1.8 K).

The salt pill, a superconducting magnet (max 3 T
with 9 A), and a mechanical heat-switch were installed
on the He stage (Fig. 2). The salt pill was suspended
with Kevlar wires from support structures attached to
the magnet. The mechanical heat-switch mounted on
the He stage can be turned on and off manually from
outside the cryostat, using a plastic rod.
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Fig. 3. Profiles of magnet current and temperatures

4. Cooling test results

We performed a cooling test, at the bath temperature
of 1.5 K. A magnet current of 8 A was applied and a
magnetic field of 2.6 T was generated as shown in Fig. 3.
Then the heat-switch was opened, and the magnet cur-
rent was ramped down. As shown in Fig. 2, two ther-
mometers were attached, one on the Cu block at the bot-
tom of the salt pill, and the other on the container at the
top. Since the gold wires are connected to the Cu block,
the former reflects the crystal temperature, while the
latter shows the container temperature. After demagne-
tization, read of the bottom thermometer reached 95 mK
(Fig. 3). Note that this thermometer was not calibrated,
but even if its uncertainty is considered, the crystal tem-
perature must have been lower than ∼ 150 mK. On the
other hand, the salt pill container temperature measured
at the top was ∼ 210 mK. This discrepancy implies that
there still existed unexpected heat input.

Since the temperature reached ∼ 100 mK, we now try
to establish temperature control, and to operate X-ray
microcalorimeters with our ADR.
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Abstract

Pan-STARRS(the Panoramic Survey Telescope And Rapid Response System) will be able to scan the
visible sky to approximately 23rd magnitude in less than one week. This unique combination of sensitivity
and field of view will open many new possibilities in time-domain astronomy and address a wide range
of astrophysical problems in the Solar System, the Galaxy, and the Universe. NCU, Taiwan is one of
the member of Pan-STARRS Science Consortium (PS1SC). We are working on (1)GRBs (both triggered
and orphan events), (2)new type transients, and (3)cross matching of high energy transients detected by
Swfit, Fermi, MAXI etc. The cross matching of MAXI and Pan-STARRS transient is one of the standard
project of Pan-STARRS (PIs Y.Urata and K.Y. Huang). The main aspects of this cross-identification are
(1)Supernova Shock-break out such as SN2008D/XRF090105, (2)Optical identification of X-ray flash.

Key words: workshop: proceedings — LaTeX2.09: style file — instructions

1. Pan-STARRS

Pan-STARRS(the Panoramic Survey Telescope And
Rapid Response System) is an innovative wide-field
imaging facility to carry out the most ambitious astro-
nomical survey to date. The survey starts in March 2009
and this novel hardware has the potential to tackle an
unusually rich set of astronomical problems, from an in-
ventory of near-earth asteroids to the nature of cosmic
dark energy. Above all, the cosmic variable science is one
of the important issues together with ongoing great mis-
sions for monitoring and transients from gamma-ray to
optical; gamma-ray (Fermi), X-ray (Swift, MAXI), and
optical (Pan-STARRS). Since Pan-STARRS surveys the
whole sky visible from Hawaii every 10∼20 days, it offers
an unprecedented opportunity to discover and monitor
those rare, explosive objects that challenge the limits of
our understanding of astrophysics.

The most novel aspect of the Pan-STARRS is that
it will search for SNe without any galaxy bias. Virtu-
ally all nearby SNe searches to date search the bright-
est, highest star-formation rate galaxies, which means
high metallicity. Pan-STARRS offers the opportunity
to search for“ rare events”, low metallicity explosions,
and the faintest explosions, and the faintest explosions
which are predicted to be related to black-hole forma-
tion. Some of these events will be discovered as a result
of Pan-STARRS routine monitoring of the whole sky (3-

Pi survey), while fainter ones will be searched for with
directed deeper surveys (Medium Deep survey). sources.

2. Science targets

NCU, Taiwan is one of the member of Pan-STARRS Sci-
ence Consortium (PS1SC). We are working on (1)GRBs
(both triggered and orphan events), (2)new type tran-
sients, and (3)cross matching of high energy transients
detected by Swfit, Fermi, MAXI etc. The cross match-
ing of MAXI and Pan-STARRS transient is one of
the standard project of Pan-STARRS (PIs Y.Urata
and K.Y. Huang). The main targets of this cross-
identification are (1)Supernova Shock-break out such as
SN2008D/XRF090105, (2)Optical identification of X-ray
flash.

(1)SNe with shock break out such as SN2008D and
XRF060218; Prompt bursts of X-ray and/or ultravio-
let (UV) emission have been theorized to accompany
the break-out of the SN shock-wave through the stel-
lar surface, but their short durations (just seconds to
hours) and the lack of sensitive wide-field X-ray and UV
searches have prevented their discovery until SN2008D.
In the XRF060218 case, the prompt emission was re-
ported as XRFs.

