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Abstract

The soft X-ray diffuse background (SXDB) under 1 keV is significantly influenced by
the emission lines from highly ionized heavy elements in the hot interstellar medium with
temperature of ~ 10° K. However, origins of the highly ionized medium have been found
to be complicated since the first discovery of the solar-wind charge exchange (SWCX)
induced emission. SWCX with the interstellar neutrals in the heliosphere (H-SWCX)
is considered to induce X-ray emission in any direction, which shows both time and
spatial variabilities. It is difficult to identify the X-ray emission from H-SWCX itself. In
this thesis, we have investigated the time and spatial variabilities of SXDB, especially
focusing on the Ovir (0.57 keV) emission. Suzaku achieves high sensitivity for spatially
extended emission under 1 keV and OVII emissions are clearly detected. In the data
reduction, we carefully removed the contributions of the SWCX induced X-ray emission
from the Earth’s geocorona (G-SWCX).

First, we identified the time variability of H-SWCX induced emission. The 11-yr Solar
Cycle passed its minimum phase at early 2009. Long-term time variabilities of OviI
emission toward same field of view are studied by annual observations toward Lockman
Hole from 2006 to 2011. Intensities of OVII emissions from 2006 to 2009 are 2.55 £ 0.74
(2006), 3.68£0.72 (2007), 3.03+0.77 (2008), 2.694+0.80 (2009) LU (Line Unit = photons
s~lem™2sr~1), which are consistent within 90% statistical errors. However, OVII emission
in 2010 and 2011 are 6.064+1.07 and 5.28+1.60 LU, respectively. They are 2-3 LU larger
than the values from earlier observations. Statistical significances of the OvII intensity
variation of 2010 and 2011 with respect to an average of 2006 to 2009 (= 2.99 £+ 0.38
LU) are 4.50 (2010) and 2.30 (2011), respectively. We suggest that this OvII variation
relates to the geometrical change of slow and fast solar wind structures associated with
the 11-year solar activity.

Second, we investigate multiple observations of two blank sky fields towards the dense
molecular cloud MBM 16, and vicinity of the Seyfert galaxy NGC 2992, in order to eval-
uate enhancement of the SWCX induced X-ray emission by the Helium Focusing Cone
(HeFC). The intensity of Ovil emission was estimated to be 3.9 + 1.3 (MBM 16) and
4.6 £0.7 (NGC 2992) LU when the line of sight is through the HeFC, while it was < 1.9
(MBM 16, 90 % upper limit) and 3.2 £ 0.6 (NGC 2992) LU off the HeFC, respectively.
The chance probability of obtaining the observed intensity differences by the Poisson
statistics is less than 0.3 % for both directions. Therefore H-SWCX induced emission
at HeFC is suggested by these intensity variations. We also compare the observed OvII
emission with simulated H-SWCX induced one. The observed intensity differences are
better reproduced by the simulation under the solar minimum condition than the maxi-
mum one in both MBM 16 and NGC 2992. 90 % upper limit of the offset OVII intensity
to reproduce observed OvII emission by the model is 0.1 (1.3) LU for solar minimum

(maximum) simulation toward MBM 16. Due to the strong interstellar absorption at
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MBM 16, this offset intensity express the upper limit contribution from Local Bubble.
Whichever the simulation was applied with solar minimum or maximum situations, sim-
ulated OvII emission requires ~ 2 LU offset intensity for the NGC 2992 field. This 2
LU offset OvII emission is consistent with the model parameters of the spectral model
component interpreted to be from the halo of our Galaxy.

Third, we examine the spatial variability of OvII emission using 57 Suzaku observa-
tions. The observed OVII emission anti-correlated with absolute Galactic latitude in
north hemisphere. In contrast, there are no ecliptic latitude dependence that is expected
if the H-SWCX has large contribution to the spatial variation. These results suggest a
presence of emission absorbed with Galactic neutrals. We compare the intensities be-
tween observed total and simulated H-SWCX induced OvII emissions. Observed intensity
is larger than the simulated one in most directions. We also compare the OVII emission
after subtraction of H-SWCX model prediction with the simple constant emission model
absorbed with Galactic neutrals. More than 70 % of 57 observations, H-SWCX model
subtracted OvII emission are included in the systematic uncertainties of the model. The
observed directions having bright OVII emission to this simple model are localized near
the LMC and north high latitude area extending ¢ = 90° to 180° and b = 30° to 90°. In
contrast, faint points are mainly found southern high latitude area of ¢ = 150° — 180°
and b = —50° to —70°.
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1 Introduction

Diffuse X-ray emission over the sky under 1 keV was discovered from the early rocket observations
in 1970s and its origin of it has been debated even now. For the origin of line emission of soft X-
ray diffuse background (SXDB) in ROSAT R/5 band (0.44-1.21 keV), the situation became more
complicated since the first discovery of solar-wind charge exchange (SWCX) in late 1990s. SWCX
induced emission has bright Ovil emission in R45 band that is the same spectral feature as thin
thermal plasma emission with temperature of kT ~ 0.1 keV. Therefore, it is hard to distinguish
whether the dominant line emission component is SWCX or thermal plasma (or both of them).
However, since SWCX induced emission shows time and spatial variabilities, to study the variability
is expected to give us clues to reveal the evidence of SWCX induced X-ray emission.

In this thesis, we investigate the time and spatial variabilities of SXDB especially focusing on
the OvIr (0.57 keV) emission with Suzaku satellite. XIS1, the X-ray CCD camera onboard Suzaku,
achieves high sensitivity under 1 keV and Ovil (0.57 keV) emission is clearly detected. Before
starting analysis, we give a short review of SXDB in Chapter 2 at first. The brief description of
Suzaku and solar wind monitoring satellites are summazived in Chapter 3. We explain the common
methods of data reduction and spectral analysis in later 3 chapters in Chapter 4. In Chapter 5 and
Chapter 6, we investigate the the time and spatial variabilities of H-SWCX induced OVII emission,
respectively. In Chapter 7, we examine the spatial variability of OvII emission over the sky. We

finally conclude new findings about SXDB revealed though the studies in this thesis in Chapter 8.

All error ranges quoted in text are for 90% confidence level, while vertical bars in figures show

1o errors, unless otherwise noted. Throughout we use Anders & Grevesse (1989) abundances.
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2 Review

2.1 Interstellar Medium

We started a review of this thesis from the general properties of interstellar medium (ISM). Our
Galaxy, namely the Milky Way system, is not only made of stars. It also contains significant amounts
of tenuous matter in gaseous states that spread out inhomogeneouslly throughout interstellar space.
This gaseous ISM exists in the various forms (atoms, molecules, dusts, ions, and electrons) and
accounts for 10 — 15 % of the total mass of the Galactic disk.

Table 2.1 is a summary of physical parameters of the different components of the interstellar gas.
All values were rescaled to Rs = 8.5 kpc. About half the interstellar mass is confined to discrete
clouds, while they occupy only ~ 1 — 2 % of the interstellar volume. These interstellar clouds are
also divided into three types: the dark clouds made of very cold molecular gas (7" ~ 10 — 20 K), the
diffuse clouds consisting of cold atomic gas (T' ~ 100 K), and the intermediate clouds between them
containing molecular and atomic gases. The rest of the interstellar matter, spread out between
the clouds, exists in three different forms : warm (mostly neutral) atomic, warm ionized, and hot
ionized gases, where warm refers to a temperature of ~ 10* K and hot to a temperature of ~ 10°
K. The density of ISM in the vicinity of Sun varies from ~ 1.5 x 10726 g cm™2 in the hot gas to
~2.0x1072°-2.0x 1078 g cm ™2 in the densest molecular cloud, with an average of ~ 2.7 x 10724
g em~3. Both ¥ and MT in Table 2.1 include 90.8 % by number (70.4 % by mass) of hydrogen,
9.1 % (28.1 %) of helium, and 0.12 % (1.5 %) of heavier element.

Table 2.1 Physical properties of ISM in different phases from Ferriére (2001).

Component Temperature  Density Mass density* Total mass'  Filling factor
T (K) n (em™®) g (Mg pc™®) M (10° M) 3
Molecular 10 — 20 102 — 106 ~ 2.5 ~13-25 ~ 1074
Cold atomic 50 — 100 20 — 50 ~ 3.5 } - 6.0 0.013
Warm atomic 6000 — 10000 0.2 —0.5 ~ 3.5 - 0.368
Warm ionized ~ 8000 0.2—-0.5 ~14 > 1.6 0.083
Hot ionized ~ 106 ~ 0.0065 — — ~ 0.46

* Azimuthally averaged mass density per unit area at the solar circle.

T Total mass contained in the entire Milky Way.

The well-known vertical distributions of the mean densities (H nuclei per cm™3) to the galactic
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plane are given by following equations (Cox 2005) :

2
Molecular : n,,(z) = 0.58 exp [_ <812pc> ] cm 3 (2.1)
; 2
. . . -3
Cold atomic : n,(z) = 0.57 x 0.7 exp [ (121 pc) ] cm (2.2)
. . _ z _ || -3
Warm atomic : n,(z) = 0.57 {O.lgexp [ <318 pc) +0.11exp { <401 pc)] } cm™° (2.3)
Warm ionized : n;(z) = 0.015exp [— <7(|)Z[’)c)] cm ™3 (2.4)
Hot ionized : n;(z) = 0.025 exp [— (10(‘)?;)0)} em™? . (2.5)

Figure 2.1 shows the each and total density distributions from the above components. Due to the
long scale height of the distribution function, interstellar space above |z| > 0.5 kpc is mostly filled

with warm atomic and hot ionized ISMs.

E
Total
= 1
2
g; Cold atomic
‘Warm atomic
10‘1§
E Hot ionized
107 &
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Distance z kpc

Figure 2.1 The distribution of interstellar hydrogen density above the Galactic Plane. Dis-
tributions are calculated from Equation (2.1) to (2.5).

The vertical gravity to the galactic plane at the Solar circle was resolved to its components. A

simple exponential model is

oA
_ ] 4.1]2| 27 kpc —9 —2
lgl(z) = {4.2 [1 — exp (— 165 pe + S kpe | 1 R 1077 ems™° . (2.6)
+ 6 kpc

The first term in the curly bracket represents the contributions of the total ISM and disk stars, the
second one is due to halo material, and the factor of previous two terms represents a correction
factor for the gravity model in Dehnen & Binney (1998). Given the vertical density and gravity
distributions, it is possible to calculate vertical distribution of total pressure piot above the Galactic

plane under assumption of hydrostatic equilibrium dp(z)/dz = n(z)g(z). The mid-plane value of
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2.2 Overview of the Soft X-ray Diffuse Background 5

total pressure is estimated pyo/k ~ 22000 cm~3K. However, the thermal pressure of the total ISM

except high-temperature component in mid-plane is

pm/k= Y &nT ~2500 cm K . (2.7)
ISM phase

Therefore thermal pressure is only 10 % of the total one. It is now considered that the magnetic
fields B ~ 5 uG, cosmic ray (energy density E. ~ 2 eV cm™3), and dynamical (with a vertical

velocity dispersion of ¢ ~ 6 km s™!) pressures are each taken as one third of the total non-thermal
pressure, p/k ~ 7300 cm 3K (Cox 2005).

2.2 Overview of the Soft X-ray Diffuse Background

Next we review the recent studies of Soft X-ray Diffuse Background (SXDB). In this thesis we
use the word, the “SXDB”, to mean the emission below 1 keV that is spatially unresolved to
individual sources. Above 2 keV, unresolved X-ray emission is called the cosmic X-ray background
(CXB). We now believe that the most of the CXB comes from numerous faint extragalactic sources;
active galactic nuclei (AGNs). With the deep observations of the Chandra and XMM-Newton

observatories, about 80 % of the CXB has been actually resolved into point sources.

Figure 2.2 All sky maps of neutral hydrogen column density and soft X-ray diffuse emission

in Galactic coordinate (Hammer-Aitoff). Upper Left : column density of the neutral hydrogen
in our Galaxy derived from Hi A21 cm line with LAB survey, Upper Right : ROSAT R12
(1/4 keV) band, Lower Right : ROSAT R45 (3/4 keV) band, and Lower Right : ROSAT R67
(5/4 keV) band.

The latest all sky maps of the SXDB was made by ROSAT satellite carried out in from 1990 to
1991 (Snowden et al. 1993a). Figure 2.2 shows all sky maps of neutral hydrogen column density
with LAB survey (Kalberla et al. 2005) and SXDB emission with ROSAT in Galactic coordinate.
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ROSAT all sky survey (RASS) gave the three images in R12 (1/4 keV), R45 (3/4 keV), R67 (5/4
keV) bands, whose energy ranges are 0.12—0.284 keV, 0.47—1.21 keV, and 0.76 — 2.04, respectively,
from an X-ray focusing mirror and the position sensitive proportional counter (PSPC) observations.
The emission in R12 band is clearly anti-correlated with Galactic neutral hydrogen column density
of the direction. The hydrogen column density varies from ~ 1.0 x 10?2 cm~? at mid-plane to
~ 4.0 x 10%2° cm™2 at high latitude of |b] >~ 30°. Given the values, about 90 % of X-rays outside
of Galactic plane will be photoelectrically absorbed by cold ISM in R12 band even toward high
latitude area (see Figure 2.3). Therefore the anti-correlation cannot be explained by the absorption
of emission outside the Galactic plane. It is interpreted as a displacement of the neutral matter by
hot plasma with temperature of ~ 10 K that is close to the solar neighborhood; the solar system
is embedded in a hot plasma, and in the directions in which the hot plasma is more extended, the

column density of the neutral matter is smaller on the contrary (Snowden et al. 1990).
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Figure 2.3 X-ray transmission factors to the cold ISM from 0.1 to 2.0 keV with different neu-
tral hydrogen column densities. The dominant X-ray absorption edges are shown by vertical

dashed lines.

X-ray emissions in R45 and R67 bands are quite uniform except the Galactic center region.
Toward center region, X-ray emission is attributed to hot plasma of Galactic bulge and the famous
supernova remnants (Loopl). The origin of this SXDB uniformity was directly indicated by the
microcalorimeter observation onboard Wisconsin sounding rocket McCammon et al. (2002). Figure
2.4 left shows the SXDB spectrum toward high galactic latitude region centered at (¢, b) ~ (90°, 60°)
with 0.81 sr field of view (FOV). High resolution spectroscopy was achieved with an X-ray quantum
microcalorimeter (XQC) whose energy resolution was ~ 9 eV (FWHM), while the low statistics is
due to the short exposure ~ 100 s on the target. Strong lines at Ovil Ko (561-574 eV, He-like
triplet) and Ovin Lya (653 eV, H-like doublet) were clearly identified on the spectrum in R45 band.
The intensities of these lines are determined from the spectral fitting and results are summarized
in Table 2.2.

Figure 2.4 right shows contributions to the observed total SXDB emission. The blue circles and
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2.2 Overview of the Soft X-ray Diffuse Background

Table 2.2 Observed X-ray emission lines with XQC.

Line Energy Photon Flux Energy Flux
Line Identification eV photons s tem ~2 sr7! ergs sTlem ~2 srt
Ferx, Fex, Fexi 69 — 72 100 £+ 50 (1.14+0.6) x 1078
Cv1 368 5.4+2.3 (3.2+1.2) x 107°
Ov1r (triplet) 561 — 574 4.8+0.8 (4.4+0.7) x 107°
Ovir 653 1.6 £0.4 (1.74+0.4) x 1079
10 T T T T T T T T T T © !

5
keV/(cm* s srkeV)
%)
2

Counts (100.7 s)~! (2.5 eV)~!

Fe XVIl  Fe XVII
Ne IX

0.0
0 200 400 600 800 1000

Energy (eV) 0.6 1

0 L
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Figure 2.4 Results of X—ray quantum microcalorimeter (XQC) observation toward high galac-
tic latitude (McCammon et al. (2002)). Left : SXDB Spectrum. The top panel shows the
raw spectrum of XQC and the second one is the best fit model of it with XQC effective area.
Right : contributions to the observed total diffuse background.

diamonds show the total observed sky survey rates. The red bars extending down from these are
the contribution to these band rates from the Ovil and Oviil fluxes observed with XQC. The
magenta extensions on these bars are the almost model-independent minimum additional thermal
emission that must be associated with the plasma producing the oxygen lines. The upper AGN
spectrum (orange line) is the total flux that has currently been resolved into discrete sources. The
gap between this and the bottom of the bars represents an absolute upper limit to any truly diffuse
extragalactic source. The lines labeled 8 £~%4 and 11E~%4 represent lower and upper limits to the
CXB intensity in the 2 — 10 keV range, as determined by several experiments. The contribution
of CXB to the SXDB in R45 band is estimated up to ~ 40 %, and most of the remaining 60 % is
the superposition of emission lines, especially affected by Ovil Ka (0.57 keV) and Oviil Ly« (0.65

keV) emissions.

We review each SXDB component and explain the present understanding of the breakdown of
the SXDB in the following sections.
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2.3 Cosmic X-ray Background

In 1980’s, the spectrum in the 3-50 keV range was found to resemble that of a hot plasma with a
temperature of ~ 40 keV (Marshall et al. 1980). This introduced the hypothesis that hot plasma is
filling the universe. However, the low level of distortion of the cosmic microwave background (CMB)
spectrum by the Compton up-scattering measured with COBE ruled out this possibility, implying
that the origin of this emission, called “cosmic X-ray background (CXB)”, is the superposition of
faint discrete sources (Mather et al. 1994). A number of observations were conducted to resolve
the CXB into discrete sources : with ROSAT (Hasinger et al. 1993), ASCA (Gendreau et al. 1995),
XMM (Moretti et al. 2003), and Chandra (Mushotzky et al. 2000; Moretti et al. 2003; Yang et
al. 2004; Hickox & Markevitch 2006). By virtue of the excellent spatial resolution of Chandra,
80-89 % of the CXB in 20-10 keV are resolved into individual sources (Moretti et al. 2003). Present
understanding is that the CXB above ~ 2 keV originates from numerous faint extragalactic sources;
mostly AGNs (for a review see Brandt & Hasinger 2005). The energy spectrum of the CXB in 2-10

keV well reproduced by the single power-law function :

-r
f(E)=N <1 keV) photons s cm™2 st keV™! | (2.8)

where N = 9.8 £ 0.3 photons s cm™2 sr=! keV~! and I = 1.42 £ 0.02 (Revnivtsev et al. 2005).
However, the origin of SXDB, namely the diffuse emission below 1 keV, is more complicated. Excess
emission to the interpolation of the CXB emission above ~ 2 keV was first discovered by sounding
rockets experiments in 1970s.

Because of the “contamination” of the Galactic emission, the spectrum of the CXB below ~ 1
keV can not be observed directly. However, with ROSAT and Chandra, a large fraction of the
CXB in 0.2-2 keV range has been resolved into individual sources. Thus we can estimate the CXB
spectrum from the stacked (summed) composite spectrum. The individual sources resolved with
the Chandra deep observation of the SSA 14 field (Mushotzky et al. 2000) show wide variety of
spectra in 0.5-8 keV; from hard spectra of a negative photon index to soft spectra with a photon
index larger than 2. There is clear tendency that the faint sources are harder. If we sum the spectra

! em~2 in 2-10 keV, we obtain a power-law spectrum with

of sources brighter than 1 x 10713 erg s~
a photon index of I' = 1.63. On the other hand, if we sum all the sources, a photon index of
I = 1.42 is obtained.

In the low energy range of below ~ 1 keV, the contribution of hard sources to the CXB become
smaller than in the hard band (>~ 2 keV). Thus the CXB spectrum in the low energy band should
be softer than that of the hard band. Actually summed spectrum of the soft-band-selected sources
from the Lockman hole ROSAT observation is represented by a power function of a photon index
of I' = 1.96 in the 0.1- 2.0 keV energy band (Hasinger et al. 1993). The normalization of the power
law function was 7.8 & 0.3 photons s™! cm ™2 str=! keV~!. Comparing the normalization of the
CXB power-law function in 2-10 keV, we find that about 80 % of the CXB in 0.1-2keV is resolved.

Thus it is likely that the CXB in < 2 keV has a steeper spectrum than in > 2 keV.
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2.4 Solar-Wind Charge Exchange 9

Smith et al. (2007) proposed to use the following model function as the CXB, basing on the above
ROSAT result and unpublished Chandra results:

A(FEN) ™ 4B ()" for E< 1.2keV
foxs(E) = (1 keV) 14 (1iev) or e 29)
C(risv) for £ > 1.2keV,

whee A = 5.7, B = 4.6, and C = 9.7 photons s~! cm™2 sr~! keV~! as the nominal values. The
brightness of the CXB shows field-to-field fluctuations. Thus when they apply this model in the
spectral fits of a field, they fix the value of A to the nominal value and varies the value of B as a

free parameter. The value of C' is adjusted so that the spectrum is continuously connected at 1.2
keV.

2.4 Solar-Wind Charge Exchange

When a solar wind ion X9+ interacts with a neutral atom N (mainly H and He), electrons bound
in the neutral are transferred to the excited state of the ion X*(@~D+ and move to the ground
state with emitting X-rays corresponding to the de-excitation energy. Therefore, this basic charge

exchange process is expressed by the following equation
X@t 4N — X*@D+ LNt — XO@ D+ L Nt 4 hy (2.10)

The observed intensity of charge exchange (CX) induced emission line in a line of sight (LOS) is
calculated
1 LOs
I= o Yiy Nxo+ (1) vrel o(n x@+) NN (T) dr
T Jo
in unit of Line Unit (LU) = photonss™*cm ™ 2sr™' | (2.11)

where Nxe+(r) and nx(r) are ion and neutral densities, vyl and oy xe+) are relative velocity and
cross section between them, and ;¢ is the photon yield of the interesting transition of the state
i — f, respectively (however, the energy dependence of the CX reaction is ignored. Averaged values
of Nxae+(r, E), nx(r, E), o xe+)(E) are used for the simplification in the above equation). The

position 7 = 0 is taken at the observer.

In this thesis, we especially focus on the contribution of the SWCX induced emission to the
variability of SXDB in Chapter §5 and §6. Therefore, we describe more information about SWCX

in the following subsections.

2.4.1 Discovery of the Solar-Wind Charge Exchange

The first discovery of the SWCX interaction came from the observation of comet Hyakutake with
ROSAT satellite (Lisse et al. 1996). When C/Hyakutake passed at the close perigee (minimum
geocentric distance was 0.102 AU from the Sun), ROSAT detected the X-ray and EUV emission in
0.09-2.0 keV band. Figure 2.5 shows a images of comet Hyakutake with ROSAT high resolution
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10 2 Review

imager (HRI, micro—channel plate with a field of view of 38".0 with 2”7 FWHM spatial resolution
and whose energy range is 90 to 2100 eV) and wide field camera (WFC, same one with a field
of view of 5° with 2.3 HEW*! spatial resolution and whose energy range is 90 to 206 eV), and
comparison with optical image. Position of the detected photons were corrected for the motion of
the comet during the observation. The origin of the cometary emission was expected to correlate

with the solar activity by following three results. :

1. The emission was clearly offset sunward in 8 observations, except the short exposure one
(Fig. 2.5 right).

2. The emission morphology of the comet was symmetric around the direction from the comet’s
nucleus to the Sun. However, it is not symmetric to a direction of a comet’s motion with
respect to the interplanetary neutrals.

3. The X-ray emissivity varies with slow (~ several days) and impulsive (~ a few hours) time
scales. The latter short term variation was consistent with the enhancement of solar wind

proton density observed with GOES-8 satellite.

The results 1 and 2 suggested that the origin of cometary X-ray emission had been related to
interactions with solar X-ray photons or charged particles. Therefore, some interactions (solar X-
ray scattering, and bremsstralung) were raised for the origin of the cometary emission in the paper.
However all of them were inadequate, because the interaction cross sections are to small too to
explain the observed luminosity. Note that the charge exchange process was not considered that
time. Cravens (1997) first explained this unknown cometary X-ray emission by assuming the charge
exchange reaction between the solar wind heavy ions and cometary neutrals. Charge exchange
process has large cross section, because the transferred electron can be captured in orbits with
large main quantum numbers. Combined models consisting of comet atmosphere, solar wind, and
atomic transition physics successfully indicated the X-ray spectrum, morphology, and luminosity

as well as their temporal variabilities.

2.4.2 Geocoronal Solar-Wind Charge Exchange

During the ROSAT all sky survey (RASS) campaign, unexpected temporal X-ray emissivity
variation unrelated to any bright point source was observed with several tens ks to a few days
scale, and affected especially at low energy band (R12 and R45, from 0.1 to 1.2 keV). Though
LTEs were recognized before the comet observation, the origin of it was not revealed until the
first SWCX discovery in 1997. From the discovery of SWCX-induced emission from the comets, it
was soon realized that the same process should also occur at the geocorona. ROSAT “Long Term
Enhancements” (LTEs, Snowden et al. 1994) problem was also explained by this geocoronal SWCX
(G-SWCX) in the earth exosphere (Cox 1998, Fig.2.6).

X-ray observatories after the ROSAT era made it possible to reveal further physical properties of

*1 Half Energy Width
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1 degree

350,000 km

Figure 2.5 ROSAT observation of Comet C/Hyakytake 1996 B2 (from Lisse et al. (1996)).
Left panel : The X-ray contours HRI (green) and WFC (yellow) overlaid on the optical image.
Right panel : Time variations of HRI X-ray (0.1-2.0 keV, A) and EUV WFC (0.09-0.2 keV,
B) images.

Figure 2.6 Enhanced X-ray emission observed during ROSAT all-sky survey in R12 band
(0.11-0.284 keV). X-ray enhancement were caused along the lines of ROSAT scanning path
done in ecliptic coordinate (Snowden et al. (2009)).

the G-SWCX induced emission from the high resolution image and spectroscopic analysis. Wargelin
et al. (2004) directly showed the spectroscopic G-SWCX emission enhancement up to ~ 2 x 1076
photons s™! arcmin™ ¢m™2 in 500-900 eV (primarily Ovil and Oviir) of the “dark” side Moon
observations with Chandra. The most straightforward method for discriminating the G-SWCX is
to utilize its temporal variability. In Snowden et al. (2004), XMM-Newton observed Hubble Deep
Field North where typical bright sources did not exist in the XMM FOV. During the observation,
corotating interaction region (CIR), where slow solar wind is compressed by fast one and solar wind
flux were enhanced, passed around the Earth. X-ray light curve at oxygen lines band (0.52-0.75
keV) was enhanced by the CIR passage.

Suzaku discovered further strong evidence of the G-SWCX induced emission in Fujimoto et al.
(2007). Definite correlation was also shown between the intensity of G-SWCX induced lines and
solar wind ion fluxes when interplanetary coronal mass ejection (ICME) passed around the Earth.

Strong X-ray emission line of ~ 3.09707¢ LU from Cvi Lyd transition (459 eV, 4p — 1s) that is
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a typical signal from the charge exchange process (Kharchenko et al. 2003) was clearly detected.
Since Suzaku revolves in the low earth orbit ~ 550 km from the surface, observations were done
inside the geomagnetic dipole field. When the cusp region of the dipole field came into the Suzaku
line of sight, X-ray light curve in 0.3-2.0 keV was enhanced in synchronization with it (Figure 2.7,

schematic view of the configuration is shown in the right one).
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Figure 2.7 Correlation between the Suzaku 0.3-2.0 keV light curve and the geomagnetic field
in the line of sight (Fujimoto et al. (2007)). The parameter rn,p in the left figure shows the
distance from center of the earth to the point where the geomagnetic field becomes open to
the interplanetary space in unit of earth radii. Configuration among the Suzaku satellite, solar

wind flow, and geomagnetic dipole field is schematically shown in the right figure.

The G-SWCX induced emission was intensively modeled to reproduce the observation results.
The solar wind ion flux roughly obeys r~2 dependence from the Sun, and it is treated as the
constant value at 1AU. The scale height of the geocoronal neutral is known about 10 Rg from the
Earth surface (Hodges 1994). In Yoshino (2009), the empirical model of the H distribution derived
from the Ly« observation (stgaard et al. 2003)

np(r) = 10000 exp (—ﬁ) + 70 exp (—;—2> cm ™, (2.12)
where r shows the geocentric distance, were used for calculating the G-SWCX induced line intensity.
Substituting the equation (2.12) and typical solar wind properties summarized in Koutroumpa et
al. (2006) into the equation (2.11), the intensity of OviI line (the most bright line in R45 band) is
derived in the case of Suzaku observation :

1 o0
Iovir = — ocx A(O17) fsw/ nu(r)dr

47
mp

_ 0.33 LU for Tmp = 1ORE oCcX cm—2 A(O+7) fsw Cm_2s_l (2 13)
=\ L.00LU for rmp=3Rg 3.4x10-15 ) \0.2/1780 ) \ " 1.0x 108 ) "**

where A(O17), and f., are the solar wind abundance ratio of OF7 to proton and proton flux
expressed by the product of density and relative velocity to the geoconal neutrals. The minimum
height penetrating the solar wind to geocorona is determined by the distance 7, in Suzaku line of
sight (Figure 2.7 right) from the earth surface to the magnetopause where is the abrupt boundary

between the solar wind ram pressure and geomagnetic one. According to the equation, G-SWCX
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induced OVII emission will comprise a few tens percent of SXDB one, if the r,,, becomes smaller
than 3Rg or fs, exceeds 4.0 x 108 ecm™2s~! (Yoshino 2009).

2.4.3 Heliospheric Solar-Wind Charge Exchange

Simultaneously with the first notice of G-SWCX as an origin of ROSAT LTE, Cox (1998) also
pointed out the presence of SWCX interaction with the interplanetary neutrals in the heliosphere
distributed within ~ 100 AU from the Sun. The solar system is embed in the local interstellar
cloud (LIC), and the neutral species are attracted to the Sun’s gravity. Solar wind ions collide
with these neutrals deeply penetrating inside the heliosphere and charge exchange processes occur
between them.

This heliospheric SWCX (H-SWCX) induced emission is thought to contribute as the “DC” offset
level of the SXDB ; the solar wind (~ several hundred km s~!) travels roughly a quarter of an AU
per day, and the quiescent H-SWCX emission is an integral of the solar wind conditions over the
previous year. Since the variable part of the SWCX emission was fairly effectively removed from
the RASS data, it is the quiescent component producing the observed 1 keV background. Given
the above spatial scale of H-SWCX, it is less susceptible to the temporal solar wind variation than
G-SWCX. It is hard to identify the H-SWCX from the time variability, and the clear evidence of
the H-SWCX is not obtained yet.

Instead of the time variability, the key to quantify the H-SWCX is to observe its spatial anisotropy.
If the H-SWCX actually contributes to a certain amount of RASS map, long term emissivity
variation related to the 11-year solar cycle and the inhomogeneity of the interstellar medium around
the Sun is expected. As these variations are not clearly observed yet, Koutroumpa et al. (2006)
simulated the all sky emissivity map of the H-SWCX induced OVI and OVIII lines on the basis of
averaged, minimum and maximum solar activity in Solar Cycle 22. They obtained different OVI
and OVIII maps with solar activity level, especially toward the high ecliptic latitude direction. This
difference is mainly caused by the slow/fast solar wind distributions on the Sun’s surface (McComas
et al. 2008). Due to the difference of plasma temperature, OT7 and O*® ionization fractions of the
slow solar wind (higher temperature) is much larger than those of fast one. Conversely, the fast
wind abounds in the fractions of lower order oxygen ions than O17. Figure 2.8 shows the solar
activity from 1992 to 2010. During the solar minimum phase, the slow wind is suppressed within
a low heliocentric ecliptic latitude area |3| < 20°, and the fast one widely extends from the polar
regions (McComas et al. 2008). On the other hand, the slow wind almost covers the whole external
surface of the Sun during the maximum phase.

The most influential dense neutral atom region to the H-SWCX anisotropy is “Helium Focusing
Cone (HeFC)” : the cone-shaped structure in the down-flow direction of interstellar flow where
interstellar He atoms are concentrated due to the Sun’s gravity. From the observations of the He™
pickup ion (Gloeckler et al. 2004) and backscattered Hel Ly« emission (Lallement et al. 2004b), the
axis of the HeFC is derived at (74°.3, —5°.3). The pioneer research to investigate the observational
evidence of the H-SWCX enhancement at the HeFC (Cox 1998) were Koutroumpa et al. (2007)
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Figure 2.8 Images of solar wind distribution at the maximum and minimum phases observed
by the interplanetary scintillation (http://stswl.stelab.nagoya-u.ac.jp/).

and Koutroumpa et al. (2009b). Koutroumpa et al. (2007) compared the observed intensities of
Ovi and Oviil line with their H-SWCX emission model including the effect of Parker’s spiral
and propagation of interplanetary coronal mass ejection. The variations of observed intensities
were consistent with the model prediction toward shadowing clouds (MBM 12 and South Galactic
Filament). Especially, the model suggested that the variations toward MBM 12 (), § = 47°.4, 2°.6)
was caused by the enhancement of H-SWCX emission at HeFC. In Koutroumpa et al. (2009b), one
of the multiple observations toward the south ecliptic pole ( = —90°) with XMM detected the
maximum intensity of Ovil and OvIII lines when the Earth revolves at the heliocentric ecliptic
longitude A = 72°. This is almost consistent with the axis of the HeFC. The observed intensity
enhancement is 2.1 + 1.3 LU at Ovir and 2.0 £ 0.9 LU at Oviil.

The latest H-SWCX emission model is summarized in Koutroumpa et al. (2006). The specifics
of H-SWCX induced emission model we also use in the later sections are summarized in Appendix

A.

2.5 Local Bubble

It is widely believed that the hot plasma, so-called Local Bubble (LB), is the result of one or
more supernova (SN) explosions (Cox & Anderson 1982). Modeling of the joint evolution of the
Loop I and LB involve ~ 20 SNe occurring in the moving group of OB stars of the Sco-Cen cluster
which passed through the present day local cavity. In such a scenario the formation age of the
Local Hot Bubble is constrained to ~ 14.5 Myr, with the last re-heating occurring ~ 0.5 Myr ago
(Breitschwerdt & de Avillez 2006). The history and age of the Local Bubble are much debated.
Early observations with rocket-borne instruments led to the conclusion that the ROSAT 1/4 keV
or M-band diffuse emission was dominated by hot and rarefied plasma with temperature of 7" ~ 10°
K and density of nyg ~ 0.005 cm ™3, embedded in a ~ 100 pc cavity of the cold ISM in which the
Solar System resides (McCammon & Sanders 1990). Several clouds of warm ~ 10 K gas reside
within the hot plasma, and one of these clouds, the LIC, envelops the Solar System.

Figure 2.9 shows the distribution of cold and neutral gas within +250 pc of the Sun revealed
by interstellar Nar (A5890 A) absorption measurements toward nearby stars (Lallement 2003).
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Figure 2.9 3D mapping of the Local Bubble using the Nal absorption lines in the galactic
(left), meridian (center), and rotation (rotation) planes. Top panel : iso-equivalent width
contours for W = 20 mA and 50 mA. Bottom pannel : cut in the 3D density obtained from
the global inversion of the column densities.

Three panels are cross-sectional images of the galactic (left), meridian (center), and rotation (ro-
tation) planes, respectively. Dark contour regions in the bottom panels represent neutral gas with
Ny > 1092 ¢cm~2, and white regions are of low gas density of Ny < 10'¥3 cm™2. Interstellar
absorption due to the NaI atom is a good indicator of the total amount of neutral interstellar gas
in a particular line of sight, because Nal generally exists in gas whose temperature is T' < 1000 K
and predominantly neutral interstellar regions. The region of extremely low density (Local Cavity)
varies in radius from 40 to 200 pc.

The interesting interstellar feature of these maps is extensions of the Local Cavity into the lower
galactic halo (middle and right panels of Figure 2.9) through both of the open-ends of a rarefied
“Local Chimney” feature. The SXDB emission toward the Local Chimney is bright in ROSAT R12
band (Figure 2.2). Koutroumpa et al. (2009a) made a comparison between observed ROSAT R12
emission and simulated H-SWCX induced one. The simulation can account for most of the observed
emission at low galactic latitudes, but not at galactic latitudes above |b| > 30°. The region where
the observed R12 fluxes are significantly larger than simulated H-SWCX one is consistent with the
open-ends of Local Chimney (Figure 2.10).

Within the temperature changes between LB (~ 10° K) and warm gas (~ 10* K), intermediate

temperature gas is expected to find in the transition zones between the clouds and the hot bubble
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Figure 2.10 Comparison between ROSAT R12 intensity and predicted H-SWCX induced
emission for 378 shadowing observations (Koutroumpa et al. (2009a)). Left : observed R12
flux (gray circle) and simulated H-SWCX flux (black dot). Right : observed flux data over
simulated H-SWCX flux ratio map in galactic coordinate.

plasma. The OVI ion is a tracer of ~ 3 x 10°> K gas. Gas of this temperature is thermally unstable;
it does not remain at this temperature for long periods unless hotter gas is present to resupply it. In
analyses of FUSE (Far Ultra-violet Spectroscopic Explorer) data, OvI absorption lines are detected
towards stars within a hundred parsecs of the Sun (Savage & Nicolas 2006). This distance range
is thought to be similar to the LB’s radius, which was determined from data on a molecular cloud
residing just inside the LB boundary. According to Shelton (2009), the observed Ov1 ions are larger
than the solar wind composition, and cannot be attributed to the solar wind ions or SWCX. The
origin of OVI ion is therefore associated with the hot-cold ISM transition phase. However, EUV
observations with CHIPS (Cosmic Hot Interstellar Plasma Spectrometer) satellite have suggested
that 10° K hot gas occupies small region in LB (Hurwitz et al. 2005). The picture of the LB became
more complicated from the first discovery of the SWCX and the presence of the 10° K hot gas has
been debated even today (troubles with the LB are described in §2.7.1).

2.6 Galactic Halo

High energy emission data from ROSAT, XMM-Newton, and Suzaku, and X-ray absorption line
data from Chandra, show the presence of hotter gas bound in the Galactic halo, with temperatures
up to T ~ 3 x 10% K. Several possible origins for the hot halo gas have been suggested, including
supernova (SN) or stellar wind-driven outflows from the Galactic disk, gravitational heating of
in-falling intergalactic materials and in situ heating by SNe above the plane.

In Yao et al. (2009) and Hagihara et al. (2010), they derive the physical properties of Galactic halo
gas toward bright balzars from joint analysis using both Suzaku emission and Chandra absorption
spectra simultaneously. Assuming vertically exponential distributions of the gas temperature and
the density, the gas temperature and density at the Galactic plane and their scale heights as
3.675 % x 10% K, 14739 x 1073 em ™2, 14735 kpc and 2.87%% kpc toward LMC-X3 at (¢, b) =
(273°.4, —32°.6), while they are 2.570°% x 10 K, 1.4%0% x 1073 ecm~3, 5.6773 kpc and 2.3709
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kpc toward PKS 2155-304 at (¢, b) = (17°.2, —52°.4), respectively. The parameters are consistent
between two LOS.

2.7 Preceding Study of SXDB with recent X-ray Satellites
2.7.1 Shadowing Observations toward Dense Molecular Cloud

An well-used and successful way to study the local (closer than a few hundreds pc) component
apart from distant emission is “shadowing” observations. This method uses an absorber, e.g,
a molecular cloud, to block distant the component. By observing on-absorber and off-absorber
directions, and assuming that the spatial variation is small betweens the two directions, both local
(in front of the observer) and distant (behind the observer) emission were measured separately
(Smith et al. 2007; Henly & Shelton 2008).
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Figure 2.11 Suzaku observations toward MBM 12 (Smith et al. (2007)).

In Smith et al. (2007), they resolved local and distant emissions toward dense molecular cloud
MBM 12 (¢, b) = (159.°20, —34.°47) existing ~ 100 pc away from us. Figure 2.11 shows the on-cloud
(left) and off-cloud (right, ~ 3° away from on-cloud) spectra toward MBM 12 observed with Suzaku
with the best-fit models. OvII emission line was clearly detected with an intensity of 3.34+0.26 LU
toward MBM 12, and a net off-cloud Ov1I intensity is 2.34 +0.33 LU after subtracting the on-cloud
foreground emission. If this more distant oxygen emission is from a thermal plasma in collisional
equilibrium (CIE) beyond the Galactic disk, the temperature of it is calculated (2.1 +0.1) x 10 K
with an emission measure of (4 +0.6) x 1073 cm~Spc.

They also estimated the emission measure of the local 0.1 keV plasma (namely the LB) as
7.5x 10™* cm~%pc assuming that the OVII emission obtained from the on-cloud spectrum is totally
originated from the LB. This is inconsistent with the upper limit observed in EUV band. From the
Fe lines near 72 eV observation with CHIPS (Cosmic Hot Interstellar Plasma Spectrometer), a 95
% upper limit of the emission measure is determined 4.0 x 10~% ¢cm~%pc assuming the 106-° K hot
gas with the solar abundance in LB (Hurwitz et al. 2005). This is one of the indirect evidences of

the contribution from SWCX emission, and other papers argue that half of X-rays from local region
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are due to the SWCX in ROSAT R12 band, and the most for Ovil and OvIII lines (Robertson &
Cravens 2003, Koutroumpa et al. 2007).

2.7.2 Systematic Analysis of Ovil and OVIII emissions

In Yoshino et al. (2009), they showed a linear relation between Ovil and OVIII intensities using
Suzaku fourteen blank sky field observations toward various direction in the Galactic longitude
65° < ¢ < 295°, under removing the geocoronal SWCX. From their analysis, oxygen lines have
following relation : (OvIII intensity) = 0.5 x [(OVII intensity) — 2 LU], where they interpreted
the proportional as distant thermal emissions from Galactic halo gas, and 2 LU OVII intercept as
local emissions from LB and heliospheric SWCX. The linear component also suggests that temper-
atures averaged over each line of sight show a narrow distribution around ~ 0.2 keV, assuming the

ionization fraction of solar abundance plasma in collisional ionization equilibrium (CIE).
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Figure 2.12 Ovil v.s. OVIII emission relation toward fourteen field observed with Suzaku in
Yoshino et al. (2009).

In Henly & Shelton (2010), they also derived the oxygen line intensities toward 303 blank field
regions in 120° < £ < 240°, Figure 2.13 shows the measured oxygen intensities plotted against
Galactic latitude. In the northern Galactic hemisphere, the OVII intensity is correlated with Galactic
latitude. The intensity tends to increase from the Galactic plane to the north Galactic pole. This
correlation exists with or without the proton flux filtering, and whether or not data from low
Galactic latitudes are excluded. No such correlation exists for OvIil in the north. In the south,
if we exclude the observations from low Galactic latitudes, we find that both the Ovil and Oviil
intensities are moderately correlated with latitude where the correlation implies a decrease from

the Galactic plane to the south Galactic pole.
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Figure 2.13 Variation of the observed oxygen line intensities with Galactic latitude (Henly

& Shelton (2010)).

2.8 Summary of the Review

Currently, it is widely accepted that the SXDB consists of following 4 components :

1. Superposition of the extragalactic Active Galactic Nuclei (AGNs), represented by continuum

emission called cosmic X-ray background (CXB).

2. Collisional ionization equilibrium (CIE) thin thermal plasma emission with temperature of
kT ~ 0.2 keV in the Galactic halo absorbed by the neutrals in Galactic disk.
3. CIE thin thermal plasma with temperature of kT ~ 0.1 keV surrounding the solar system,

so-called local bubble (LB).

4. Emission lines produced by the solar-wind charge exchange (SWCX) reaction with geocoronal

or heliospheric interstellar neutrals.