One of our advantage to pick up the real X-ray flash
event is our new development of cross transient identi-
fication server for Pan-STARRS and MAXI. Therefore
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Fig. 1. Cross identification diagram. The cross identification of MAXI transient is one of the Pan-STARRS’s standard project.

we can exclude MAXI’s X-ray trigger made by transient
AGNs and other variable sources. To exclude GRBs
event, we/MAXI team will cross matching with gamma-
ray trigger provided by Swift/BAT, Suzaku/WAM and
so on.

Once we pick up suitable SNe shock break out event
with optical counterpart, we will trigger spectroscopic
follow-up to confirm the classification and to determine
the redshift. This cross matching also allow us to per-
form optical spectroscopic monitoring from early stage.
The temporal optical spectroscopic observations are es-
sential to reveal these origin and describe feature very
well. In the SN2008D case which has shock break out
component, there is a clear spectral evolution from a
mostly featureless continuum to broad absorption lines,
and finally to strong absorption features with moderate
width. in addition, the spectra reveal the emergence of
strong He I features within a few days of the explosion.
These results revealed the SN2008D is a He-rich SN Ibc,
unlike GRB-SNe. These results imply the similarity be-
tween the shock break-out properties of the He-rich SN
2008D and the He-poor GRB-SN 2006aj, both sugges-
tive of a dense stellar wind around a compact Wolf-Rayet
progenitor.

(2)X-ray flashes (XRFs) are generally thought to be a
sub-class of gamma-ray bursts (GRBs). The main dif-
ference between XRFs and GRBs is the energy of the
emission; the peak energy, Epeak, of XRFs is distributed
in the range from a few keV to 10∼20 keV, while that

of GRBs is distributed from 20 keV to 20 MeV. Due to
the lack of suitable X-ray instruments and optical coun-
terpart identifications/monitoring after HETE-2 era, the
origin of XRFs is still unclear. MAXI will provide XRFs
alerts with significant number of other X-ray transient
triggers such as transient AGN.　 The transient cross-
matching will pick up suitable XRF candidates. With re-
sponsing to the suitable alerts, the optical counter part
identification and its dense monitoring are essential to
reveal origin/nature of XRFs.

The multi-color optical and infrared light curve stud-
ies give us off-axis angle once we detect re-brightening
phase, or rejection of off-axis model when we observe
the achromatic light curve break. The spectroscopic ob-
servation will allow us to measure the distance of the
XRF which is essential to estimate the energetic of the
explosion. These optical and infrared combination anal-
ysis will open the door to perform correlation studies
such as Amati relation and Ghirlanda relation. Amati
et al (2002) found the empirical relation between the
rest-frame spectral peak energy of prompt emission Esrc

peak

and the isotropic-equivalent energy released during the
prompt phase Eiso. Ghirlanda et al (2004) showed a tight
empirical relation between the Esrc

peak and the collimation-
corrected energy Eγ based on monochromatic temporal
break in optical/IR afterglow light curve (so-called jet
break). The existence of these correlations could flag
crucial properties of GRB physics which are not yet fully
understood.
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Abstract

SXI (Soft X-ray Imager) is the X-ray CCD camera system consisting of 4 back-illuminated CCD chips
of 1280x1280-pixel format, each of which is read out with 2x2 on-chip binning scheme at every 4 sec, and a
couple of single stage Stirling coolers. The incident optical photons are blocked by OBL (optical blocking
layer) coated on the chips instead of traditional optical blocking filters. The contamination on OBL from
the spacecraft is controlled by a baffle connecting the camera body and the X-ray telescope mirror.

The CCD driver and ADC are placed in the camera body unit, and no analog signal appears among
the SXI components. All the analog and digital BBMs have already been built, while some functions in
the digital part have not implemented yet and the end-to-end analog performance has not investigated
yet.

Key words: ASTRO-H — SXI — X-ray CCD — Analog ASIC — SpaceWire

1. Focal Plane Assembly (FPA)

The FPA uses four backside-illuminated CCDs devel-
oped by Hamamatsu Photonics K.K. (HPK). Compared
to previous HPK-CCD based FPA, the camera body has
much smaller room for SXI FPA. Thus, it is essential to
redesign its structure from heritages and the work has
almost been finished.

Instead of the traditional optical blocking filters
(OBF) used for Suzaku XIS (Koyama et al. 2007), SXI
has the optical blocking layer (OBL) that has a layered
structure of Al-Polyimide-Al. Figure 1 shows the mea-
sured transparency of an OBL sample. The detail of the
OBL is described by Watanabe et al. 2010.