The spectral shape of CXB is considered as a power law function, while those of the others consist

of many emission lines. From the discovery of SWCX in 1997, breakdown of the SXDB to each

emission component grows more opaque especially for the origins of line emission. This is caused

by the time and spatial variabilities of H-SWCX induced emission, and it is hard to determine the

physical properties of the distant plasma components.
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Figure 2.14 shows a schematic view of the recent understanding about origins of SXDB from
our solar system to the extragalactic space with their typical scales, based on the recent X-ray
observation results. We are embed in a hierarchic structure from the SWCX to CXB, and hence it
is hard to resolve the SXDB to each component. The contributions of local and distant emission can
be separated by the shadowing method using a dense molecular cloud at ~ 100 pc from us. However,
there still remain two origins of local emission that are H-SWCX and LB. The contributions of
these components to the SXDB are not proved clearly yet. To detect changes of emission intensities
related to the 11-year solar activity and anisotropy of the distributions interplanetary neutrals are

important to get the evidence of H-SWCX induced X-ray emission.
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Figure 2.14 Schematic view of a recent understanding about origins of SXDB with their
typical scales from us.
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3 Instruments

3.1 Suzaku Satellite
3.1.1 Spacecraft

Suzaku is the fifth Japanese X-ray astronomy satellite. It was developed under Japan-US inter-
national collaboration and was launched on July 10, 2005, from JAXA Uchinoura Space Center.
After launch, Suzaku first deployed the solar paddles and the extensible optical bench (EOB), and
performed 10 days of the perigee-up orbit maneuver to get into a near circular orbit of a 570 km
altitude with an inclination angle of 31°. The orbital period is about 96 minutes. Suzaku retains
its excellent X-ray sensitivity, with high throughput over a broad-band energy range from 0.2 to
600 keV. Suzaku’s broad bandpass, low background, and good CCD energy resolution makes it a
unique tool capable of addressing a variety of outstanding problems in astrophysics.

The total mass at launch was 1706 kg. The five sets of X-ray mirrors are mounted on top of the
EOB and five focal plane detectors and a hard X-ray detector are mounted on the base panel of
the spacecraft (Figure 3.1 and 3.2). The spececraft length is 6.5 m along the telescope axis after
the deployment of the EOB.

There are two gyroscopes mounted in skew directions, which provide redundancy. The spececraft

pointing accuracy is approximately 0.24" with a stability better than 0.022" per 4 sec (a half of typical
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Figure 3.1 Schematic view of the Suzaku E:f:!l_ xis
satellite in orbit. b + (4 units)

Figure 3.2 A side view of Suzaku with the
internal structures after the EOB deployment
(Mitsuda et al. (2007)).
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exposure time of CCDs). Pointing direction of the telescope is limited by the power constraint of
the solar paddle. The area of the sky accessible at a time is a belt within which the sun angle
is between 65° and 115°. Any part of sky is accessible at least twice a year. The normal mode
of operations will have the spacecraft pointing in a single direction for at least 1/4 day (10 ksec).
Observation is also interrupted by passages of the South Atlantic Anomaly. The current projection
is that the observing efficiency of the satellite will be about 43 %.

There are four X-ray sensitive imaging CCD cameras (X-ray Imaging Spectrometers, XISs,
Koyama et al. 2007), three front-illuminated (FI named XISO, 2, 3; energy range 0.4-12 keV)
and one back-illuminated (BI named XIS1; energy range 0.2-12 keV), capable of moderate energy
resolution. Each XIS is located in the focal plane of a dedicated X-ray telescope (XRT, Serlemitsos
et al. 2007). General properties and Error Budgets of XRT and XIS are summarized in Table 3.1
and 3.2, respectively. In this thesis, we use the data observed with Suzaku XIS1 and describe the

specifics of this instrument below (most of the information are referred from the Suzaku Technical

Description*!).
Table 3.1 Overview of Suzaku capabilities.
S/C | Orbit apogee 568 km
Orbital period 96 minutes
Observing efficiency ~ 45 %
XRT | Focal length 4.75 m
Field of view 17" at 1.5 keV
13" at 8 keV
Plate scale 0.724 arcmin/mm
Effective area* 440 cm? at 1.5 keV
250 cm? at 8 keV
Angular resolution 2’ (HPD)
XIS |Field of view 17.8" x 17.8’
Bandpass 0.2-12 keV
Pixel grid 1024x1024
Pixel size 24 pm x 24 pm
Energy resolution  ~ 130 eV at 6 keV
Effective area 340 ecm? (FI), 390 cm? (BI) at 1.5 keV
(incl XRT-I) 150 cm? (FI), 100 cm? (BI) at 8 keV
Time resolution 8 s (Normal mode), 7.8 ms (P-Sum mode)

*1 http://www.astro.isas.ac.jp/suzaku/doc/suzaku_td/
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Table 3.2 Error Budgets of Scientific Instrument Calibrations.

Calibration Item Oct 2008 Requirement Goal
XRT-I/XIS On-axis effective area* ~2% 5% 5%
Vignetting* ~10 % 5% 2%
On-axis EEF | ~3 % 5 % 1%
Off-axis EEF * ~3 % 20 % 2 %
Optical axis position in XIS ~0.5 <0.2 <0.2
Energy scale max(0.2%, 5eV) 0.1 % 0.1 %
Energy resolution at 5.9 keV 5 % (FWHM) ¥ 1 % 1%
Contamination thickness 10*8cm =2 N/A N/A
OBF integrity unbroken broken/unbroken broken/unbroken

* Valid in the 1-8 keV band. Calibration uncertainty may become larger outside this energy range,
especially below 0.3 keV (BI chip) and above 10 keV.

T For all integration radii from 1’ — 6’. No error on attitude control is included.

! As on-axis but for all XIS f.o.v. No calibration is currently scheduled.

§ When xisrmfgen is used. Note that an error of 5 % in the energy resolution could produce
an artificial line width of as large as ~25 eV in sigma at the iron band.

I Uncertainty represented as the carbon-equivalent column density.

Valid only at the center of the field of view.

3.1.2 X-ray Telescope (XRT)

Basic Component

Suzaku has five light-weight thin-foil X-Ray Telescopes (XRTs). The XRTs have been developed
jointly by NASA/GSFC, Nagoya University, Tokyo Metropolitan University, and ISAS/JAXA.
These are grazing-incidence reflective optics consisting of compactly nested, thin conical elements.
Because of the reflector’s small thickness, they permit high density nesting and thus provide large
collecting efficiency with a moderate imaging capability in the energy range of 0.2-12 keV, all
accomplished in telescope units under 20 kg each, including the pre-collimators for rejection of
stray lights. Four XRTs onboard Suzaku (XRT-10 to XRT-I3) are used for the XIS.

The XRTs are arranged on the EOB on the spacecraft in the manner shown in Figure 3.3. The
XRTs consist of closely nested thin-foil reflectors, reflecting X-ray at small grazing angles. An XRT

is a cylindrical structure, having the following layered components :
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Mirror Support

Figure 3.4 Picture of the module XRT-I1.
Figure 3.3 Schematic view of the Suzaku
XRTs mounted on the top plate of the EOB.

a thermal shield at the entrance aperture to help maintain a uniform temperature,
a pre-collimator mounted on metal rings for stray light elimination,
a primary stage for the first X-ray reflection,

a secondary stage for the second X-ray reflection,

A

a base ring for structural integrity and interfacing with the EOB of the spacecraft.

All these components, except the base rings, are constructed in 90° segments. Four of these quad-
rants are coupled together by interconnect-couplers and also by the top and base rings (Figure 3.4).
The telescope housings are made of aluminum for an optimal strength to mass ratio. Each reflector
consists of a substrate also made of aluminum and an epoxy layer that couples the reflecting gold
surface to the substrate. Including the alignment bars, collimating pieces, screws and washers,
couplers, retaining plates, housing panels and rings, each XRT-I consists of over 4112 mechanically
separated parts. In total, nearly 7000 qualified reflectors were used and over ~ 1 x 10% cm? of gold

surface was coated.

Angular Resolution

Figure 3.1.2 shows Point-Spread Function (PSF), and the Encircled Efficiency Function (EEF) of
all the XRT (Serlemitsos et al. 2007). Verification of the imaging capability of the XRTs has been
made with the data of a moderately bright point source (SS Cyg) observed at 2005 November 2.
The EEF is normalized to unity at the edge of the CCD chip (a square of 17.”8 on a side). With this
normalization, the Half-Power Diameter (HPD) of the XRT-I0 through I3, which is the diameter
within which half of the focused X-rays are enclosed, is 1.’8, 2.3, 2./0, and 2.0, respectively. These
values are in general consistent with those expected from ground-based calibration measurements.
The angular resolution does not significantly depend on the energy of the incident X-rays in the

energy range of Suzaku, 0.2-12 keV.
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Figure 3.5 Point-Spread Function (PSF), and Encircled Efficiency Function (EEF) of the
four XRT-I modules in the focal plane (Serlemitsos et al. (2007)).

Effective Area

The effective areas are typically 440 cm? at 1.5 keV and 250 cm? at 8 keV. The focal length of
the XRT-Iis 4.75 m. Actual focal lengths of the individual XRT quadrants deviate from the design
values by a few cm. The optical axes of the quadrants of each XRT are aligned to within 2" from

the mechanical axis. The field of view for the XRT-Is is about 17’ at 1.5keV and 13’ at 8keV.
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Figure 3.6 Total effective area of the four XRT-I modules in comparison with that of XMM-
Newton and Chandra. Transmissions of the thermal shield and the optical blocking filter, and

the quantum efficiency of the CCD are all taken into account.
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Vignetting Effect

The vignetting curves calculated by the ray-tracing simulator are compared with the observed
intensities of the Crab nebula at various off-axis angles. Figure 3.7 shows the vignetting curves in
the two energy bands 3—6 keV and 8-10 keV. The counting rate of the Crab Nebula on the entire
CCD field of view were calculated in every 0.'5 step using the ray-tracing simulator. Note that
the abrupt drop of the model curves at ~ 8 is due to the source approaching the detector edge.
The vignetting over the XIS field of view predicted via ray-tracing coincides with that measured
for observations of the Crab Nebula to within ~ 10%. Most of the differences between the model
curve and observed data can be attributed to scattering of the optical axis orientations of the four

quadrants within a telescope.
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Figure 3.7 Vignetting of the four XRT-I modules using the data of the Crab Nebula taken
during 2005 August 22—27 in the two energy bands 3-6 keV and 8-10 keV.

3.1.3 X-ray Imaging Spectrometer (XIS)

Overview of XIS

The X-ray Imaging Spectrometer (XIS) consists of four X-ray cameras, each combined with a
single X-ray Telescope (XRT). These employ X-ray sensitive Si charge-coupled devices (CCDs)
similarly to those used in the ASCA SIS, Chandra ACIS, XMM-Newton EPIC, and Swift XRT.
Figure 3.8 is a photograph of one of the XIS sensor and Figure 3.9 is a cross section of it. In the
photon counting mode, X-ray CCD detectors have imaging-spectroscopic capability. In each pixel
of a CCD array, an incident X-ray photon is converted into a charge cloud with a total charge
proportional to the energy of the absorbed X-ray. The charge is then shifted from one pixel to
the next toward the gate of an output transistor by applying a time-varying electrical potential.
This results in a voltage level (often referred to as “pulse height”) proportional to the energy of the

X-ray photon.

This document is provided by JAXA.



3.1 Suzaku Satellite 27

Electric RV
valve\ 3 A\I\\}

Door e

Door calibration
source

i Wall calibration == =]
. source LI
) -1 7

g

Optical blocking
filter (OBF)

Cover shield

Therm;—é(eclric I ) .
cooler (TEC) Heat sink CCD Flexible print

ASTRO-E2 XI$

Fi 39 C ti f the XIS .
Figure 3.8 A photograph of one of the XIS sensor. e ross section of the SeRsor

Each CCD camera has a single CCD chip with 1024 x 1024 pixels, and covers a 18 arcmin x18
arcmin region on the sky. Each pixel is a 24 um square, and the size of the CCD chip is 25 mm x
25 mm. One unit of XIS is equipped with a back-side illuminated CCD chip, while the rest contain
a front-side illuminated CCD each. The XIS is developed at MIT, Kyoto Univ., Osaka Univ., and
ISAS.

Figure 3.10 provides a schematic view of the XIS system. The Analog Electronics (AE) drive
the CCD and processes its data. Charge clouds produced in the exposure area in the CCD are
transferred to the Frame Store Area (FSA) after the exposure according to the clocks supplied by
the AE. The AE reads out data stored in the FSA sequentially, amplifies the data, and performs the
analog-to-digital conversion. The AE outputs the digital data into the memory named Pixel RAM
in the Pixel Processing Units (PPU). Subsequent data processing is done by accessing the Pixel
RAM. To minimize the thermal noise, the sensors need to be kept at ~ —90°C during observations.
This is accomplished by thermo-electric coolers (TECs), controlled by TEC Control Electronics, or
TCE. The AE and TCE are located in the same housing, and together, they are called the AE/TCE.
Suzaku has two AE/TCEs. AE/TCEO0L1 is used for XISO and 1, and AE/TCE23 is used for XIS2
and 3. The digital electronics system for the XIS consists of two PPUs and one Main Processing
Unit (MPU); PPUOL1 is associated with AE/TCE01, and PPU23 is associated with AE/TCE23.
The PPUs access the raw CCD data in the Pixel RAM, carry out event detection, and send event
data to the MPU. The MPU edits and packets the event data, and sends them to the satellite’s
main digital processor.

To reduce contamination of the X-ray signal by optical and UV light, each XIS has an Optical
Blocking Filter (OBF) located in front of it. The OBF is made of polyimide with a thickness of
1000 A, coated with a total of 1200 Aof aluminum (400 Aon one side and 800 Aon the other side).
To facilitate the in-flight calibration of the XISs, each CCD sensor has two 55Fe calibration sources.

These sources are located on the side wall of the housing and are collimated in order to illuminate
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two corners of the CCDs. They can easily be seen in two corners of each CCD. A small number of

these X-rays scatter onto the entire CCD.

XIS-Sensor

<~ 1024 pixels ——

Exposure Area

(no physical
boundaries =
between IN
segments) =
E
o -
ActY ) XIS-AE/TCE
Act X

control temperature
drive CCD
read-out data

send data to DE

Frame Store

Area 256 | 256 256 | 256 o
,,,,,,, pixels |pixels | |pixels [pixels | 3
< 3 =
%‘9‘ Optional Windo|w 35
7 o “
A I I I Read-out Satellite
Read-out <3 AP B gates Data

Processor

| H-OverClocked
Pixels
(16 columns)
Memory
H . . i (Pixel RAM)
‘Raw Y ctive Y- : Clive. i
{0-1023 Pixela i %e Bixels 2
H (250 : ar : (256 . H
i colummny): “columns : columng) -
: Event Event
Detection RAM

> Pixel

Raw X Dummy pixels Processing’
: (two columns) Unit
i Dummy pixels Copied Pixels PPU
: (two columns) ( )

(two columns)

Figure 3.10 Schematic view of the XIS system. Each XIS consists of a single CCD chip with
1024 x 1024 X-ray sensitive cells, each 24pum square.

Energy Gain and Resolution

Pulse hight distribution function for a monochromatic X-ray line can be represented by a
Gaussian-like peak and low energy tail component. Energy resolution for O1 Ka line at 0.525
keV is about 50 eV (FWHM) for BI and 40 eV for FI (Koyama et al., 2007). The fraction of the
low energy tail component of Suzaku XIS is very small in comparison with other X-ray CCDs
used in X-ray satellite mission. Figure 3.11 shows energy spectra (pulse height distribution) for
a monochromatic X-ray line emission at £ = 0.5 keV, in comparison with X-ray CCDs on-board
XMM-Newton. Clear peaks are shown by Suzaku FI/BI CCDs. Actual energy spectra of a SNR
1E0102-72 is shown in Figure 3.12. Ka lines of OviI (0.57 keV) and Ovir (0.65 keV) are clearly

resolved with excellent energy resolution. Thus Suzaku is the most suitable to study diffuse hot
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Suzaku XIS vs. Chandra ACIS-S

- E0102-72.3
1000 . Q| — Suzaku XIS (Al 4 Sensors)
E 5 = Chandra ACES (F) o vm NeX NeX
- Black: MOS1 - ova | | Folk el :MeX
=100 Red: PN 4 | Lo
A ireen: FI 3
T Blue BI 1
§ 10 { - - ;g
3 = 3
o o3 ]
§ 1 A ‘ :
0.1 r : "y e
i + 4
0.2 0.5 1
Energy [keV]
Figure 3.11 Energy spectra for monochro- Figure 3.12 Energy spectra of SNR 1E0102-
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Figure 3.13 Energy gain (left panel) and resolution (right one) at 5.9 keV for the Normal
mode XISs using the *Fe calibration source on-board Suzaku.

plasma which can be characterized by emission lines.

The Normal mode without option is the best calibrated mode of the XIS. The CTI is measured
using observations of the Perseus Cluster (all segments, hard band), SNR 1E0102-72 (segments B
and C, soft band), and the *Fe calibration sources (segments A and D, hard band). Fig. 7.8 and
7.9, respectively, show the gain and energy resolution in the hard band using the 5°Fe calibration
sources, while Fig. 7.10 and 7.11, respectively, show the gain and energy resolution in the soft band

using the E0102-72 observations.

Spaced-Row Charge Injection
X-ray CCD devices are subject to degradation in orbit. One of the outcomes is an increase of
charge traps under the constant irradiation by cosmic rays in the space environment. This results

in an increase of the charge transfer inefficiency (CTI), which leads to a degradation of the energy
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Figure 3.14 Energy gain (left panel) and resolution (right one) at 0.65 keV for the Normal
mode XISs using the SNR E0102-72.

resolution. The SCI technique was put into routine operation in the middle of 2006 and has brought
a drastic improvement. At the start of SCI operations, an amount of charges equal to the amount
produced by a 6 keV X-ray photon (“6 keV equivalent”) was injected for the FI devices and a
smaller amount (“2 keV equivalent”) for the BI device. The smaller amount for XIS1 was chosen
because of the expected, SCl-related increase of noise in the soft spectral band, at which the BI

device has an advantage over the FI device.

Quantum Efficiency

The quantum efficiency below ~2 keV has been decreasing since launch due to accumulation of
contaminating material on the optical blocking filter (OBF) of each sensor. The OBF is cooler
than other parts of the satellite, thus is prone to contamination. The contaminant consists of
several different materials with time-varying composition. The chemical composition is modeled
phenomenologically with time-varying columns of H, C, and O. This requires sufficient photons
between the CI and OI K edges at 0.28 and 0.53keV, respectively.

Figure 3.15 shows the evolution of the thickness derived from the E0102-72 observations. The
thickness increased rapidly after launch for one year and continued to increase at a moderate pace

thereafter.

Non X-ray Background

All Suzaku XISs have low backgrounds, due to a combination of Suzaku’s orbit and the instru-
mental design. The large effective area at the Fe K line band (comparable to the XMM-Newton
PN) combined with this low background makes Suzaku a powerful tool for investigating high en-
ergy sources. The background originates from the cosmic X-ray background (CXB) combined with
charged particles (the non-X-ray background or NXB). Currently, flickering pixels are a negligible
component of the background. When observing the dark Earth (i.e., the NXB), the background
rate in the 0.4-12 keV band is 0.1-0.2 counts s~! in the FI CCDs and 0.3-0.6 counts s~! in the

BI CCD. Figure 3.16 shows the NXB spectra for each sensor. There are also fluorescence features
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Figure 3.15 Time dependence of the contamination thickness at the XIS nominal position
derived from the E0102-72 observations.

arising from the calibration sources as well as material in the XIS and XRTs. The Mn lines are

due to scattered X-rays from the calibration sources. The other lines are fluorescent lines from the

material used for the sensor. Table 3.3 shows the current best estimates for the strength of these

emission features.
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Figure 3.16 Spectra of the NXB in the XISO (black) and the XIS1 (gray).
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Table 3.3 Error Budgets of Scientific Instrument Calibrations.

Line Energy XIS0 XIS1 XIS2 XIS3
keV 1079 cps/pix 1072 cps/pix 1072 cps/pix 1079 cps/pix
AlKa 1.486 1.454+0.11 1.844+0.14 1.41+0.10 1.414+0.10
Si Ka 1.740 0.479+£0.081 2.27£0.15 0.476 £0.080 0.497 + 0.082
Au Ma 2.123 0.63+0.093 1.10+0.13 0.776 +0.097 0.619 + 0.092
Mn Ko 5.895 6.924+0.19 0434+0.14 1.194+0.13 0.76£0.11
Mn KG 6.490 1.10+0.11 0.26+0.13 0.40+0.11 0.253 +0.094
Ni Ka 7470 7.12+0.19 7.064+0.37 8.01+£0.20 7.50+0.20
Ni Kg 8265 0964+0.10 0.754+0.22 1.164+0.11 1.18+0.11
AuLa 9.671 3.424+0.15 4.15+049 345+0.15 3.30+0.15
AuLp 1151 2.044+0.14 1934048 1.974+0.14 1.83+0.14

3.2 Solar Wind Monitoring Satellites
3.2.1 ACE Satellite

The Advanced Composition Explorer (ACE) is an Explorer mission that was managed by the
Office of Space Science Mission and Payload Development Division of the NASA/GSFC. ACE
launched on August 25th 1997, from the Kennedy Space Center in Florida. ACE orbits the L1
libration point which is a point of Earth-Sun gravitational equilibrium about 1.5 million km from
Earth and 148.5 million km from the Sun.

The Solar Wind Electron, Proton, and Alpha Monitor (SWEPAM) measures the solar wind
plasma electron and ion fluxes (rates of particle flow) as functions of direction and energy. That is
designed to measure the 3D characteristics of solar wind and suprathermal electrons in 1 — 900 eV
and ions in 0.26 — 36 keV. These data provide detailed knowledge of the solar wind conditions and
internal state every minute.