2. Electrical Circuits

The electrical components of SXI consist of a SXI-FE,
four -PEs and a -DE. Figure 2 shows the SXI compo-
nents and the electrical connections between them. The
SXI-FE is placed beside the camera body and includes
all the analog circuits and digital interface to the SXI-
PEs. This unit receives the CCD driving patterns, drives
CCDs, converts the CCD outputs to digital data and

sends back them to the SXI-PEs. All the I/Os are of
LVDS interface, and the protocol is under development.
The bread-board models of the driving and ADC units
have been built, and the latter including custom made
ADC ASIC achieves 135 eV energy resolution (FWHM)
for Mn-Kα fluorescence line (figure 3) combined with an
SXI-baseline CCD chip.

An SXI-PE generates the driving patterns for a CCD,
stores an exposure image, estimates the dark-frame im-
age and generates the list of event-candidate pixels for
each exposure. All the functions are implemented as
FPGA circuits, and the images and the list are sent out
to SXI-DE via SpaceWire (ESA 2008) interfaces. The
SXI-PE also collects the HK information from SXI-FE
and sends them out to SXI-DE; this function has not,
however, implemented yet.

SXI-DE receives the commands from the satellite man-
agement unit (SMU) and sends out the observation data
as CCSDS space packets. SXI-DE also edits the CCD
data from SXI-PE and generates the output data. There
is no bread-board model of SXI-DE; instead, the SXI-PE
outputs are received by a SpaceCube computer and for-

This document is provided by JAXA.



The Energetic Cosmos : from Suzaku to ASTRO-H 451

BI-CCD wafer

Al
Polyimide

Al

(downsizing of the CCD mechanical structure)

OBL (Optical Blocking Layer)

The measured transparency of an OBL. Data

points represent experimental data. The

theoretical curve is also drawn.



Fig. 1. Baseline (upper-left) and current (lower-left) designs of FPA quadrants and the optical blocking layer design (right).
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Fig. 2. A schematic drawing of the SXI components and the electrical
connections between them.

warded to a POSIX computer (such as Linux or MacOS)
via Ethernet. The obtained data are thus stored and
evaluated by usual PCs.

3. Contamination Control

Based on the lessons learned from Suzaku (Hayashida
et al. 2007), Chandra and XMM-Newton, we decided to
attach contamination control baffles between each sensor
and telescope except for HXI.

4. Thermal and Mechanical Design

As the FPA is cooled by a pair of mechanical coolers, the
total mass and the heat dissipation is significantly larger
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(6.5 keV)

Mn K��(5.9 keV)

ΔE(FWHM):

135 4eV

noise:

5.6 0.1e-

Fig. 3. A 55Fe spectrum taken by an EM ASIC and a baseline CCD
chip.

than SXI. As a result, thermal distortion of the cam-
era body can affect the alignment of the optical bench
unless some isolation system. The camera body is thus
supported by a kinematic mount and the exhaust heat
is pulled out by two heat pipes connected to radiators.
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10:45–11:00 (12+3) H. Kunieda Disentangling multiple components from AGN based on the

temporal variability observed with Suzaku XIS and HXD
11:00–11:20 (16+4) E. Cackett A Suzaku survey of Fe K emission lines in neutron star LMXBs
11:20–11:35 (12+3) H. Takahashi Reflection Continuum and Fe Lines in Spectra of the Low-Mass

X-ray Binary Ser X-1
11:35–11:55 (16+4) K. Makishima Continua and Iron-K lines from Accreting Black Holes
11:55–12:10 (12+3) P. Gandhi Rapid timing studies of black hole binaries in Optical and X-rays:

correlated and non-linear variability
12:10–12:25 (12+3) G. Chartas High Velocity Outflows in Narrow Absorption Line Quasars;

The X-ray View

Afternoon I [14:30–16:15]
14:30–14:45 (12+3) N. Isobe Suzaku detections of luminosity-dependent spectral changes from

two ultraluminous X-ray sources, X1 and X2, in NGC 1313
14:45–15:00 (12+3) K. Nakazawa Suzaku wide-band observation of anomalous dips in Hercules X-1
15:00–15:15 (12+3) R. Mushotzky The Nature of the Swift/BAT Hard X-ray Sources
15:15–15:45 (25+5) R. Romani Fermi LAT Pulsars: The New Gamma-ray View of the Pulsar Machine
15:45–16:00 (12+3) S. Tsuruta Thermal and Nonthermal Radiation from Pulsars
16:00–16:15 (12+3) W. Iwakiri Possible Detection of a Cyclotron Resonance Emission-Line Feature

from the Accretion-Powered Pulsar 4U1626-67

Afternoon II [16:45–18:30]
16:45–17:15 (25+5) M. Ishida Accreting white dwarf binaries observed with Suzaku
17:15–17:30 (12+3) D. Takei Discovery of non-thermal emission from the classical nova V2491 Cygni
17:30–18:00 (25+5) S. Mereghetti Soft and hard X-ray observations of Anomalous X-ray Pulsars and