The Solar Wind Ion Composition Spectrometer (SWICS) and the Solar Wind Ion Mass Spectrom-
eter (SWIMS) on ACE are instruments optimized for measurements of the chemical and isotopic
composition of solar and interstellar matter. SWICS determines uniquely the chemical and ionic-
charge composition of the solar wind, the temperatures and mean speeds of all major solar-wind
ions, from H through Fe, at all solar wind speeds above 300 km/s (protons) and 170 km/s (Fet16),
and resolves H and He isotopes of both solar and interstellar sources. SWICS measures the distribu-
tion functions of both the interstellar cloud and dust cloud pickup ions up to energies of 100 keV /e.
SWIMS measures the chemical and isotopic and charge state composition of the solar wind for
every element between He and Ni. Each of the two instruments uses electrostatic analysis followed

by a time-of-flight and, as required, an energy measurement.
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3.2.2 WIND Satellite

WIND satellite was launched on November 1, 1994 and is the first of two NASA spacecraft in the
Global Geospace Science initiative and part of the International Solar Terrestrial Physics Project.
WIND also orbits the Lagrangian 1 point. Wind carries an array of scientific instruments for
measuring the charged particles and electric and magnetic fields that characterize the interplanetary
medium, solar wind and a plasma environment. WIND provides nearly continuous monitoring of
the solar wind conditions near Earth. In the WIND data, we mainly used Solar Wind Experiment
(SWE) data, which provides the high time resolution 3 dimensional velocity distributions of the ion

component of the solar wind, for ions with energies ranging from 200 eV to 8.0 keV.
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4 Common Methods of Data Reduction
and Spectral Analysis

In the next three chapters, we always use Suzaku XIS1 (back illuminated CCD that achieves
high sensitivity under 1 keV) data and try to estimate the intensities of emission line from highly
ionized oxygen (Ovil Ka at 0.57 keV and Oviil Lya at 0.65 keV) from spectral fitting. Some data
reduction procedures and analysis methods are common. We prospectively describe these processes

in this chapter.

4.1 Data reduction

4.1.1 Removal of Point Sources

To investigate the emission from diffuse plasma emission, point sources are removed. Identification
of point sources are basically done by using the XAssist catalog. XAssist catalog contains point
sources whose fluxes are above ~ 1.0 x 107 %% erg cm ™2 s~! in 0.3-8.0 keV range, based on Chandra,
XMM-Newton and ROSAT observations (Ptak & Griffiths 2003).

4.1.2 Removal of Short Term X-ray Emissivity Variation by Geocoronal
SWCX

A time scale of the variation of geocoronal SWCX (G-SWCX) is considered to be about tens
of ksec to a few days (Snowden et al. 2004, Fujimoto et al. 2007). The intensity of lines induced
by G-SWCX depends on the product of the neutral density in the atmosphere and solar wind ion
flux. A typical scale hight of the geocoronal neutral is ~ 8.2 Ry from Earth’s surface (Ostgaard
et al. 2003), and the penetration depth of solar wind ions to the atmosphere is determined by
the interplanetary plasma condition (Yoshino et al. 2009). Here we explain the specifics how to
determine the data reduction criteria.

First, we checked the solar wind data at 1 AU available at OMNI database™! for the solar
wind proton, and ACE/SWICS-SWIMS*? for the solar wind heavy ions, respectively. The data
of ACE/SWICS-SWIMS were only used when the quality flags of solar wind parameters were equal
to 0 (meaning “Good quality”). In these observation intervals, there were some lack of ACE Level

2 data, and we compensated the solar wind proton data with WIND.

*1 http://omniweb.gsfc.nasa.gov/index.html
*2 http://www.srl.caltech.edu/ACE/ASC/level2/IlvI2DATA _SWICS-SWIMS.html
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4.1.3 Removal of the Neutral Scattering O1 Line.

Solar X-ray photons scattered with the neutral oxygen in Earth’s atmosphere create the O1 Ko
emission (centroids are Fo, = 525 eV and Eo = 540 eV). We checked the contamination of oxygen
emission to OVII emission. In accordance with the previous studies (Smith et al. 2007, Miller et
al. 2008, and Yoshino et al. 2009), we calculated the O4+O3 column density of sunlit atmosphere in
the Suzaku LOS using the Normal MSISE-00 model 2001*2 (Hedin 1991).

4.2 Spectral Analysis

4.2.1 Response File

We created the Redistribution Matrix File (RMF) for conversion from energy spectrum to pulse
invariant (PI), and Auxiliary Response File (ARF that describes energy dependence of X-ray detec-
tion efficiency) for the spectral fitting by using the Suzaku FTOOLS software xisrmfgen ver.2009—
02-28 and xissimarfgen ver.2010-11-05, respectively (Ishisaki et al. 2007). Emission source of the
ARF file is assumed to an uniform sky with radius of 20’ that is larger than the Suzaku FOV
(17.8 x 17'.8 square).

4.2.2 Background

Non X-ray Background (NXB) are constructed by using the software xisnxbgen ver.2008-03-08
(Tawa et al. 2008). We checked count rates of NXB spectra above 12 keV where the XRT does
not reflect X-ray photons. The count rates of each observation above 12 keV were consistent with
that of the NXB in 10 %. If we scaled the normalization of each NXB spectrum and equalized the
count rate above 12 keV among the observations, we confirmed that influences of this scaling were

smaller than statistical errors in the spectral fitting.

4.2.3 Emission Model of the Soft Diffuse X-ray Background

The purpose of the later spectral analysis is to obtain the Ovit Ko (0.57 keV) and Oviir Ly« (0.65
keV) line intensities precisely. However, there are some contributions at these line energies from
the other diffuse emission components that cannot be resolved with CCD resolution. Therefore, we
need to estimate this contribution by assuming spectral models.

The diffuse emission model consists of three components

1. Cosmic X-ray Background expressed by double broken power laws absorbed by Galactic
neutrals
2. Emission for a CIE (collisional ionization equillibrium) plasma. This component represents

emission for Galactic halo absorbed by Galactic neutrals (Kuntz & Snowden 2000).

*3 http://ccme.gsfc.nasa.gov/modelweb/atmos/nrlmsise00.html

This document is provided by JAXA.



4.2 Spectral Analysis 37

3. Emission for a CIE plasma with a temperature of kT ~ 0.1 keV without galactic absorp-
tion. This component is considered to represent the H-SWCX or blend of H-SWCX and LB
emission. (Yoshino et al. 2009, Henly & Shelton 2010).

The emission of CXB that is dominant component above 1 keV is represented by double broken
power laws. The photon indices of them are I' = 1.96 and I" = 1.54 below the folding energy at
1.2 keV and I = 1.40 above it. Following to Smith et al. (2007), we fixed the normalization of the
broken power law component with photon index of I' = 1.54 as 5.7 photons s~! cm™2 keV~! sr!
at 1 keV.

Though the H-SWCX induces non-thermal emission, we treated the LB4+SWCX blend as a single
CIE plasma in this analysis following many previous works (Smith et al. 2007, Yoshino et al.
2009, and Henly & Shelton 2010). Both spectra of the LB and SWCX show similar shape that
consists of many transition lines and contains strong Ovil emission (Figure 4.1). The two spectra
cannot be distinguished from each other. The temperature of LB4+SWCX blend was fixed at the
typical temperature k7T = 0.099 keV (~ 1.15 x 10% K), derived from the observations of local blank
field region where the contribution of the halo were almost negligible due to the large interstellar
absorption (Yoshino et al. 2009, Masui et al. 2009).
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Figure 4.1 Comparison of the typical emission spectra between thin thermal plasma in CIE
with temperature of kT = 0.1 keV (left) and solar-wind charge exchange (right, referred from
Koutroumpa et al. (2009a)). The second raw of left figure shows the detector efficiency of
Suzaku XIS1.

For the thin thermal plasma emission, APEC model (with AtomDB ver.2.0.1) is applied to
estimate both the Galactic halo gas and the LB+SWCX emissions.
4.2.4 Derivation of Ovil and OviIil Line Intensities

After determining the model parameters of wide band spectra in §4.2.3, we tried to fit the same
spectra again under fixing the halo temperature at the best fit values, and oxygen abundances at

zero for both the halo and LB4+SWCX, but inserting three gaussian lines at Ovil Ka, Ovill Lya,
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and OVII k3 energy. As reported in Yoshino et al. (2009), the intensities of OVIIl Lya emission are
weak in the observations we show later and Ovill K3 emission exists at 666 eV that can not be
resolved with OVII Lya. For this reason, to determine the error range of its energy centroid is hard
in the observations. We fixed the centroid of Ovii Ko, Ovill Lya, Ovii K3 at 567 eV averaging the
centroids of resonance (574 eV) and forbidden (561 eV) line, 653 eV, and 666 eV respectively. The
fraction of the Ovili K3 to Ovil Ka was also fixed at 8.3 % that is expected for the SWCX induced
emission (Kharchenko et al. 2003). Here we define the intensity of Ovil and OvIIl emissions as the
normalization of two inserted gaussians.

There is an uncertainty of line intensity ratio of Ovil K3 to Ka, because it depends on model
(i.e., either thermal emission or SWCX emission). The OvIII intensity is affected by the assumption
because Ovil K (3 emission contaminates the Ovil Ly« emission. In Yoshino et al. (2009), they
estimated OVIII intensity using the Ovit KG/Ovil Ka of 0.04 for CIE plasma at 0.1 keV and 0.08
for SWCX. They also confirmed that the best-fit value of OVIII line intensities are at most 10 %
higher and lower for the case of plasma at 0.1 keV and SWCX, respectively, which are within the

statistical errors.
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5 Long Term Variability of OviI
Emission from 2006 to 2011

5.1 Purpose of Analysis

The purpose of this chapter is to investigate the variabilities of the heliospheric SWCX (H-SWCX)
induced OVII emission on long time scales, which may be related to the long term solar cycle of
~ 11 years. To avoid the direction dependence of H-SWCX, we must use a set of observations
toward the same direction. We also need to note that parallax also produces the variation, since
the distributions of interstellar neutral in the heliosphere are quite anisotropic (Pepino et al. 2004).
We thus need to use those observations made at the same period of time in a year. In addition, we
need to remove the time periods when the OVII intensity was enhanced on time scales about tens
of ks, which we considered the enhancement by geocoronal SWCX (G-SWCX).

We analyzed Ovil and OVIII line intensities toward Lockman Hole (relatively in high ecliptic
latitude area at 8 = 45.2°) with Suzaku annually observed from 2006 to 2011. This interval covers
about half Solar Cycle headed from the solar minimum phase at the end of Cycle 23 to the maximum
of Cycle 24. This is the first time to compare the energy spectra toward blank field region under
fixing both the line of sight and observation configuration strictly. If the significant differences of
the oxygen line intensity among the observations still exist, these differences will indicate the long

term variability of the H-SWCX induced emission related to the 11-year Solar Cycle.

5.2 Observations

Suzaku annually observes Lockman Hole direction («, §)/(¢,b) = (162°.94, 57°.25)/(149°.71, 53°.21)
from 2006 as a calibration target for Hard X-ray Detector (HXD). This field is characterized
by very low hydrogen column density; Ng = 5.6 x 10® ecm~2 (Dickey & Lockman 1990, and
Hasinger et al. 1993), or 5.8 x 10!? cm~2 (Kalberla et al. 2005). Details of the observations are
summarized in Table 5.1. Though all observations were carried out in the same pointing direction
within 2/, the roll angles*! are different by at most ~ 40° (the field of views differ ~ 20%) among
them. We use the data of X-ray Imaging Spectrometer (XIS) on-board Suzaku (Koyama et al.
2007) ver.2.0, 2.0, 2.2, 2.4, 2.5, and 2.5 processed for LH0O6, LHO7, LHO8, LH09, LH10, and LH11
respectively. Their energy gain corrections were performed by using xispi with the latest makepi
file ae_xil makepi_20110621.fits in CALDB. All XIS data sets were observed with the normal
clocking and the 3 x 3 or 5 x 5 editing mode. The Spaced—raw Charge Injection (SCI) was adopted

*1 Roll angle is defined as a rotating angle from § = 0° in a counterclockwise direction.
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except LHO6 observation. The observation LHO6 was also analyzed in Yoshino et al. (2009), and

our result was consistent with them (see the details below).

Table 5.1 Log of the Suzaku Lockman Hole observations.

ID Start / End date (UT) Exposure (ks) Screening Pointing Roll angle
YYMMDD hh:mm:ss total* screened! 17 28 R. A Dec.

LHO6 060517 17:44:06 / 060519 19:03:18  80.4 32.5 v 162°.937 57°.256  281°.872
LHO7 070503 23:12:08 / 070506 02:00:19  96.1 56.7 v 162°.937 57°.258  319°.511
LHO8 080518 11:07:29 / 080520 01:16:14  83.4 58.4 162°.937 57°.255  281°.530
LHO09 090612 07:17:40 / 090614 01:31:21  92.8 63.8 162°.938 57°.255  281°.530
LH10 100611 07:29:06 / 100613 01:59:22  78.0 50.0 v 162°.937 57°.251  279°.887
LH11 110504 17:46:34 / 110505 18:25:20  42.3 19.4 v 162°.920 57°.251  305°.984

* Total exposure of the XIS1 after the standard screening.
t Screened exposure extracted when COR2 > 8 GV ¢! and screened by the criteria 1 and 2 (next 2 colums).
¥ Effect of the geocoronal SWCX induced emission was removed (see §5.3.1).

§ Contamination of the neutral O1 Ko emission was removed (see §5.3.2).

5.3 Data Screening

We start from the XIS1 cleaned event files that are processed with standard data screening criteria.
To avoid high energy particles penetration due to the low Earth’s magnetic field, we extracted the
data when Cut Off Rigidity (COR2) was larger than 8 GV ¢~!. Two bright sources whose flux was

257 1in 0.5 — 2.0 keV were removed by circles with diameters 3'.0

larger than 1.0 x 10~ erg cm™
and 4’.0 centered at (o = 162°.811, § = 57°.271) and (163°.005, 57°.178).

After the data were screened with the above criteria, we further removed the interval when G-
SWCX induced emission and neutral O1 Ko one in the Earth atmosphere were enhanced (screening
procedures were described in §5.3.1 and §5.3.2). Table 5.1 shows the exposures of total cleaned

events and screened ones, and what screening was applied in each observation.

5.3.1 Removal of Short Term X-ray Emissivity Variation by (Geocoronal
SWCX

During LHO07, LH09, and LH11, proton fluxes, expressed as a product of the density and the

velocity, were always less than 4.0 x 10% cm ™2

s~1. According to the solar wind monitoring at L1,
Both LHO7 and LH09 were settled in the slow solar wind condition, and LH11 be in the temporary
fast one (typical properties of the slow/fast solar winds are summarized in Koutroumpa et al.
(2006), Table 1). They were not screened by solar wind flux.

In LHO6 and LH10, both proton and ion fluxes were enhanced by passage of the corotating
interaction region (CIR) around the Earth, where slow solar wind is compressed by fast one. We

compared the OVII line intensities between the CIR passage and the rest of the observation interval.
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Ov1I estimated from the spectral fitting (details are described in the next section) were 5.671] (CIR,
passage) / 2.6708 (the rest) LU in LHO06, and 7.7 & 1.3 (CIR passage) / 6.1 + 1.1 (the rest) LU
in LH10, respectively. We used the data when the solar wind absolutely settled in slow or fast
condition (after 90 ks from the observation beginning of LH06, and before 110 ks from that of
LH10).

Though spiky increase of the proton density was presented between 60 ks to 100 ks from the
beginning of LHO8, there was no enhancement in both of O*7 flux and Ovil. Estimated OvII
intensities are 2.7775 (60 ks to 100 ks) / 3.015 9 (the rest) LU respectively. We did not screened
the LHO8 by solar wind flux.

Second, we calculated the structure of the geomagnetic field toward Suzaku line of sight (LOS)
using the Geopack 2008 (Tsyganenko & Sitnov 2005). In all observations, distance of the Earth—
center to the magnetopause (ETM) varied from 1.5 to 15.0 Rg. However, the effect of low ETM
distance to the energy spectrum was only confirmed during the passage of CIR in LHO06 that had

been already removed. In this analysis, we did not screen the data based on the ETM distance.

5.3.2 Removal of the Neutral O1 Line.

We checked the mixing of neutral oxygen lines to OvilI line. Solar X-ray photons scattered with
the neutral oxygen in Earth’s atmosphere create the OI Ko line emission (centroids are Eg, = 525
eV and Eo = 540 eV). In accordance with the previous studies (Smith et al. 2007, Miller et al.
2008, and Yoshino et al. 2009), we calculated the distributions of the neutral in Earth’s atmosphere
using the Normal MSISE-00 model 2001*? (Hedin 1991).

The count rate in 0.5-0.6 keV increased with the neutral column density only in LHO7. We
decided to use the X-ray events of LHO7 when the neutral oxygen column density was less than
1.0 x 10* cm~2 for observation intervals at day Earth side, or 1.0 x 10'® cm™2 in the night. The
spectral differences in 0.5-0.6 keV band were also seen in LH11 when the satellite revolved in the
day or night Earth side. It is thought to be an effect of the neutral scattering occurred in the
atmosphere very close to Suzaku. We only used the LH11 data for spectral analysis when Suzaku
revolved in the night Earth side.

The GOES C4.2 class X-ray flare came to the Earth at May 5th 11:00 (UT) in LHO7 and the M2.0
class one did at June 12th 9:00 in LH10. However, there was no significant OI Ko enhancement on

both the Suzaku light curve and the energy spectrum, so we used data during the flare arrivals.

*2 http://ccme.gsfc.nasa.gov/modelweb/atmos/nrlmsise00.html
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5.4 Spectral Analysis

Response and background files used for the spectral fitting were created by the procedure in §4.2.1
and §4.2.2.

5.4.1 Spectral Fitting in 0.4-5.5 keV Band

The purpose of this spectral analysis is also to obtain the Ovil Ka (0.57 keV) and Oviil Ly«
(0.65 keV) line intensities, and scrutinize the variability of them among different observations.

To estimate the oxygen line intensities, we first tried to fit the spectra using broad energy range
from 0.4 to 5.5 keV. Figure 5.1 shows the Lockman Hole spectra with their best fit double broken
power laws + Galactic halo + (LB + SWCX) models explained in §4.2.3. All six spectra are fitted
simultaneously. First, we tried to fit the spectra with the normalization of CXB same among all
observations, because the pointing directions of them were almost same. The result showed that 90
% confidence ranges of the temperature and normalization of the halo were overlapped among all.
Therefore, we determined to take the same value of the halo parameters among them. The best fit
values of them are summarized in the upper 6 rows in Table 5.2. Reduced x? is 0.999 for 636 d.o.f.,

and all spectrum was well reproduced by this model.

5.4.2 Derivation of Ovili and Oviil Line Intensities

We fitted the same spectra again to estimate the intensities of Ovil and OVIII emission based
on the method of §4.2.4. The lower 6 rows in Table 5.2 shows the best fit results with this new
model, and here we define the intensity of Ovilt and OVIII lines as the normalization of two inserted
gaussians. According to this fitting result, OVII intensities of the earlier four observations were
almost settled within 90 % statistical error range. However, those of LH10 and LH11 are 2 — 3 LU
(= photons s_lcm’2sr’1) brighter than the others. Statistical significances of the OVII intensity
variation of LH10 and LH11 with respect to an average of LHO6 to LH09 (= 2.99 + 0.38 LU) are
4.50 (LH10) and 2.30 (LH11), respectively.

5.4.3 Systematic Uncertainties of Ovil and Oviil Lines

The absolute intensities of OvIl and OVIII emission strongly depend on the X-ray detection effi-
ciency and emission model (Yoshino et al. 2009). First, we checked the uncertainty of contaminant
thickness on the XIS optical blocking filter. The systematic uncertainty of contaminant thickness is
estimated to be £10% to the nominal value of CALDB files (Suzaku technical description™ ). We
changed the efficiency described in the ARF using the software xiscontamicalc version 2010-11-05
according to the thickness uncertainty. These systematic errors are smaller than the 90 % statistical

ones in Table 5.2, and we only show the results with the ARF of nominal contamination thickness.

*3 http://www.astro.isas.jaxa.jp/suzaku/doc/suzaku_td/
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If Ovil emissions of LH10 and LH11 are equal to the early four observations, the thicknesses must
be overestimated 50% at May 2010 and 40% at June 2011 to the nominal values (of the latest
CALDB ae_xi[1-3] _contami_20091201.fits).

Second, we checked the contribution of the uncertainty of the CXB spectrum below 2 keV to the
determination of oxygen line intensities. We tried to use a single power law model with photon index
I' = 1.4 for the CXB emission instead of double broken power laws. The oxygen lines systematically
became 0.3 — 0.4 LU larger than in the case of using the double broken power laws CXB model.

However, differences among them were not dependent to the CXB model.

Table 5.2 Results of spectral fitting with double broken power laws CXB + Galactic halo+
(LB+SWCX) models.

component CXB Galactic Halo LB+SWCX Ovil Ovin
model  phabs® (bknpwls') phabs™ (APEC) APECH gaussian®  gaussian® 0
parameter norm. kT norm. norm. norm. norm. /ot
unit I keV ¢ # - =
LHO06 91729 - —
LHO7 18.47%% - —
LHos 41402 0.21679:925  1.7%51 174755 - - 635.2/636
LHO09 147122 - —
LH10 39.7151 — —
LH11 31.87%5 — —
LHO06 9.0+8.4 2.55+0.74 0.21 (< 0.62)
LHO7 20.7+£9.7 3.68+0.72 0.61+£0.37
LHO8 27.5+£10.3 3.03+£0.77 0.94£0.41
LH09 4.14+0.2 0.216 (fixed) 2.1 £0.8 9504109 2,60+ 0.80 077+ 0.42 615.9/625
LH10 60.1 £13.7 6.06+1.07 0.86+0.49
LH11 42.04+£225 5.28+1.60 0.97+0.76

* Absorption column density is fixed at N = 5.8 x 10"?cm ™2 (Kalberla et al. (2005)).

T Normalization of the power law with I" = 1.54 is also fixed at 5.7 photons s 'cm ™ 2keV ~'sr 1@lkeV.
1 See details in the text in §5.4.1.

§ See details in the text in §5.4.2.

' The unit of the normalization of a power law component is photons s~ 'cm ™ 2keV " !sr ' @1keV.

# The emission measure integrated over the line of sight, (1/47) J nenuds in the unit of 10™ em™® s,

** The normalization of gaussian component shows the surface brightness whose unit is defined as

L.U. (Line Unit) = photons s 'cm ™ 2sr™ .
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Figure 5.1 0.4 — 5.5 keV Suzaku XIS1 (back illuminated CCD) spectra and best fit emission
models of the blank field toward Lockman hole from 2006 to 2011 convolved with the CCD
and telescope responses (top panel) and residual of the fit (bottom panel). Black crosses show
the observed spectra. Step lines show the models with best fit values; total (black), Galactic
halo (green), LB4+SWCX (blue), CXB with I" = 1.54 (magenta), and CXB with I' = 1.96
(red) respectively.