Soft Gamma-ray Repeaters
18:00–18:15 (12+3) T. Enoto Suzaku Studies of the Extremely Hard Emission Components from

Three Magnetars
18:15–18:30 (12+3) W. Hermsen Observational constraints on scenarios for the production of persistent

nonthermal emission in magnetospheres of Anomalous X-ray Pulsars
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July 1 (Wed) topic B & C

Morning I [8:30–10:15]
8:30–8:45 (12+3) A. Hayato The Onion-like Metallicity Structure of Tycho’s Supernova Remnant

as Revealed by Doppler Broadened X-ray Emission Lines
8:45–9:00 (12+3) S. Park Suzaku Observation of the Kepler Supernova Remnant
9:00–9:30 (25+5) S. Katsuda A Suzaku view of supernova remnants
9:30–9:45 (12+3) H. Yamaguchi Discovery of strong radiative recombination continua from IC443

– relic of a past gamma-ray burst? –
9:45–10:15 (25+5) J. Kaastra Progress in X-ray plasma diagnostics

Morning II [10:45–12:25]
10:45–11:05 (16+4) M. Bautz Galaxy Clusters Near the Virial Radius
11:05–11:20 (12+3) T. Reiprich Suzaku Studies of Galaxy Cluster Outskirts
11:20–11:40 (16+4) C. Sarazin Thermal and Nonthermal Hard X-ray Emission from Clusters

of Galaxies
11:40–11:55 (12+3) N. Ota Extremely hot gas in the most X-ray luminous cluster RXJ1347
11:55–12:10 (12+3) A. Simionescu Variations in chemical composition across a strong surface

brightness discontinuity in the outskirt of M87
12:10–12:25 (12+3) M. Gilfanov Unresolved emission and ionized gas in the bulge of M31

Afternoon I [14:30–16:00]
14:30–14:45 (12+3) J. Cuadra Accretion of Stellar Winds on to Sgr A*
14:45–15:15 (25+5) K. Koyama A Suzaku View of the Galacitic Diffuse X-Rays
15:15–15:30 (12+3) M. Nobukawa Discovery of Ka lines of neutral sulfur, argon, and calcium atoms

from the Galactic Center
15:30–15:45 (12+3) Y. Fukui Correlation between high energy objects and molecular clouds in

the Galaxy
15:45–16:00 (12+3) T. Mizuno Fermi-LAT Study of Galactic Cosmic Rays by Observing Diffuse

Gamma-Rays from Mid-Latitude Regions

Afternoon II [16:30–18:00]
16:30–16:50 (16+4) M. Revnivtsev Galactic ridge/bulge emission (1)
16:50–17:10 (16+4) K. Ebisawa Suzaku Observation of Galactic Ridge and Bulge
17:10–17:25 (12+3) Y. Tanaka Remarkable Spectral Differences in the Galactic Ridge X-ray

Emission
17:25–17:55 (25+5) N. Yamasaki Galactic soft X-ray halo revealed with Suzaku

July 2 (Thu) topic A & G

Morning I [8:30–10:15]
8:30–8:45 (12+3) T. Tanaka X-ray Study of Gamma-ray Binaries with Suzaku
8:45–9:15 (25+5) E. de Ona Wilhelmi Status of the VHE astronomy with Cherenkov telescopes
9:15–9:45 (25+5) A. Bamba Suzaku observations of Galactic TeV unID sources
9:45–10:00 (12+3) Y. Uchiyama Fermi-LAT Discoveries of Gamma-ray Emission from the Directions

of Supernova Remnants
10:00–10:15 (12+3) F. Bocchino Suzaku and XMM-Newton observations of the Pulsar Wind Nebula

of G54.1+0.3

Morning II [10:45–12:25]
10:45–11:15 (25+5) K. Ioka Cosmic-Ray Positrons from Astrophysical Sources:

GRBs, Pulsars, and SNRs
11:15–11:30 (12+3) S. Sugita Timing properties of Bright Hard GRBs observed by Suzaku/WAM
11:30–12:05 (30+5) T. Kamae Highlights from the Fermi Space Gamma-Ray Telescope
12:05–12:35 (25+5) J. Kataoka Suzaku/Fermi Challenges to Relativistic Jets in Active Galaxy
12:35–12:50 (12+3) R. Corbet The Fermi LAT View of Compact Objects in the Galaxy

Afternoon I [14:30–16:20]
14:30–14:55 (20+5) S. Ueno The MAXI experiment
14:55–15:20 (20+5) T. Takahashi From Suzaku to ASTRO-H
15:20–15:40 (16+4) C. Hailey The Nuclear Spectroscopic Telescope Array (NuSTAR)
15:40–16:00 (16+4) N. White The International X-ray Observatory
16:00–16:20 (16+4) F. Fiore Simbol-X: focusing on the hard X-ray Universe
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