This document is provided by JAXA.



5.5 Discussion 45

5.5 Discussion

From the results of spectral fitting, we found that OvII intensities toward Lockman Hole were
enhanced by 2 — 3 LU in 2010 and 2011, compared to that from 2006 to 2009 during which the
intensity was consistent to be constant within 90% statistical errors. The variation of OvIII line
was not detected significantly over the statistical uncertainties of this analysis.

As we described in Chapter 2, OVII emission is considered to arise from four different origins:
hot Galactic halo, LB, G-SWCX, and H-SWCX. The emission from the halo and LB is not time
variable on the present observation time scales, and the small difference of the filed of view due to
azimuthal rotations (20 %) is not likely to produce the observed variation.

We removed enhancement on times of a few tens of ks as much as possible. We consider that
enhancement due to G-SWCX is mostly removed. However, enhancement due to increase of solar
wind ion flux near the Earth (~ 0.5 AU scale) is not removed. Thus we next checked the correlation
between the OVII intensity and the solar wind flux averaged over the observation period. The result
is shown in Figure 5.2. During the four Suzaku observations excluding the first and last ones (LH06
and 11), slow solar wind passed around the Earth. Both the observation LH1 and LH6 were carried
out during the fast solar wind condition around the Earth. The ionization states of ions can be
considered to be similar for the four observations (LHO7 to LH10). Therefore we can consider that
the O"7 flux is proportional to the proton flux at least for the four observations. Since the typical
elapsed time of the observations is two days, and the typical wind speed is ~ 400 km/s, the lack of
positive correlation in Figure 5.2 suggests that the OvII variation is not correlated with the average

ion flux on ~ 0.5 AU scales.
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Figure 5.2 Comparison of the OvIl line intensities obtained from the spectral fitting in Ta-
ble 5.2 and solar wind proton flux value. Proton flux was represented by the average of
WIND/SWE data during each Suzaku observation.

As we discussed in §5.1, the parallax can produce intensity variation. However, all the observations

were made between May 3 and June 13, and we find no correlation between the OVII intensity and
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the day of year of the observation. Thus the variation is not due to parallax. We thus consider that
the variation is related to variations of the ion flux or the density of neutrals averaged along the
line of sight for the length longer than ~ 0.5 AU. A possible explanation for this is the long term
variation of the solar wind properties associated with the solar activity. As we described in §5.1, one
of the observational differences between the solar maximum and the minimum is distributions of
the slow and fast solar wind on the surface of the Sun (McComas et al. 2008). The direction toward
Lockman Hole is relatively in high ecliptic latitude area at § = 45.2°, and hence the variability of
the boundary between the slow and fast winds would affect the OVII intensity.

Figure 5.3 shows the time dependences of relative sunspot number (NAQOJ, private communication
with Prof. S. Tsuneta) representing long term (~ 11l-year) solar cycle together with the present
Ov1I intensities. Based on the sunspot number, the solar minimum of the Cycle 23 was around
December 2008, and the Solar Cycle 24 began. Solar activities between northern and southern
hemispheres show the different time dependences. The sunspot numbers in southern hemisphere
change symmetrically to the solar minimum, and those in 2006 are almost same in 2010 to 2011. On
the other hand, the sunspot numbers in northern hemisphere are less than 10 from 2006 to 2010,
while they rapidly increase after the minimum and reach 40 in June 2011. The Suzaku line of sight
(LOS) points toward the northern hemisphere of the Sun, and here we focus on the solar activity
in the northern hemisphere. Figure 5.4 shows the comparison between relative sunspot numbers
in northern hemisphere at each Suzaku observation and OvVII line intensities. It appears that the
enhancement of OVII emission in 2010 is coincided with the rapid increase of sunspot number in

the northern hemisphere.
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Figure 5.4 Comparison between relative

left y axis) and Suzaku OVII line intensities sunspot numbers in northern hemisphere and

(black, right one). Ov1I line intensities.

Figure 5.5 shows the Magnetic concentrations at polar regions observed with Hinode Solar Optical
Telescope / Spectropolarimeter (Shiota et al. 2012). In 2008 to 2009, magnetic fields around north
and south polar regions are polarized in positive (N, blue points in Figure 5.5) and negative (S,
orange points) poles respectively, and the solar magnetic field globally forms dipole structure. This

is a typical feature of a coronal holes and fast solar wind flows from polar regions (McComas et

This document is provided by JAXA.



5.5 Discussion a7

al. 2008). However, the Hinode data (Figure 5.5) indicates that the polarity reversal is about to
take place only in the northern polar region. This is seen in the appearance of the mixed (positive
and negative) polarity situation in the map of the northern polar region taken in 2011. Such mixed
region is not seen in the southern polar region. Magnetic field lines in such mixed polarity region
are locally closed near the surface of the Sun, and this is the region from which slow solar wind
usually emanates. This situation is very commonly seen near the equatorial region at around the
solar maximum (McComas et al. 2008). Remnant magnetic fields from sunspots and active regions
are carried latitudinally by the meridional flow or by the turbulent diffusion from low latitude to
the polar region whose magnetic polarity is opposite to such magnetic fields transported to the
polar region (Dikpati & Charbonneau 1999). The reversal of the polar magnetic fields takes place
at around the solar maximum as the result. The polar magnetic fields in the southern polar region
is stable at around the minimum as expected, whereas those of the northern polar region appears
to start the reversal. This unusual situation may be consistent with the unbalanced lager number

of sunspots seen in the northern hemisphere.

Northern Hemisphere

>

"~ 2008-200 2011

Figure 5.5 Magnetic concentrations at polar regions observed with Hinode (Shiota et al. (2012)).

Figure 5.6 shows the solar wind distribution maps in the Carrington rotation number versus
heliographic latitude obtained by the interplanetary scintillation method (STE lab.**). Though
the fast wind whose velocity is >~ 600 km s~! extends in high latitude from 2006 to 2009, slow
solar wind (<~ 400 km s~1) actually spreads throughout the northern hemisphere in 2011. If the
slow/fast solar wind boundary is at |3 = 20° at solar minimum, the line of sight (LOS) of preset
observations crosses the boundary and enters into the fast-wind region at ~ 0.5 AU from the Earth.

Beyond that point, the LOS stays in the fast wind region. On the other hand, if we assume the

*4 http://stswl.stelab.nagoya-u.ac.jp/ips_data.html
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boundary is at |5| = 50° at the solar maximum, the LOS is in the slow wind all the way to the

outer boundary of the Heliosphere.
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Figure 5.6 Solar wind velocity maps in the Carrington rotation number versus heliographic
latitude obtained by the interplanetary scintillation method (STE lab.). The Source surface
was assumed to be at 2.5 solar radii. Results in 2010 are not available due to an extensive
update of observatories. The vertical magenta lines show the dates of Suzaku observation.

Therefore, the observation results of the OVII intensity, sunspot number, solar wind distribution,
and unusual magnetic situation around the northern polar region are consistent with each other.
Slow and fast solar wind distributions in the northern interplanetary space are thought to be closer
to the solar maximum state at Suzaku observations in 2010 and 2011. Namely, the slow wind
reaches much higher latitude in the northern hemisphere.

Next, we estimated the SWCX Ovil intensity following the model developed by Koutroumpa
et al. (2006). Details of the model are described in Appendix A. This model predicts that the
intensity of the H-SWCX induced OviI line is 0.9 LU at solar minimum (|3| = 20°), and 1.7 LU
at solar maximum (|3| > 50°), respectively. Note that the increase of OVII intensity is smaller
than that expected when we just change the beta angle of fast/slow wind boundary, because the
density of neutrals decreases due to the strong photoionization by the solar UV photons and charge
exchange by the solar wind protons. Thus this model can explain about one third of the observed
Ov1l intensity variations. There are uncertainties in the solar wind parameters, especially in high
ecliptic latitude directions. The factor of about three discrepancy may be explained by those
uncertainties.

Because solar wind contains ions other than O*7, the SWCX induced X-ray emission should also
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contain emission other than Ovil. However, those lines were too weak. OVIII emission was positively
detected, however the temporal variation was not significantly detected. The upper limit of the
intensity variation (0.75 LU) is consistent with the model prediction of the H-SWCX (Koutroumpa
et al. 2006).
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6 Enhancements of the SWCX induced
Ovil Emission Associated with the He
Focusing Cone.

6.1 Purpose of Analysis

In this chapter, we investigate the enhancement of SWCX induced emission at the helium focusing
cone (HeFC) using the two low ecliptic latitude directions with Suzaku. Suzaku observed each
direction twice from the different position on the Earth yearly round orbit. One observation contains
the HeFC in the line of sight (LOS), and the other is far from it. To minimize the contributions
of distant emission at oxygen lines beyond the heliosphere from us, we proposed the observations
toward shadowing region by the dense molecular cloud MBM 16, located within < 100 pc in Suzaku
AO5. We also used the Suzaku archival data toward NGC 2992. There are two archival observations
of the NGC 2992, one with the LOS through HeFC, while the other not. The contribution of distant
emission is expected in the NGC 2992 observations because the column density of neutral gas is

not large enough.

6.2 Observations

Log of the observations are summarized in Table 6.1. To reduce the spatial variations of the distant
emission beyond the heliosphere, we use the data sets with their field of views (FOVs) almost fixed.
Figure 6.1 shows the schematic view of these configurations on the heliocentric ecliptic plane. The
green area roughly shows the HeFC region where the density of neutral He is about twice larger
than the average value ny, = 0.015 cm™2 at 1 AU from the Sun (Gloeckler et al. 2004). In each
data set, Suzaku LOS of one observation intersects with the HeFC, while the other does not by the
orbital motion of the Earth.

The neutral column density toward MBM 16 is well studied from the observation of rotational
and hyperfine structures of CH, and CO, and the color excess E(B — V') in Magnani et al. (2003).
The value of neutral column density in Suzaku FOV is Ny = 1.5 x 10%! — 4.5 x 102! cm™2 that
is a summation of atomic and molecular hydrogen column densities [N (HI) + N(Hs3)]. From the
comparison between IRAS 100 pm and ROSAT maps, MBM 16 is considered to be located in the
local bubble (LB) about 60—95 pc from us (Kuntz et al. 1997). Assuming the above column density
range, X-ray photons behind MBM 16 should be photoelectrically absorbed by 65-96 % at Ovil
Ka (0.57 keV), and by 51-89 % at Oviil Lya (0.65 keV) (Henly & Shelton 2010). The neutral
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Table 6.1 Log of the Suzaku observations toward MBM 16 and NGC 2992.
ID Sequence Start date Exposure (ks) Pointing Roll angle
YYMMDD hh:mm:ss total* screened’ Galactic Ecliptic

M16-onC 505061010 100802 16:49:43 80.8 33.8 (170°.98, —37°.86) (50°.11, —7°.08)  73°.695
M16-offC 505062010 110130 03:08:15 82.8 36.1 (170°.96, —37°.85) (50°.11, —7°.05)  253°.700
N2992-onC 700005010 051106 14:17:44 38.8 =total (249°.67, 28°.82) (154°.02, —26°.06) 102°.630
N2992-offC 700005020 051119 21:04:33 39.7 = total (249°.69, 28°.83) (154°.05, —26°.06) 88°.782
* Total exposure of the XIS1 extracted with the standard screening criteria and COR2 > 6 GV ¢ .

T Enhancement of the geocoronal SWCX induced emission was removed (§6.3.2).
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Figure 6.1 Schematic view of the observation configuration projected on the heliocentric ecliptic plane.

column density in our Galaxy toward NGC 2992 is Ny = 4.8 x 102° cm~2 (Kalberla et al. 2005)
that absorbs 30 % of X-ray photons at OVII emission.

6.3 Data Reduction

We use the XIS1 cleaned event files that are processed with standard data screening criteria. To
avoid high energy particles penetration due to the low Earth’s magnetic field, we extracted the data
when Cut Off Rigidity (COR2) was larger than 6 GV ¢~ 1.

After the data were screened with the above criteria, we also removed the point sources and the
interval when geocornal SWCX induced lines were enhanced (screening procedures were described

in §6.3.1 and §6.3.2). Table 6.1 shows the exposures of total cleaned events and screened ones.
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6.3.1 Removal of Point Sources

We removed typical bright sources to suppress their emission to the diffuse faint one of the
interstellar space. NGC 2992 (¢,b) = (249.°706, 28.°781) and NGC 2993 (¢,b) = (249.°761,28.°771)
were removed by circular regions with radius 4.0’ and 3.0’ respectively. According to Yaqoob et
al. (2007), energy flux of the NGC 2992 (brighter than NGC 2993) from 0.5 — 2.0 keV range was

~ 1.6 x 107'2 erg cm~2 s~ !. Leakage flux outside of the removed circular region is calculated

2 57! by using the Suzaku encircled energy function of the on-axis response

~ 8 x 107! erg cm™
(Serlemitsos et al. 2007). In contrast, the energy flux of the interstellar space was ~ 3 x 10712 erg
ecm~2 571 in 0.5 - 2.0 keV estimated from the spectral fitting (details are described in §6.4). This is
much lager than the leakage one from NGC 2992, and the contribution of these sources is negligible
in our analysis.

Furthermore, we removed two point sources toward NGC 2992 and five ones toward MBM 16

2

whose energy fluxes were larger than 1 x 107!* erg cm~2 s7! in 0.4 — 5.0 keV by the circular regions

with radius 2.0'.

6.3.2 Reduction of Geocoronal SWCX Induced Emission

The two NGC 2992 observations were entirely settled in the fast and slow solar wind condition,
respectively. These observations were not screened by the solar wind conditions. During the
observations of MBM 16, interplanetary coronal mass ejection and corotating interaction region
passed around the Earth. G-SWCX is usually enhanced in these interval (Snowden et al. 2004,
Fujimoto et al. 2007). We removed from these observations for the spectral analysis the durations
when the value of solar wind proton flux obtained by the product of its density and bulk velocity
was larger than 4.0 x 108 cm~2s~! (Yoshino et al. 2009). The observation interval from the start to
70 ks and after 200 ks of M16-onC and that from the observation start to 80 ks of M16-offC were
extracted for the spectral fitting, respetively.

We also calculate the distance of the Earth to magnetopause (ETM) in Suzaku line of sight (LOS).
Because the LOSs toward both MBM 16 and NGC 2992 are far from the geomagnetic pole, ETM
distances are always larger than 10 R that is longer than the typical scale height of geocoronal
neutrals ~ 8.2 Rg (Ostgaard et al. 2003). In Yoshino et al. (2009), the enhancement of G-SWCX
induced emission were confirmed only when the ETM distance is less then 5 Rg due to an increasing
geocoronal neutral density below its scale height ~ 8.2 Rg. Therefore, we did not screen the data
by the value of ETM distance.

To summarize, we reduced the data both of MBM 16 observations by the proton flux value. The

observations of NGC 2992 were not screened.
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6.4 Spectral Analysis

Response and background files used for the spectral fitting were created by the procedure in §4.2.1
and §4.2.2.

6.4.1 Broad Band Spectral Fitting from 0.4 to 5.0 keV

We tried to fit the Suzaku XIS1 spectrum from 0.4 to 5.0 keV. The emission model consisted of

three components described in Chapter 2, 4, and 5, namely the

1. Cosmic X-ray Background expressed by double broken power laws absorbed by Galactic
neutrals

2. Galactic Halo gas represented by a CIE plasma with the temperature of kT ~ 0.2 keV
absorbed by Galactic neutrals.

3. a blend of SWCX induced lines and LB thermal gas represented by a CIE plasma with
the temperature of kT ~ 0.1 keV surrounding our Solar system that could not be resolved

(Yoshino et al. 2009; Henly & Shelton 2010)

The emission of CXB is modeled by the double broken power-laws shown in §4.2.3. The value
of interstellar absorption toward NGC 2992 was fixed at the value of Kalberla et al. (2005) in
the fitting. We treated the column density toward MBM 16 as a free parameter. Due to the
expected strong photoelectric absorption and the location of MBM 16 (details are described in
§6.2), the model of the Galactic halo emission is not contained toward MBM 16. The temperature
of LB+SWCX blend was fixed at the typical temperature kT = 0.099 keV (~ 1.15 x 10° K).
Figure 6.2 shows the M16-onC/offC spectra with their best fit models and the parameters are
summarized in Table 6.2. The case of the N2992-onC/offC observations is also shown in Figure 6.3
and Table 6.3. Both on and off cone spectra were fitted simultaneously and well reproduced by the
best fit models (confidence level is ~ 50 % in both cases). Because the Suzaku FOVs covered almost
the same sky between the on/off cone observations, the normalization of CXB and the temperature
and emission measure of the Galactic halo were constrained to take same values. We also tried to fit
the onC/offC spectra independently to confirm the simultaneous fitting. The best-fit parameters of

the CXB and the Galactic halo were consistent within 1o statistical range between the two spectra.
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Figure 6.2 0.4 — 5.0 keV Suzaku XIS1 (back illuminated CCD) spectra and best fit emission
models of the blank field toward MBM 16 (top panel) and residual of the fit (bottom panel).
Left and Right panels show the onC and offC spectra, respectively. Black crosses show the
observed spectra. Step lines show the models with best fit values; total (black), LB4+SWCX
(blue), CXB with I' = 1.54 (magenta), and CXB with I = 1.96 (red), respectively.

Table 6.2 Results of spectral fitting toward MBM 16 with CXB + (LB+SWCX) models.

component Nu CXB LB+SWCX Ovir Ovin
model phabs phabs (bknpwls*) APECT gaussian  gaussian
x%/d.o.f.
parameter norm. norm. norm. norm.
unit 10%* cm™? ¥ 8 LU LU
M16-onC 21.7+5.9 — —
2.3770-29 3.54+0.7 i 200.8/201
M16-offC 8975k - -
M16-onC 15.8+13.6 3.91+1.25 < 0.76
2.37 (fixed) 3.5+0.5 198.5/198
M16-off C 14.9 £12.9 < 1.85 < 0.82

* Photon indices are fixed to I" = 1.96 and 1.54 below 1.2 keV, and 1.4 above that.

Normalization of the power law with I" = 1.54 is fixed at 5.7 photons s~ 'cm ™ 2keV ~'sr~'@1lkeV.
I Temperature of LB+SWCX is fixed at kT = 0.099 keV.
 photons s~ 'em %keV ~lsr'@lkeV.

5 The emission measure, (1/47) [ nenuds in the unit of 10 cm™° sr™*.
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Figure 6.3 0.4 — 5.0 keV Suzaku XIS1 spectra and best fit emission models of the blank field
toward NGC 2992 convolved with the CCD and telescope response (top panel) and residual
of the fit (bottom panel). Left and Right panels show the onC and offC spectra, respectively.
Black crosses show the observed spectra. Step lines show the models with best fit values; total
(black), Galactic halo gas (green), LB4+SWCX (blue), CXB with I = 1.54 (magenta), and
CXB with I' = 1.96 (red), respectively.

Table 6.3 Results of spectral fitting toward NGC 2992 with CXB + TAE + (LB+SWCX) models.

Nu CXB

component Galactic Halo LB4+SWCX Oovi Ovil
model phabs phabs(bknpwls* ) phabs(APEC) APECt gaussian  gaussian 2/d ¢
.o.f.
parameter norm. kT norm. norm. norm. norm. X
unit 10?' cm 2 i keV § § LU LU
N2992-onC 217457 — -
0.48 (fixed 6.6+0.4 0.17170:048 9 g+5.2 —oo 207.2/208
N2992—OHC ( ) 0.041 1.9 134tgg o _ /
N2992-onC . 24.8T7-9  4.6440.72 0.8240.38
0.48 (fixed) 6.810 0.171 (fixed) < 5.1 205.2/205
N2992-off C

7.
18.51%9

37082

0.517903%

* Photon indices are fixed to I' = 1.96 and 1.54 below 1.2 keV, and 1.4 above that.

Normalization of the power law with I" = 1.54 is fixed at 5.7 photons s~ *cm ™ 2keV ~'sr~'@1keV.
t Temperature of LB+SWCX is fixed at kT = 0.099 keV.
¥ photons s~ 'em™2keV ~lsr!'@1keV.

§ The emission measure, (1/47) [ nenmds in the unit of 10** em™> sr*.
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6.4.2 Derivation of Ovili and OVIII intensities

We fitted the same spectra again fixing the plasma temperatures at the best fit values, and plasma
oxygen abundances at zero, but inserting three emission lines as Gaussian at Ovil Ka (567 eV),
Kp (666 eV) and Oviil Lya (653 eV), respectively (details are described in §4.2.4). The lower two
rows in Table 6.2 and 6.3 show the best fit results with this new model. The normalizations of the
inserted Gaussian are defined as the oxygen line intensities. In both MBM 16 and NGC 2992 cases,
Ov1I lines of the on-cone observations are relatively enhanced to those of off-cone about 1-2 LU,
while the differences of OVIII are not significant compared to the 90 % error range.

If the Ovir and OVIII intensities were set to the same values between on/off observations, x?
increased from x? = 198.5 (198 d.o.f.) to 208.7 (200 d.o.f.) for MBM 16, and from x? = 205.2 (205
d.o.f.) t0213.2 (207 d.o.f.) for NGC 2992. According to the the F-statistics, the chance probabilities
of obtaining the observed Ovil and OVIII intensities differences by the Poisson statistics were less
than ~ 0.01% (= 0.7% for MBM 16 x 1.2% for NGC 2992).

6.4.3 Systematic Uncertainties of the Oxygen Line Enhancements

The systematic uncertainty to determine the absolute oxygen line intensities depends on the
temporal variation of detection efficiency by the contamination accumulating on the XIS optical
blocking filter. The systematic uncertainty of contaminant thickness is estimated to be +10% to the
nominal value of CALDB files (Suzaku technical description™! ). If we overestimated the thickness
by +10% at the onC observations and underestimated it by —10% at the offC ones (this is the
worst case), chance probability to obtain the intensity difference got larger to 0.27% (= 6.3 % for
NGC 2992 x 4.3 % for MBM 16). The significance was still comparative to 30 confidence level.

Next we check effects of the choice of the spectral fit model on oxygen line intensities. The values
of hydrogen column density, the temperature of LB4+-SWCX component, and power law index of the
CXB below ~ 1 keV would change from the fixed ones. According to Dickey & Lockman (1990),
hydrogen column density toward the vicinity of NGC 2992 is Ny = 5.3 x 10?0 cm~2. In Yoshino
et al. (2009), the temperature of LB+SWCX component fluctuates from 0.08 to 0.14 keV toward
fourteen blank fields in 65° < ¢ < 295°. Some works adopt the CXB model expressed by the
single power law with I" = 1.4 (Yoshino et al. 2009, Hagihara et al. 2010). Even if we change these
parameters in the above ranges, the intensity of OvII emission changes by at most 0.4 LU from the
results in §6.4.2 that is smaller than the statistical fluctuations. The oxygen line intensities were
not susceptible to the uncertainty of emission model below 1 keV.

We conclude that the variations of the oxygen line intensity especially at the Ovil Ko are signif-

icantly detected in these observations.

*1 http://www.astro.isas.jaxa.jp/suzaku/doc/suzaku_td/
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6.5 Comparison with the H-SWCX induced Ovil Emission
Model

We compare the observed OVII intensities with the heliospheric SWCX model predictions. For the
SWCX model, we follow again that developed by Koutroumpa et al. (2006). The observations were
done from November 2005 to February 2011 when the Solar Cycle 23 passed the minimum at early
2009*2. The long term solar activity during the observations is almost regarded as the minimum.
As we have shown in the previous Chapter, the SWCX emission towards LH has increased since
early 2010 due to increased solar activity. Thus the present observations of MBM 16 were made
when the solar activity has started increasing from minimum. However, we have typical SWCX
model parameters for solar minimum and maximum. We thus calculate the modeled H-SWCX
intensities for the four observations assuming both minimum and maxim solar activities. We will
try to compare them with the observations, respectively. In the model, both solar wind ions
and interstellar neutrals distribute self-consistently by considering the loss processes by the charge
exchange; the density of the solar wind ion basically has 72 dependence from the Sun, and the
densities of interstellar hydrogen and helium were simulated from the so-called classical “hot model”
(Lallement et al. 1985) with the HeFC with an axis for (A, 3) = (74°.3, —5°.3). We integrated the
heliospheric SWCX emission along the LOS from the Earth to 20 AU from the Sun. Detail of the
model are described in Appendix A.

The Suzaku LOS is entirely placed within the slow wind toward MBM 16, while it cuts across the
slow wind region at ~ 0.8 AU from us toward NGC 2992 at solar minimum. The highest interstellar
He density region exists at 0.4 — 0.5 AU from us in the N2992-onC observation and most part of
the expected HeFC region is included in the slow solar wind stream.

The intensities of simulated H-SWCX induced OvII emission are summarized in Table 6.4, and
the observed intensity is plotted as a function of the model intensity in Figure 6.4. We fit the

relation with a linear function

(Observed Ovir) = (Simulated Ovir) + (Offset Ovir) , (6.1)

where (Offset OviI) emission is treated as a free parameter. Fitting results are also summarized in
Table 6.4 and Figure 6.4. Dashed lines in the figure show the best-fit model function. The observed
intensity differences are better reproduced by the simulation under the solar minimum condition
than the maximum one in both MBM 16 and NGC 2992. An offset intensity of ~ 2 LU is required to
explain the observed OvII intensity of NGC 2992 direction, regardless of solar minimum /maximum
assumptions. On the other hand, offset is not necessary for MBM 16 if we assume solar minimum

with an upper limit of 0.1 LU. The offset is at most 1.3 LU if we assume the solar maximum model.

*2 http://www.swpc.noaa.gov/SolarCycle/
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Figure 6.4 Comparison of OVII intensities between observation and H-SWCX simulation.

Dash lines show the best fit value of Equation (6.1). Left panel : assuming the solar minimum

situation. Right panel : assuming the solar maximum situation.

Table 6.4 Simulated H-SWCX induced Ovil emission toward MBM 16 and NGC 2992, and
expected offset OVII level to the 1:1 relation between observed and simulated intensities.

obsevations minimum model maximum model
LU offset LU x%/1 (prob.) | LU offset LU x2/1 (prob.)
OnC 3.27 1.61
MBM 16 —0.33 £ 0.46 2.60 (0.11) 0.83 £ 0.46 5.39 (0.02)
OftfC 1.80 0.89
OnC 2.56 1.86
NGC 2992 1.76 £0.29 0.91 (0.34) 2.25 +0.29 2.54 (0.11)
OffC 1.64 1.31

6.6 Discussion

From the spectral analysis in §6.4.2, we found that the OviI line was enhanced in the observations
through the HeFC. The intervals when the solar wind ion flux was enhanced were removed in §6.3.2,
and the spatial variations of OVII emission is negligible because the Suzaku FOV are almost same
in each observation set. We conclude that the Ovil enhancements are actually due to the HeFC.

Enhancements of other line emission (Oviil, Fe-L complex, NeixX, and NeX) in these observations
are not significantly detected over the statistical uncertainties. These lines are also expected to be
enhanced at the HeFC. However, for example, the fraction of O*® jon contained in the solar wind
is typically less than ~1/3 of OF7, while the charge exchange cross sections of O*® are comparative
to those of OT7 (Koutroumpa et al. 2006). Therefore, expected enhancements of OVIII emission
are ~1/3 of that of OviI one which are less than statistical uncertainties. The results are consistent
with the expectation, based on the typical solar wind properties.

From comparisons with simulated H-SWCX induced OviI emission developed by Koutroumpa
et al. (2006), the offset Ovil emission of ~ 2.0 LU is required toward NGC 2992 to explain the
observed intensities by the model both in solar minimum and maximum situations. However, the
offset intensity is not necessary or at most 1.3 LU toward MBM 16. This suggests that the Ovil
emission towards MBM 16 can be explained only with the H-SWCX model. The contribution of the
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LB component is smaller than that of the H-SWCX component. Due to the differences of neutral
hydrogen column density between two directions, the ~ 2.0 LU offset OviIl emission in NGC2992
direction is thought to be the distant origin beyond the heliosphere. As we described in §6.3, this
distant emission component is treated as hot gas in the Galactic halo. Within the uncertainties
of the model parameters of the halo component in Table 6.4, OVII intensity of this component is

estimated to be 1.273:2 LU. This is consistent with the ~ 2 LU offset.
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7 Spatial Variability of Ovil Emission
over the Sky

7.1 Purpose of Analysis

From the results in Chapter 5 and Chapter 6, we confirmed the time and spatial variations of
OvIl emission. Both variations are consistent with those of H-SWCX induced emission: time one
is related to the long term solar activity cycle with a ~ 11-yr, and the other is to the anisotropic
distribution of interstellar He atoms in heliosphere, namely the HeFC. OvII emission, having a large
contribution on the SXDB in ROSAT R45 band, actually varies its intensity by the H-SWCX even
in the same field of view, as some previous studies have predicted (Cox 1998, Robertson & Cravens
2003, Lallement 2004a, and Koutroumpa et al. 2006).

In this chapter, we finally investigate the emission beyond the solar system. We study the spatial
variations of this emission component taking into account the time and spatial variabilities of the
foreground SWCX emission for the first time. As we explained in Chapter 2, it is widely accepted
that this variation relates to the emission from the LB and Galactic halo gas. To avoid contributions
from other thermal plasma emissions of Galactic bulge, North Polar Spur, famous SNRs, and supper
bubbles (Loop I, Cygnus loop, etc), we basically use the observations toward AntiGalactic center
region where the galactic longitude is 60° < ¢ < 300°, where ROSAT R45 map widely shows almost

the uniform intensity.

7.2 Observations

Figure 7.1 shows the ROSAT R45 band centered at AntiGalactic center (¢, b)) = (180°, 0°).
Observation points used in this analysis are plotted with white circles on the map, and they are
numbered according to the galactic latitude. We use the Suzaku archival data as many as possible
in 120° < £ < 240° if the data satisfy the following conditions : point sources are not so bright,
and exposure is sufficient to determine the OVII intensity. As we claimed in §7.1, the purpose of the
study in this chapter is to investigate the origin of the faint diffuse emission widely extended in our
Galaxy. Therefore, observations toward the famous superbubbles (Monogem Ring and Eridanus
Super-bubble) and star forming region were also excluded in this analysis.

We limited the observation interval to investigate the spatial variability of OVII emission in a
situation where the long term (~ 11-yr) solar activity can be regarded as the same level. Suzaku
satellite was launched in July 2005, and observations are made over the solar minimum phase in
Cycle 23th. However, OVvII emission toward Lockman Hole has been enhanced since June 2010,

while its variations from 2006 to 2009 were smaller than the statistical fluctuation according to
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Figure 7.1 Suzaku observations on the ROSAT R45 band image. The image is centered at
(¢, b) = (180°, 0°).

the result in §5. We discussed in Section 5.5 that this enhancement is related to the long-term
variations of the solar activity in which the distribution of slow and fast winds on the Sun’s surface
changes. Then the solar-minimum model can be applied to the Suzaku observations until about
80 days before June 2010, since the slow wind propagate across ~ 20 AU with a typical velocity
of ~ 400 km s~ (McComas et al. 2008). As we explained in Appendix A, H-SWCX induced OvI1
emission witin 20 AU from us have ~ 80 % of the total intensity in the Heliosphere (to termination
shock at ~ 90 AU from us). We also use results of 19 Suzaku observations of 90 < ¢ < 120 and
180 < ¢ < 240 by Yoshino et al. (2009), Hagihara et al. (2010), and Sakai et al. (in prep.). We also
include the results obtained in Chapters 5 and 6. The observation directions used in this chapter
are plotted in Figure 7.1. Referred LOSs are also plotted by red circles with ID R § in Figure 7.1.

The informations of all observations we used here are summarized in Table B.1 and B.2 in Ap-
pendix B.1. We finally choose 33 archives that are appropriate for the above criteria. Observations

are done in a long term ~ 5 years from October 2005 to January 2010.

7.3 Data Reduction and Spectral Analysis

The processes of the data reduction and spectral analysis to derive oxygen intensities are basically
same as previous chapters. We describe these processes and summarize the results in Appendix B.
Intensities of observed OVII emission exist over a range from 1 to 6 LU, and those of OviiI from 0

to 2.5 LU. These intensities in referred papers are also summarized in Table B.6 in the appendix.
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7.4 Calculation of Heliospheric SWCX induced Ovil

Emission

We calculate H-SWCX induced OviI emission using the model described in Chapters 5 and 6. As
we described in §7.2, the observation interval used in this chaper is limited from September 2005
to January 2010 when the long term solar activity is regarded as the same situation judged by the
Lockman Hole observations (Chapter 5). This interval covers the solar minimum in Cycle 23th that
exist early 2009 *!, and we therefore calculate the H-SWCX emission assuming the case of solar

minimum in Koutroumpa et al. (2006). Table 7.1 shows the results of OvII emissions predicted by
the H-SWCX induced model.

Table 7.1 Simulation Results of H-SWCX induced OVII emission.

ID Ovil ID Ovil 1D Ovi ID Ovi
LU LU LU LU

1 1.10 16 0.72 31 2.22 R13 3.14

2 1.12 17 3.23 32 1.27 R14 0.63

3 3.91 18 0.74 33 2.77 R15 0.63

4 2.75 19 0.74 R1 1.74 R16 3.35

5 0.90 20 0.59 R2 0.88 R17 3.34

6 1.44 21 0.71 R3 1.74 R18 0.65

7 2.30 22 0.67 R4 1.18

8 0.92 23 2.17 R5 0.74

9 0.70 24 1.89 R6 0.64

10 1.40 25 0.65 R7 0.64

11 0.72 26 2.03 R8 0.74

12 1.77 27 3.15 R9 0.77

13 2.13 28 1.13 R10 0.98

14 0.96 29 2.51 R11 0.60

15 3.46 30 2.22 R12 3.30

7.5 Spatial Distributions of OVII emission

Figure 7.2 shows the Galactic latitude dependences of Ovil and OVIII emissions observed with
Suzaku. Plots are sorted with longitude by different colors. The neutral hydrogen column density

Ny observed with LAB survey (Kalberla et al. 2005) is also shown in the bottom panel.

*1 http://www.swpc.noaa.gov/SolarCycle/
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For observations in 120° < ¢ < 240°, the intensity of OVII emission generally increases with
incasing Galactic latitude in northern hemisphere (red plots in Figure 7.2). As seen in the bottom
panel in the figure, the neutral column density increases at low latitude. It leads to the suggestion
that the photoelectric absorption by the galactic neutrals contributes to the latitude dependence
of OvII emission. The enhancement of OVII emission at high latitude region is also confirmed in
southern hemisphere. However, it is not significant compared with the case of northern hemisphere.
OvII emission in northern galactic hemisphere is brighter than that in southern. This difference
between northern and southern hemispheres is apparent at high latitude direction. The Ovil
intensities are enhanced up to ~ 6 LU where b > 30°, while they are suppressed to ~ 4 LU
where b < —30°. These features are also suggested from XMM-Newton observations in Henly &
Shelton (2010) and become more explicit in our analysis. On the other hand, we cannot confirm
the galactic latitude dependence of OvIil emission. Most OVIII intensities in 120° < ¢ < 240°
(red plots in Figure 7.2) distribute from 0 to 1 LU, and differences are smaller than the statistical
fluctuations.

Observations whose OVII emission is larger than 6 LU are in most cases located outside 120° <
¢ < 240° (black and blue plots Figure 7.2). They show deviations from the intensity trend confirmed

in 120° < £ < 240°, and other contributions to these OvII enhancements are indicated.
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Figure 7.2 Galactic latitude dependence of oxygen emission lines. Top panel : OVII emission,
middle : OvIII emission, and bottom : neutral column density Ny.

Figure 7.3 shows the comparison of OVII emissions between Suzaku observation and the model
of the H-SWCX induced emission calculated in §7.4. Red dashed line shows 1:1 relation between

them. The plots are classified whether neutral column density is smaller (black cross with box) or
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larger (blue cross with circle) than 1 x 10%! em™2. Most observed OVII intensities are larger than or
equal to the simulated values. The data points with Ny > 1 x 10?! cm ™2 show smaller discrepancy
from the 1:1 line compared to those with N < 1 x 10%! cm™2. The observed intensity is widely

scattered for Nz < 1 x 10%! em™2. Some data points exist near the 1:1 line.
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Figure 7.3 Comparison between the observed OVII intensity with Suzaku and simulated H-
SWCX induced one. Red dashed line shows 1:1 relation between them. The sky blue dashed
lines show the systematic uncertainties between the model and observation estimated from
the multiple observation toward same field of views.

There is a still uncertainty in the prediction of the H-SWCX model. We estimate it from the
differences of H-SWCX subtracted OVII emission among same field of views : N2992-onC and offC,
LH1 to LH4, and R6 and R7 (North Ecliptic Pole). Table 7.2 summarizes H-SWCX subtracted
Ovl1I intensities of these three observation sets. The H-SWCX subtracted OvII intensities in the
same field of view vary their nominal values from 0.1 LU (LH1 and LH4) to 2.9 LU (R6 and
R7). Since there are five independent pairs and the maximum difference is 2.9 LU, we estimate
that the model prediction uncertainty is roughly 1.5 LU at a 80 % statistical confidence. The sky
blue dashed lines in Figure 7.3 show the systematic uncertainties (+1.5 LU) to the 1:1 relation
between the model and observation, estimated from the multiple observation toward same field of
views. All observations are larger than the lower limit of the systematic uncertainty. Especially,
the intensities in the directions of Ny > 1 x 102! cm~2 are consistent to the H-SWCX model
within the systematic uncertainties, and therefore it is suggested that the OvII emissions toward
dense hydrogen column density regions are almost reproduced by the H-SWCX induced emissions.
The other data points indicate that simulated H-SWCX induced emission determine the minimum

intensity of the observed emission.
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Table 7.2 Comparison of H-SWCX subtracted OVII emission in same field of views.

Observation Set ID (Observed — modeled H-SWCX ) Ovit LU

N2992-on 2.08 £0.72

! N2992-off 1.53 £0.62

LH1 1.70 £ 0.74

LH2 2.89 £0.72

2 LH3 2184+ 0.77

LH4 1.84 +0.80

R6 8.26 £ 0.50

! R7 6.36 = 1.10

7.6 Anti-Correlation between Ovil Emission and Neutral

Column Density

The Galactic latitude dependence of OVII emission in the previous section suggests that the Ovit
emission anti-correlates with the neutral column density. Figure 7.4 shows the relation between
observed OVII emission and neutral hydrogen column density Ng. When the column density is
larger than 1.0 x 10%! cm ™2, OVII emission is systematically small. According to Henly & Shelton
(2010), photoelectric absorption cross section to a neutral hydrogen at Ovil emission (0.57 keV) is
o = 6.965 x 10722 cm?. This cross sections was calculated using data from Balucinska-Church &
McCammon (1992), with a revised He cross section from Yan et al. (1998), and Wilms et al. (2011)
interstellar abundances. If Ny is larger than 1.44 x 10%' cm™2, the optical depth 7 = 0 Ny exceeds
1 and absorption is expected to be apparent to OVII emission. Magenta vertical dash line in the

figure means that the optical depth o Ny ~ 1 at OVII emission (0.57 keV).

Figure 7.5 shows the ecliptic latitude dependences of observed Ovil and OVIII emissions. Plots are
sorted with longitude by different colors. If the observed OvII emissions are dominantly attributed
to H-SWCX, their intensities will be enhanced at low ecliptic latitude zone ~ |5| < 20° during the
solar minimum (Koutroumpa et al. 2006). However, there is no dependence on ecliptic latitude in
Ovir and OVIII intensities.

The Ovil intensity in Figure 7.4 includes contribution of H-SWCX, which varies from 0.5 to 4
LU by point to point. Thus in order to study the relation between the excess emission over the
H-SWCX and the neutral column density, we subtracted the model H-SWCX OVII intensity from
each observed OVII intensity and plotted as a function of Ng. A large fraction of data points looks

to follow a simple relation;
I(Ny) = Ipe "Nu | (7.1)

Namely, the unabsorbed intensity is uniform all over the sky, and the intensity is determined only

by Nyg. We determined the value of Iy by fitting the data. We excluded some data points from the
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Figure 7.4 Suzaku OvVII intensity v.s. LAB survey neutral hydrogen column density. Magenta

dash line means that the optical depth at OviI emission (0.57 keV) equals to ~ 1.
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Figure 7.5 Ecliptic latitude dependence of oxygen lines. Top panel : OVII emission, middle :

OvlIil emission, and bottom : neutral column density Ng.
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68 7 Spatial Variability of Ovil Emission over the Sky

fit because of the following reasons : Within ~ 5 degrees from the Galactic plane, emission from
unresolved faint dM stars are expected to contribute to the SXDB (Masui et al. 2009). The X-ray
spectra of dM stars can be approximated with two-temperature thermal emission. The temperature

of the lower-temperature component is about 0.2 keV and thus the emission contains Ovil K. From
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Figure 7.6 Anti-correlation between H-SWCX subtracted OvII emission and neutral hydrogen
column density. Green curve shows the best fit model of Equation (7.1). Orange plots are not
used for the fitting (see the text). Red (light blue) plots show the data whose intensities are

larger (smaller) than the systematic uncertain ranges of the model.

Light green curve in Figure 7.6 shows the best fit model of Equation 7.1. The systematic uncertain
ranges are drawn by blue curves in the figure. The 42 of 54 observations are consistent with the
uniform absorbed model within the systematic uncertainties. Rest of data points are brighter (red)
or fainter (sky blue) than the model. We show the directions of observations in Figure 7.8 again
with bright and faint points distinguished (black points in Figure 7.6 are white in Figure 7.8).

It is found that the bright and faint data points are not distributed randomly but gathering in
limited regions of the sky. Bright data points are found at £ ~ 90° and ¢ ~ 270°. These regions
actually show the brighter emission than the region in 120° < ¢ < 240° in the ROSAT R45 map.
Faint data points are mainly found southern high latitude area of £ = 150° — 180° and b = —50° to
—70°.
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Figure 7.7 Residuals of R45 band surface brightness from the unabsorbed constant emission

+ CXB model (step functions), and expected X-ray fluxes from faint dM stars (solid curve)

as functions of the galactic latitude (Kimura et al. 2009).

Figure 7.8 Suzaku observations on the ROSAT R45 band image. The image is centered at
(¢, b) = (180°, 0°). Observations were classified by different colors whether the H-SWCX
corrected OVII emission is larger or smaller than the emission model in Equation (7.1).
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7.7 Discussion
7.7.1 Plane-parallel Model for Galactic Halo

From the systematic analysis in this chapter, we found that the observed OviI emission showed
the anti-correlation with absolute Galactic latitude, and contribution of the emission absorbed with
Galactic neutrals is suggested from the trend. Therefore, we applied the absorbed constant emission
in Equation (7.1), and tried to fit the OvII emission that was subtracted the H-SWCX induced one
predicted by the model. The intensities of OvII emission for 42 of 54 observations are included in
the systematic uncertainties of the model caused by the differences of H-SWCX induced emission
between model prediction and real observation. These observations can be explained by this simple
emission model, while there are explicit bright or faint intensities to the model.

From the widely accepted picture of SXDB, the hot gas in the Galactic halo is thought as the
origin of the absorbed constant emission (e.g. : recent studies are Yao et al. 2009, Yoshino et al.
2009, and Henly & Shelton 2010). The Galactic halo emission is often approximated as the “Plane
Parallel Model”. This model represents the shape of the halo gas as a thick disk parallel to the

Galactic plane, and the halo emission for a given line of sight depends only on
Ihalo(b) — zenith/ sin |b| 5 (72)

where I,nitn is the intrinsic halo emission extending perpendicular to the galactic plane. We
correct the H-SWCX subtracted Ovil emission by multiplying sin |b|, and check if this geometric
effect have influences to the OvIl bright and faint observations. The anti-correlation between H-
SWCX subtracted and sin|b| corrected Ovil and neutral column density is shown in Figure 7.9.
The colors of the plots are same as Figure 7.6. The uncertain ranges are also same as §7.6 (+1.5
LU), because the H-SWCX induced emission does not relate with the plane parallel geometry. In
this case, though the fluctuations among the observations are smaller than the results in previous

section §7.6, there still remain the bright or faint directions.

7.7.2 Possible Origin of the Non-uniformity of Distant Ovili Emission

The light and dark trend of distant OVII emission over the sky obtained in §7.6 still remains,
even if the geometric sin|b| effect of the plane parallel emission source is corrected in §7.7.1. In
addition, observations toward high Galactic latitude area in the northern hemisphere after the sin |b|
correction are found to be relatively enhanced (ID 1, 2, 8, and R3 are significant in Figure 7.9). We

discuss the possible origin of this spatial non-uniformity of distant Ovil Emission.
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Figure 7.9 Anti-correlation between both H-SWCX subtracted and sin |b| corrected Ovi
emission and neutral hydrogen column density. Colors are same as Figure 7.6.

As we described in the Review, possible origins of the heating mechanism in the Galactic halo

are mainly considered as following three phenomena :

1. SN or stellar wind-driven outflows from the Galactic disk, so-called Galactic Fountain.
2. In situ heating by SNe above the plane. In this scenario, the observed hot gas is within
isolated SNRs at a variety of heights above the disk and of a variety of ages.

3. Gravitational heating of in-falling intergalactic materials.

All three mechanisms heat up the ISM locally and could explain the non-uniformity of distant Ovi1
emission. Here we focus on the 3rd mechanism, and compare the spatial distribution of expected
in-falling materials. As a candidate of the in-falling materials that emit in soft X-ray energy band,
contributions of high velocity clouds (HVCs) are often debated (Kerp et al. 1999, Shelton et al.
2010). HVCs, which are materials traveling with speeds > 90 km s~! relative to the Local Standard
of Rest (LSR), are distributed inhomogeneously across the sky. Instead, they form large complexes,

some of which extend over tens of degrees.

In Figure 7.10, distributions of HVCs identified by the LAB survey (Kalberla et al. 2005) are
represented in Galactic coordinate centered at AntiGalactic center. Colors of HVC complexes mean
the relative velocity to the LSR. The Suzaku 57 observation points are also plotted in the figure.
The regions where the OvII are enhanced are relatively consistent with the position of the HVC
complexes (toward LMC and complex C). Furthermore, there are few HVCs toward the Suzaku

observation points where OVII emission is faint (southern high latitude area of £ = 150° — 180° and
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Figure 7.10 Suzaku observations overlaid on the HVC catalog with LAB survey. The image
is centered at (¢, b) = (180°, 0°).

b = —50° to —70°). Assuming that ideal gas is heated by the shock and emits X-rays, thin thermal

plasma with temperature kT = 0.1 keV in collisional ionization equilibrium requires its velocity :

16 kT kT keV /2
s — ——N2 _— k -1 . .
Ve =/ - 30 ( 01 > m s (7.3)

This is actually comparative to the velocity of HVCs, and they move fast enough to heat up their
materials to X-ray emission sources. Therefore, HVCs are thought to be the cause of non-uniformity

of distant OVII emission obtained in this analysis.
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8 Conclusions

We have investigated the time and spatial variabilities of soft X-ray diffuse background (SXDB),
especially focusing on the Ovir (0.57 keV) emission. Suzaku XIS1 (back illuminated CCD) achieves
high sensitivity for spatially extended emission under 1 keV and OVII emissions are clearly detected.
In the data reduction, we carefully removed the contributions of the solar-wind charge exchange
induced X-ray emission from the Earth’s geocorona (G-SWCX). We have obtained new insights on

the variabilities of SXDB with Suzaku observations listed below.

8.1 Variability of Heliospheric SWCX induced OviI

Emission
8.1.1 Long Term Variability related to the 11-year Solar Cycle

Long-term time variabilities of the OvII emission in the SXDB are studied by using six annual

observations of blank sky towards Lockman Hole from 2006 to 2011.

1. Intensities of OVII emissions from 2006 to 2009 are 2.55 £+ 0.74 (2006), 3.68 + 0.72 (2007),
3.03 £ 0.77 (2008), 2.69 & 0.80 (2009) LU (= photons s~! ecm™! sr~!), which are consistent
within 90% statistical errors. However, the intensities in 2010 and 2011 are 6.06 & 1.07 and
5.28 + 1.60 LU, respectively. They are 2 — 3 LU larger than the earlier four observations.
Statistical significances of the OVII intensity variation of 2010 and 2011 with respect to an
average of 2006 to 2009 (= 2.99 £+ 0.38 LU) are 4.50 (2010) and 2.30 (2011), respectively.

2. Since all the observations are made in the same season of a year, the variation cannot be due
to the parallax of Heliospheric SWCX (H-SWCX) induced emission. We suggest that it is
related to the variation of H-SWCX caused by the geometrical change of slow and fast solar

wind structures associated with the 11-year solar activity.

8.1.2 Enhancement at the He Focusing Cone

We analyzed multiple observations of two blank sky fields towards the dense molecular cloud MBM
16 and vicinity of the Seyfert galaxy NGC 2992 with Suzaku in order to evaluate enhancement of
the SWCX induced emission by the Helium Focusing Cone (HeFC). Suzaku observed each direction
twice at different Earth orbital phases. The line of sight of one of the observations is through the
HeFC, while that of the other not.
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1. The intensity of OVII emission was estimated to be 3.9+1.3 LU (MBM 16) and 4.6 £0.7 LU
(NGC 2992) on the HeFC, while it was < 1.9 LU (MBM 16, 90 % upper limit) and 3.2 £ 0.6
LU (NGC 2992) off the HeFC, respectively. The chance probability of obtaining the observed

intensity differences by the Poisson statistics is less than 0.3 % for both directions.

2. We compared the Ovir differences between each HeFC on/off observations using the simu-
lation of H-SWCX induced emission in Koutroumpa et al. (2006). The observed intensity
differences are better reproduced by the simulation under the solar minimum condition than
the maximum one in both MBM 16 and NGC 2992. Toward MBM 16, 90 % upper limit
of the offset OVII intensity to reproduce observed OVII emission by the model is 0.1 (1.3)
LU for solar minimum (maximum) simulation. Due to the strong interstellar absorption at
MBM 16, emission from the Galactic halo is mostly blocked and this small offset means the

contribution from LB to OVII emission.

3. Whichever the simulation was applied with solar minimum or maximum situations, simulated
OvII emission requires ~ 2 LU offset intensity for the NGC 2992 field. This ~ 2 LU offset
OvIl emission is consistent with the model parameters of the spectral model component

interpreted to be from the halo of our Galaxy.

8.2 Spatial Variability of Ovil Emission over the Sky

We investigate the spatial variability of OvII emission over the sky, except toward Galactic center,

local superbubbles, and SNRs. 57 observations are used for the systematic analysis.

1. The observed OVII emission anti-correlates with Galactic latitude in northern hemisphere.
However there is no ecliptic latitude dependence if the H-SWCX induced emission has sig-
nificant contribution to the SXDB. These results suggest the contribution of the emission

absorbed with Galactic neutrals.

2. Most of the observed OVII emission are larger than the simulated H-SWCX induced one. For
45 of 57 observations, the relation between H-SWCX subtracted OviI emission by the model
and neutral hydrogen column density can be expressed as the constant emission absorbed by
the Galactic neutrals that is suggested by the contribution from the Galactic halo. There are
relatively bright or faint directions of the OVII emission to the above model. These regions

are comparatively grouped on the sky.
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8.3 Picture of the SXDB Obtained through This Work

Figure 8.1 shows the schematic view of an expected picture of the SXDB through this work
(similar to Figure 2.14). For the observations whose line of sight is limited within ~ 100 pc from us
due to the strong interstellar absorption by the dense molecular clouds, filaments, or cold ISM in
the Galactic plane, intensities of observed OVII emission are consistent with the H-SWCX induced
ones predicted by the model in Koutroumpa et al. (2006) (The results of MBM 16 in §6 and low
Galactic latitude regions in §7). Therefore the local emission within ~ 100 pc from us is thought to
be originated in the H-SWCX, and OVII emission from the LB is so faint that it cannot contribute
the SXDB. The Ovil emission farther than ~ 100 pc is well reproduced by the uniform emission
absorbed by the Galactic neutrals (The results of the systematic analysis in §7). It suggests that
the distant emission mainly exists beyond the Galactic plane. Though the origin of this distant
emission is not revealed in this work, present picture of the X-ray emission form the Galactic halo

is consistent with our results.
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Figure 8.1 Schematic view of the expected picture of the SXDB through this work.
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A Model of Solar-Wind Charge
Exchange Induced Emission in the
Heliosphere

In this appendix, we introduce the model of heliospheric solar-wind charge exchange (H-SWCX)

induced line emissions developed in Koutroumpa et al. (2006).

A.1 Basic Reaction

We show the chemical process of SWCX phenomena. The solar wind ion X9t reacts with the
neutral hydrogen or helium in the interplanetary field. Interstellar neutral flow is mainly composed
of H (~ 0.1 ecm™3 at 1 AU) and He (~ 0.015 cm~2 at 1 AU). Hereafter we consider the SWCX
reaction with only these two elements. The chemical equation of the charge exchange between

sola-wind ion X%t and neutral atoms is expressed as follows
Xt 4 [H,He] — X*(@DF 4 [HT He'|

— X(Q_1)+ + [H+7He+] + D/(hu,H))}/(hl/,He)] . (A]‘)

In the first step of (A.1), * shows the electron transferred from neutrals to solar-wind ion is bounded
in the excited sate where the first quantum number n > 1. This electron moves to a ground state
with emitting X-rays corresponding to the de-excitation energy. There are some transition paths
from the excited state to the ground, and the photon yields Y5, Hanane) of each spectral line hv

are added in second step of the equation.

A.2 Distribution of Solar-Wind Heavy Ion

Based on the Equation (A.1), we can calculate density distribution of solar-wind ion X?* consis-
tent with the recombination loss of itself by CX. Before starting the calculation of this self-consistent
ion distribution, we check simple distribution to the radial direction.

The divergence in the spherical coordinate is

- 1 0 1 0 1 0A
ivA = — —(r?A,) + —— —(Aysi i 2
div r2 (‘3r(r T)+rsin080( 981n9)+rsin9 00

(A.2)

If (9, ¢) angular dependences of the CX process is negligible, a simple r ~2-dependent ion distribution
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is expected :

10, 45 2 dA,
> A Ar = 7A'r =Y,
r2 Or (r4,) r + dr 0
const.
A, = 2 (A.3)

If we also add the recombination by CX, transfer equation in the stationary state is written as

dN- 2

Tim = — Nxae+ (U(H,XQﬂnH(T) + U(He,XQﬂnHe(?“) ) - ;NXCH . (A.4)
The second term of the r.h.s. in Equation (A.4) indicates the distribution without CX reaction,
same as Equation (A.3). Therefore, Equation (A.4) has a limit solution of Nxaq+(r) to the CX cross

section o when

. NXQ+0

Following this limitation, we obtain the radial distribution of solar-wind ion

N T
NxQ+ (T‘) _ X@+0 exp |:—/ (O'(H7XQ+)TLH(JJ) + 0(H87XQ+)nHe(x) )d$ , (AG)

r2

where r is the radius from the Sun. The boundary condition is given at 1 AU (i.e. 7, = 1 AU),
and Nxe+g is the ion density at 1 AU. In this mode,l solar wind ion density is referred from the
observation data of SWICS/SWIM onboard ACE satellite orbiting at L1.

Koutroumpa et al. (2006) characterizes the two different states of the solar wind, respectively
termed the slow solar wind and the fast solar wind. The slow solar wind has a velocity of about
400 km s~!, a temperature of about 1 x 10° K and a ion composition close to the solar corona. On
the other hand, the fast solar wind has a higher velocity of about 750 km s~!, a lower temperature
of about 8 x 10° K than the slow one, and it nearly matches the ion composition of the Sun’s
photosphere seen from the coronal hole. Parameters of the slow and fast solar wind used in this
model are summarized in Table A.1. The selective and total cross sections of the CX collisions of the
heavy solar wind ions have been constructed using relevant data from the laboratory measurements
and theoretical calculations. At solar minimum, “slow” wind, which has a proton density of 6.5
cm 3, velocity of 400 km s~!, O/H number ratio of 1/1780, and O*7 fraction of 0.20 at 1AU, is
assumed to extend below |3| = 20°. The “fast” wind above || = 20° has a proton density of 3.2
cm 3, velocity of 750 km s~!, O/H number ratio of 1/1550, and O*7 fraction of 0.07 at 1AU. The
cross sections of the O17 charge exchange process are also different between two winds because of
the difference of the velocity. They are taken at 3.40/3.70x 107! ¢cm? with H, and 1.80/1.97x10715
cm? with He for the slow/fast wind that are also the same as the paper. On the other hand, the
model assumes that the slow wind covers the solar surface entirely at solar maximum. Density of
neutral interstellar atoms decreases due to the strong ionization loss via photoionization and charge
exchange. Therefore, H-SWCX induced emission is expected to be enhanced at high ecliptic zone

|B] > 20°, while it is reduced at low ecliptic zone |3| < 20°.
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Table A.1 Slow and Fast solar wind parameters.

Solar wind type Slow Fast
Vew (km s~1) 400 750
(7] 1/1780 1/1550
ng+ at 1 AU em™3 6.5 3.2

Spectral Lines (keV) O(H,X+) O (He,X ) O(H,xQ+) O (He, X )
X@*t  produced by X*(@-D+ [%] 1071 cm? 10715 cm? [%] 1071 cm? 10715 cm?
o™+ (f0.561, 10.569, r0.574) 0.200 3.40 1.80 0.030 3.70 1.97

A.3 Distribution of Neutral Atom in Heliosphere

The distributions of the neutral atoms are also necessary to solve Equation (A.6). Time dependent
distribution function of a particle f(7,¥,t) is generally expressed by the Boltzmann equation :

of . o0f F o _df

ot oF  m O dt’ (A7)

where F a force acting on the particle. For the neutral atoms in the heliosphere, their motions are
affected by both the Sun’s gravity and the radiation pressure of solar UV photons and protons .
These two forces have r~2 dependence from the Sun, and equation of motion of neutrals is simply

described as follows :

- d*7 ~ GMy(1 —p)m 7

dt? r2 r (A8)
Here we define the force ratio between the gravity and radiation pressure
o= Fradiation ] (A9)

Foravity

This ratio determine whether the heliospheric potential energy works on the interstellar neutral
flow attractively (4 < 1 penetrating into heliosphere) or repulsively (@ > 1 reflected from the
heiosphere).

Neutral atoms are likely of being photo ionized by UV photons and charge exchanged with
protons. These effects occur notably as the atoms approach to the Sun in on the significant more
influent when the particles are near the Sun. We introduce the the rate of ionization losses 3, and
Equation (A.7) has a characteristic solution :

a _

=B . (A.10)

To calculate the distribution function f(7,7,t), it is assumed in this model that :

1. The situation is stationary, i.e. 9f/0t = 0.
2. The neutral atoms approaching the Sun are subject to the stationary, spherically symmetric

effective solar gravitational force, and p = const. .
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3. The neutral atoms approaching the Sun are subject to the stationary, spherically symmetric

effective ionization.

The characteristic of Equation (A.10) coincides with the trajectories of the individual particles.
Therefore, Equation (3.16) can be integrated over the particle trajectory s from s = co (t = —00)

to a present position s =1 (t = t).

J(7.5,) = (7o) exp (— | ﬁd8,> — fln) exp (— / t ﬁdt) — fi)v,  (ALD)

[e.9) v o0
where v is an extinction factor of the neutral atom by ionization losses, and ¥, means the velocity
at infinity of the particle that has velocity ¢ at point (7, t). From the assumption 3, ionization
losses (3 can be expressed 3 = Bgra/r?, where Bg is the rate of losses at the Earth’ s orbit and rg

is 1 AU (from the Sun). Extinction factor can be rewritten as follows

2 ds’ t .2
v = exp (_/ﬁE:ISS> = exp <—ﬂE/ ::gdt) . (A.12)
s 0

As a boundary condition, we assume that neutral atoms far from the heliosphere (r = co) are at

the thermodynamical equilibrium and distribution function is obeyed to the Maxwellian : **
m 3/2 m
. - 2
Fllrrolo f(70,t) = neo <27rk:BT> exp [— T {(vm +Vo)” + ”2 + vg}} . (A.13)

This solution based on the presumption that the interstellar neutral atoms are at thermodynamic
equilibrium is so-called “Classical Hot Model” (Lallement et al. 1985).

Then we can solve the distribution of interstellar neutrals f(7,¥,¢) by numerical calculations
using a Equations (A.12) and (A.13). The key parameter to determine how to solve Equation (A.7)
is Knudsen number K, that is a scale ratio between mean free path and representative physical
length scale L. Assuming that the interstellar neutral atom can be regarded as an ideal gas, we

obtain the K, for H atom in the heliosphere is

—1
ny L
Ko~ 284 <0.1 cm*3> (100 AU> ’ (A.14)

where ny is the density. The collision frequency among H atoms is very low (~ 4%), and motion

of each atom is independent to others. Thus we derive the distribution of the neutral atom using
the particle tracking method of each atom.

Figure A.1 shows the distribution of neutral H and He atom distributions on the ecliptic plane
within 20 AU from the Sun. The figure is centered at the Sun, and x and y axes are directed winter
solstice and spring equinox directions, respectively. The contour is made by averaging the data
included in z axis direction —0.1 < z < 0.1 AU. Table A.3 shows the parameters of interstellar H

and He atoms used for the simulation.

*1 In this case, we assume that the interstellar neutral flow comes from parallel to the +x direction.
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Figure A.1 Intersterllar neutral atom flows in the heliosphere where the distance from the

Sun is < 20 AU.

Table A.2 Interstellar hydrogen and helium parameters.

Parameters H He
Density no, cm™2 at 100 AU 0.100 0.015
Temperature 7' K 13000 6300
Relative Velocity Vp km s=! 21.0 26.2
Upwind Direction (X, 8)fg (252°.3, 8°.5) (254°.7, 5°.3)
Ratio of radiation pressure to gravity p 0.9 0.0

Min. | 6.6 x 1077 (sf) /4.0 x 1077 (ff) 7.1 x 1078
Ionization Rate g s~! at 1AU

ax. 84x1077 ~6.7x 1077 1.6 x 1077

* Coordinate is shown by helio-ecliptic longitude (A) and lalitude (3).

T Values are different between slow and fast solar winds.
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A.4 Calculating the Intensity of H-SWCX Induced

Emission

Using the results of §A.2 and §A.3, charge exchange collision rate per volume of ion X®@t is

calculated

Rxa+(r) = Nxa+ (1)vrel (0(1,x0+)nu(r) + 0 (10, x0+)NHe(T) )
= Rexa+m (1) + Rxe+ e () (A.15)

where ¥, is relative velocity between solar wind ion and interstellar neutral atom. Within the ter-
mination shock, solar wind ion moves at supersonic speed Vgw ~ 400 km s~!, while the interstellar

neutral moves relatively slow v, ~ 25 km s—!

. Then the relative velocity between the solar wind
ions and the interstellar neutrals is approximately Uye ~ sz. Coupled with the photon yield of

cascade transition, number of photons per second in unit volume €p,, () is
€ (1) = Yo m Rexe+ 1) (1) + Yin,He) Rexe+ 1oy () - (A.16)

Finally, we calculate the intensity of H-SWCX induced emission by integrating the emissivity from

the observer’s site ry along the line of sight :

1 LOS

I, €ny (1) ds . (A.17)

=1 :
Here we assume that the integration length is up to » = 20 AU from us.

For the H-SWCX induced emission reacted with He, the density distribution is quite uniform
except gravitational focusing cone (HeFC). The emissivity roughly has 7=2 dependence. Figure
A2 shows the cumulative H-SWCX induced OviI emission (0.57 keV) reacted with Hydrogen atom
(Koutroumpa et al. 2006). The intensity is expressed as a function of distance from us r. The unit
Lem™2sr~!. Three color shows the intensity toward heliosheath upwind

(red), crosswind (black), and the heliotail (blue). The dotted and dashed horizontal lines show the

of line intensity is ergs™

intensity at termination shock » = 90 AU and r = 20 AU, respectively. Toward each direction,
OvIl emission within » = 20 AU is responsible for 88 % (upwind), 78 % (crosswind), and 65 %
(heliotail) of that within termination shock. The intensity differences between integrated to r = 20
AU and termination shock are 0.22 ergs™'em™2?sr™! = 0.24 LU (upwind), 0.21 ergs™ ! em 2 sr~}
(crosswind), and 0.16 ergs™!ecm™2?sr™! (heliotail). Though the fraction of the H-SWCX induced
emission with H within 20 AU to that within termination shock toward heliotail is smaller than
other direction, major parts of the emission occurs at HeFC. In any direction, about 80 % of the
total H-SWCX induced emission within the termination shock is concentrated within 20 AU from
us.

Figure A.3 shows the all sky intensity map of H-SWCX induced OvII emission in Galactic coor-
dinate. The center of the Maps is located at (¢, b) = (0°, 0°), and a unit of the images is shown
in LU (= photonss™ em™2sr~!). The differences among the maps are due to the observer’s site.

Maps are calculated when the Earth revolves at four equinoxes.
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Figure A.2 Cumulative H-SWCX induced OvII emission reacted with Hydrogen atom
(Koutroumpa et al. (2006)). Intensity is expressed by a function of distance to the Sun
r. Three color shows the intensity toward heliosheath upwind (red), crosswind (black), and
the heliotail (blue). The dotted and dashed horizontal lines show the intensity at termination
shock and r = 20 AU, respectively.

09/23

Figure A.3 All sky maps of the H-SWCX induced OVI1I line intensity seen form the different
observer’s site at 1 AU from the Sun (Hammer-Aitoff ).
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B Results of Systematic Analysis toward
Anti-Center Region 120° < ¢ < 240°

B.1 Observation

Table shows the observation date, screened exposure, pointing direction in three coordinate system

(galactic, equatorial, and ecliptic). The observations are sorted by their galactic latitude. Number

ID is same as the Figure 7.1.

Table B.1 Log of Suzaku observations in Chapter 7.

ID. Suzaku Archive Name Start / End Date Exposure Pointing
YYYYMMDD hh:mm:ss ks Galactic(¢, b) Equatorial(c, §) Ecliptic(A, 3)

1. NGC4395 20070602 14:30:03 / 20070605 07:09:24 83.7 (162°.546, 81°.552) (186°.411, 33°.488) (170°.813, 32°.907)
2. VICINITYOFNGC4051 20091219 08:18:11 / 20091221 12:20:14 79.6 (150°.131, 70°.304) (180°.469, 44°.114) (159°.286, 39°.866)
3. IRAS10565+-2448 20071106 15:10:48 / 20071107 11:13:15 37.6 (212°.342, 64°.728) (164°.858, 24°.598) (156°.398, 16°.704)
4. MRK417 20070518 15:49:27 / 20070519 13:45:12 38.6 (214°.838, 62°.114) (162°.364, 22°.904) (154°.919, 14°.245)
5. NGC3718 20091024 20:23:41 / 20091026 06:08:19 55.2 (146°.879, 60°.214) (173°.233, 53°.111) (147°.276, 44°.883)
6. NGC3556 20081125 23:24:06 / 20081127 21:20:11 78.2 (148°.299, 56°.246) (167°.884, 55°.684) (141°.585, 45°.293)
7. 102497 20090418 16:34:31 / 20090420 13:19:19 63.4 (190°.268, 48°.816) (145°.222, 34°.680) (135°.807, 19°.600)
8. NGC3079 20080526 20:54:12 / 20080529 10:28:14 51.2 (157°.899, 48°.392) (150°.498, 55°.613)  (130°.114, 40°.279)
9. RBS1124 20070414 22:53:29 / 20070416 13:53:19 78.9 (125°.396, 46°.317) (187°.701, 70°. 712) (134°.350, 62°.079)
10. SWIFTJ0911.2+4533 20081025 04:27:32 / 20081027 05:03:14 93.9 (174°.709, 43°.112) (137°.906, 45°.530) (126°.030, 27°.901)
11. UGC5101 20060331 04:18:56 / 20060401 08:25:24 44.2 (152°.552, 42°.856) (143°.841, 61°.318) (122°.477, 43°.810)
12. TRAS085724-3915 20060414 02:10:04 / 20060415 18:36:19 72.6 (183°.473, 40°.967) (135°.068, 39°.009) (126°.118, 21°.051)
13. OJ287QUIESCENT 20070410 19:47:00 / 20070413 11:10:19 86.7 (206°.877, 35°.788) (133°.690, 20°.048) (130°.506, 2°.540)
14. J081618.99+482328.4 20090327 02:13:16 / 20090329 02:16:19 84.6 (171°.018, 33°.698) (124°.077, 48°.384) (114°.888, 27°.847)
15. HD72779 20091106 07:47:25 / 20091107 22:50:12 64.0 (205°.512, 31°.338) (128°.831, 19°.592) (126°.214, 0°.901)
16. 1RXSJ062518.2+73343 20080414 00:55:55 / 20080415 03:00:24 46.6 (140°.868, 24°.125) (96°.330, 73°.567) (92°.792, 50°.189)
17. SWIFTJ0746.3+2548 20051104 08:35:29 / 20051106 14:04:15 92.9 (194°.521, 22°.919) (116°.616, 25°.879) (113°.853, 4°.617)
18. MKN3 20051022 02:02:09 / 20051024 06:26:14 63.9 (143°.283, 22°.715) (93°.881, 71°.048) (91°.869, 47°.633)
19. SN2005KD 20080412 21:22:19 / 20080414 00:50:14 48.5 (136°.850, 14°.247) (60°.855, 71°.716) (76°.348, 49°.655)
20. SWIFTJ0318.7+6828 20070922 10:46:17 / 20070924 03:00:14 73.5 (135°.697, 9°.373) (49°.433, 68°.539) (69°.164, 48°.014)
21. GALACTICDISC3-1 20100118 20:02:08 / 20100120 00:32:24 51.7 (123°.854, 5°.120) (15°.309, 67°.974) (51°.795, 54°.207)
22. ANTICENTER2 20080801 00:17:23 / 20080802 20:11:19 75.8 (122°.990, 0°.040) (12°.987, 62°.911) (45°.277, 50°.907)
23. SUAUR 20070827 04:06:45 / 20070828 18:00:19 48.5 (172°.515, —7°.929) (74°.000, 30°.570) (76°.137, 7°.898)

24. SWIFTJ0444.1+2813 20080910 17:13:03 / 20080912 15:08:12 69.0 (172°.681, —11°.382) (71°.028, 28°.279) (73°.271, 5°.934)

25. SWIFTJ0505.7-2348 20060401 22:12:36 / 20060404 02:55:14 64.0 (225°.007, —33°.160)  (76°.427, —23°.908) (71°.841, —46°.495)
26. RBS315 20060725 19:36:03 / 20060727 00:58:19 37.9 (151°.731, —38°.744)  (36°.250, 18°.840) (40°.065, 4°.225)

27. SWIFTJ0255.2-0011 20070123 14:54:10 / 20070126 05:30:25 44.6 (175°.954, —49°.917) (43°.816, —0°.240) (41°.284, —16°.215)
28. NGC1052 20070716 10:21:12 / 20070718 21:05:24 81.9 (181°.911, —57°.928) (40°.231, —8°.213) (35°.030, —22°.665)
29. IGRJ01528 20090625 00:48:41 / 20090626 03:25:24 40.8 (157°.352, —62°.145) (28°.202, —3°.447) (24°.929, —14°.052)
30. NGC788 20080713 00:50:57 / 20080714 01:14:24 42.8 (165°.155, —63°. 771) (30°.262, —6°.762)  (25°.674, —17°.885)
31. IRASF01475-0740 20080714 01:19:09 / 20080715 07:15:19 52.5 (160°.699, 861) (27°.488, —7°.377) (22°.749, —17°.451)
32. ARC_.BACKGROUND 20081230 06:07:54 / 20090104 08:19:24 126.9 (240°.487, —66°.023)  (39°.206, —35°.728)  (20°.765, —47°.720)
33. NGCT720 20051230 08:49:00 / 20060104 13:30:22 4.7 (173°.016, —70°.355)  (28°.253, —13°.736)  (20°.940, —23°.626)
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Table B.2 Log of referred Suzaku observations in Chapter 7.

ID. Suzaku Archive Name Start / End Date Exposure Pointing
YYYYMMDD hh:mm:ss ks Galactic(¢, b) Equatorial(c, §) Ecliptic(), 8)

R1. MRK_421_OFFSET 20091109 01:34:20 / 20091110 19:25:07 64.3 (180°.504, 65°.696) (166°.803, 37°.734) (152°.018, 29°.319)
R2. GRB060105 20060105 12:12:52 / 20060106 12:00:18 34.9 (75°.858, 64°.906) (217°.588, 42°.067) (194°.208, 52°.640)
R3. MRK_421_OFFSET 20091111 10:45:08 / 20091113 07:37:24 74.5 (179°.319, 64°.355) (165°.384, 38°.630) (150°.413, 29°.628)
R4. LOCKMANHOLE 20051114 05:41:37 / 20051115 19:55:18 61.7 (148°.982, 53°.146) (163°.406, 57°.612) (137°.147, 45°.553)
R5. HIGH_LAT._DIFFUSE_A 20060214 07:01:24 / 20060215 23:08:14 53.2 (68°.417, 44°.392) (163°.406, 57°.611) (228°.836, 63°.559)
R6. NEP 20050902 14:43:43 / 20050904 15:00:14 58.7 (95°.793, 28°.663) (272°.823, 66°.017) (335°.682, 88°.741)
R7. NEP 20060210 06:08:12 / 20060212 02:00:24 16.5 (95°.793, 28°.663) (272°.823, 66°.017) (335°.682, 88°.741)
R8. LOW_LATITUDE_97-10 20080415 03:10:45 / 20080416 21:20:14 40.8 (96°.614, 10°.409) (311°.808, 60°.111) (0°.704, 70°.596)
R9. ANTICENTER 20070422 20:39:20 / 20070425 10:04:24 53.0 (235°.000, 0°.004) (113°.336, —19°.531)  (119°.458, —40°.613)
R10. LOW_LATITUDE_86-21 20070509 01:56:32 / 20070510 23:55:14 57.0 86°.004, —20°.790) (332°.317, 30°.217) (347°.608, 38°.421)
R11. VICINITY_OF_LMC X-3 20060317 14:25:12 / 20060319 22:00:12 56.1 (273°.387, —32°.642)  (83°.484, —63°.886) (41°.413, —86°.181)
R12. MBM12 20060203 23:02:29 / 20060206 15:30:18 68.0 (159°.189, —34°.469) (44°.004, 20°.048) (47°.251, 2°.611)
R13. MBM12_OFF-CLOUD 20060206 15:33:59 / 20060208 14:50:19 51.0 (157°.339, —36°.818) (41°.321, 18°.335) (44°.483, 2°.252)
R14. SKY_53.3-63.4 20060303 20:52:00 / 20060306 08:01:19 59.2 (278°.628, —45°.308)  (53°.240, —63°.455)  (354°.160, —74°.404)
R15. SKY_50.0-62.4 20060301 16:56:01 / 20060302 22:29:14 59.6 (278°.676, —47°.081)  (50°.051, —62°.433)  (354°.787, —72°.639)
R16. VICINITY_OF_PKS_2155-1 20080429 18:32:39 / 20080502 08:30:08 51.1 (17°.169, —51°.867)  (329°.237, —30°.528)  (320°.679, —16°.905)
R17. VICINITY_OF_PKS_2155-2 20080502 08:31:41 / 20080504 17:30:19 56.3 (18°.229, —52°.620)  (330°.186, —29°.965) (321°.689, —16°.674)
R18. HIGH_LAT. DIFFUSE_B 20060217 22:24:49 / 20060220 12:30:24 29.7 (272°.403, —58°.273)  (38°.747, —52°.277) (4°.398, —61°.406)

This document is provided by JAXA.



B.2 Data Reduction 87

B.2 Data Reduction

We use the XIS1 cleaned event files that are processed with standard data screening criteria. To
avoid high energy particles penetration due to the low Earth’s magnetic field, we extracted the data
when Cut Off Rigidity (COR2) was larger than 6 GV ¢~ 1.

B.2.1 Removal of Point Sources

Point sources are identified on the basis of the Chandra or XMM-Newton XAssist catalog (Ptak
& Griffiths (2003)). The angular resolution of these satellites are much better than that of Suzaku :
HPD is 0.5 arcsec (Chandra) and 15 arcsec (XMM), respectively. There are no X-ray source catalog
toward the FOV of ID 21, 22 , and 32. Thus, we identify the point sources from these observations
by eye. Figures show the images of XIS 1 in 0.4-5.0 keV band. Vignetting effect of the XRT is
corrected by assuming a flat sky image with a monochromatic energy photon at 2.5 keV. Point
sources were removed with circular regions centered at the source position. They are represented
by the magenta circles in the figures. Radius of every circle is larger than 1’.5 in which ~ 60 % of

source photons are included according to the on-axis XRT-I1 PSF (see Figure 3.1.2).

B.2.2 Reduction of Geocoronal SWCX Induced Emission

We removed these observations for the spectral analysis when the value of solar wind proton flux
obtained by the product of its density and bulk velocity was larger than 4.0 x 108 cm~2s~! (Yoshino
et al. (2009)). This proton flux threshold is also used in §5 and §6.
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Figure B.1 XISl images toward various line of sights in 0.4-5.0 keV band [arbitrary unit].
Images are shown in Galactic coordinate.
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Figure B.2 (Continued)
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B.3 Spectral Fitting

Method of spectral fitting same as previous sections. The neutral hydrogen column density Ny
is fixed at the LAB survey (Kalberla et al. (2005)).

In the observations toward low galactic latitude direction |b| < 10° (ID 20, 21, 22, 23), emission
from the Galactic halo is blocked by the strong photoelectric absorption by dense neutral gas.
We omit the halo emission from the fitting model. However, we added the emission model of the
superpositions of unresolved faint young dM stars instead of the halo. This component is first
discovered from the observation toward Anti-Galactic center at (¢, b) = (235°, 0°) with Suzaku
(Masui et al. (2009)). The emission from unresolved dM stars is expressed as the non-absorbed
thin thermal plasma with temperature kT ~ 0.8 keV in CIE. In addition, two bright emission lines
are confirmed from 1 to 2 keV in ID 22. One of the line is thought to be MgXIII emission at 1.34
keV and the other is the instrumental line of Sil at 1.74 keV from the CCD wafer. We insert two
gaussians at these energies.

Table B.3 to B.3 are the results of spectral fitting with the above model and Figure to show the
spectra with their best-fit models. The first row of each observation shows the results with Galactic
halo + double broken power laws CXB + (LB4+SWCX) models, and the second one shows the
estimation of Ovil and OVIII emissions by inserting two gaussians at these energies instead of the
oxygen abundances of plasma component set to zero. The resultant x? values were generally good
(reduced x? is 0.95 — 1.39 for 71 — 193 degrees of freedom).

InID 1, 4, 9,12, 16, 24, 26, and 31, the existence of the Galactic halo component is not significant,
and it is difficult to determine the temperatures and normalization of it. We fix the temperature
of the halo at k7" = 0.222 (keV) which is derived from Yoshino et al. (2009).

InID 3, 5, 15, 20, 27, and 30, the best-fit temperature of the Galactic halo is higher than its typical
value of kT ~ 0.2 keV of other observations. These observations requires bright Fe-L emissions at
0.7 ~ 0.9 keV, NelX at 0.91 keV, and NeX at 1.02 keV to reproduce their spectra. Therefore the
halo temperature is raised to emit these lines. These features are also confirmed in Yoshino et al.
(2009).
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Table B.3 Results of spectral fitting with Galactic halo or unresolved dM star + double
broken power laws CXB + (LB+SWCX) models.

component Ny Galactic Halo / dM Star CXB LB+SWCX ovIl OVIII x2/d.o.f
model phabs* (APEC) /APEC phabs* (bknpwls)! ~ APEC gaussian®*  gaussian*
parameter kT norm. norm. norm. norm. norm.
unit cm ™2 keV § I I # #
<13 5.8102 30.875% - — 124.3/112
1T 1.87 0.222 (fixed) o . oo /
<18 59102 29.2751 5137597 <0.55 122.3/110
) - 0.27370088 22712 49792 29.775:2 — — 107.2/120
©0.273 (fixed) 2.8%11 49156 41.47135 5107959 1.017532 107.9/119
; Lo 0.74070 1% 1.2%04 17197 35.272-8 - - 89.7/82
" 0.740 (fixed) 1.3193 17183 36.1715%  5.1170g5  0.8470%5  83.3/81
24770 3.7+9:¢ 20.7151 - — 60.9/82
4t 1.82 0.222 (fixed) I o o " - /
2.3122 3.8108 19.6752,  4.627005 077703 60.3/80
. Lo 0.50719219  0.6753 4,419 255759 — — 152.7/131
0 0.507 (fixed) 0.7%94 4.3%5:¢ 30.01138 367702 <088 152.5/130
; o8 02871006 1.7H89 2.870:2 19.072°% — — 103.0/106
0 0.287 (fixed) 2.1%9% 2.870% 22.47%% 3151090 0.38%03¢ 103.8/105
: Los 020670282 1.5*]2 51792 27.3%%% — — 144.0/131
" 0.296 (fixed) 1.7107 51708 30.71038 476105 043707 144.8/130
. 058 0.2337005% 41732 3.570°% 28.2119% — — 111.4/98
" 0.233 (fixed) 5.1719 3.5156 4297147 5537192 1.76754¢  110.5/97
1.570% 49702 19.0+4:6 _ - 173.3/135
9ft 154 0.222 (fixed) o o o - s /
3.311% 4.910% 11253 4391055 0.017957 167.0/133
" 123 025915070 2.0148 44154 161733 - - 146.5/127
T 0.259 (fixed) 2.7112 44798 177500 3467058 0.87103%0 149.8/126
" 501 023875052 3.0132 4.210:¢ 116758, — — 100.5/118
" 0.238 (fixed) 4.4117 42107 88186 313050 0.97702  99.4/117
<13 51702 26.9753 — — 104.3/96
1211 2.06 0.222 (fixed) o . - /
<19 51105 26.8T51 4571070 <0.52  103.7/94
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Table B.4 (Continued).

component Nj; Galactic Halo / dM Star CXB LB+SWCX  OVII OVIII  x?/d.o.f
model phabs* (APEC) /APEC phabs* (bknpwls)! ~ APEC gaussian*  gaussian*
parameter ]{ZT norm. norm. norm. norm. norm.
unit cm ™2 keV § I I # #
3 - 0.1721000 25150 47102 9.215% - - 82.6/85
0 0.172 (fixed) < 3.0 4.7193 1787920, 2507075 0.80154,  75.4/84
” L4 027270635 23713 52704 9.773% — - 113.2/112
0.272 (fixed) 2.4799 52704 256788 1.08%0% 108794 100.3/111
s - 0.62175118  1.475% 1.870¢ 30.5727 - — 91.1/78
0.621 (fixed) 1.4704 1.8%07 37.9774% 4581080 0.70050  88.8/77
16" 734 0222 (fixed) <26 4.870% 157754 — — 70.2/74
. . Xe
<12 48758 26.4119% 2161041 <099  68.2/72
. o 0.22710:0%  3.971% 44795 16.0722 - - 131.5/122
0.227 (fixed) 5.3713 4.579% 174735 3781045 1107035 131.3/121
s 068 0.22210080 46139 22106 15.9139 - - 112.4/112
" 0.222 (fixed) 64118 2.210- 164755 3477052 0817532 114.3/111
" 0.39910-388  1.3+07T 42158 9.8747 - — 116.6/102
0 : . ,
0.399 (fixed) 1.3%95 4.2157 21.4770 . 1.28%09% <0.76 116.1/101
- . 0.64619:153 . 7+0:2 5.4196 47125 — — 132.2/120
0.646 (fixed) 0.7192 55158 517189 0.687029  0.077527 132.1/119
- . 0.91375:9%5 1,208 547907 16.175:¢ - - 138.9/138
0.913 (fixed) 1.2792 5.470% 332055, 1761035 0.60T020 126.6/137
.- . 0.94010:027 44103 46105 9.9%31% — — 230.8/193
0.940 (fixed) 4.9792 50708 9.675%  1.9470%  1.267025 250.4/195
- . 0.996 70078 22706 6.6715 15.314:2 - - 87.2/89
0.996 (fixed) 2.2%0% 6.6759 24.37720 1937093 0577095 84.8/88
0.019% 34152 6.6753 - - 111.1/93
11 —0.0 —0.5 —3.3 :
24 17.70 0.222 (fixed) 1o 5.4+05 08 g7H0eT
. 4102 7T 971+0-67 <046  110.3/91
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Table B.5 (Continued).

component Ny; Galactic Halo / dM Star CXB LB+SWCX  OVII OVIIl  x?/d.o.f
model phabs™ (APEC) /APEC phabs* (bknpwls)'  APEC gaussian*  gaussian®
parameter kT norm. norm. norm. norm. norm.
unit cm™? keV § I I # f
- o4 028110088 1.8701 4.015:8 13.37%2 - - 114.7/95
0 0.281 (fixed) 2.3103 41795 14.77700 2657025 0.521050  115.0/94
08757 7159 19.1137 — — 72.6/80
26T 042 0222 (fixed) 0 2+§'f 7 3*2Z 265; 3.5215:92 0.76 70 2;78
2_0.2 909 < 20. -92_0.96 <. .
N 0.66619255  0.7134 22106 142137 - — 50.4/71
" 0.666 (fixed) 0.779% 2.270% 176755 22179050 0.14799%  49.7/70
- )50 026270297 21127 59707 12.9755¢ — — 95.7/100
7 0.262 (fixed) 3.1199 57107 1260057 2557055 0.617092  95.8/99
% - 02781538 1.5119 5.6707 12.8774 — — 64.7/76
7 0.278 (fixed) 1.7113 56707 3257128 1250100 <117  62.1/75
%0 )13 0.4261033% 11758 54107 26.575 2 - - 89.1/98
©0.426 (fixed) 1.27972 53107 43.71155 3311005 <0.99  84.1/97
0.4%39 3.810:2 15.5728 - - 80.7/79
tt —0.4 —0.5 —5.7
o 2.02 0.222 (fixed) <17 3.870:2 29.37120  1.94%091 042794 75.7/77
. 560 025315955 1.510% 3.6703 17.7+3% — — 130.3/125
" 0.253 (fixed) 19107 3.6703 24.370% 2731070 0597035 129.5/124
43 " 0.330T0-937  7.0t07 4.810:¢ 174744 — — 131.3/114
" 0.330 (fixed) 7.6197 50708 214785 3417587 2.2570-2% 138.5/113

* Nutral absorption column density is fixed at the LAB survey results (Kalberla et al. (2005)).

T See details in the text.

* See details in the text.

§ The emission measure integrated over the line of sight, i.e. (1/47) [ nenuds 10" em™ sr™'.

I' The unit of the normalization of a power-law component is photons s~ 'em ™ ?keV " 'sr~!@1lkeV.

¥ The normalization of gaussian component shows the surface brightness whose unit is defined as
L.U. (Line Unit) = photons s~ 'cm ™ 2sr ™.

** The contribution from unresolved dM stars are added to the model instead of the Galactic halo.
This emission is represented by the unabsorbed thin thermal plasma (Masui et al. (2009)).

T The existence of the Galactic halo component is not significant.

The temperature of the halo is fixed at a typical value of kT = 0.222 keV from Yoshino et al. (2009)
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Figure B.4 0.4-5.0 keV Suzaku XIS1 (Back Illuminated CCD) spectra and best fit emission
models of the blank fields convolved with the CCD and telescope response (top panel) and
residual of the fit (bottom panel). Black crosses show the observed spectra. Step lines show
the models with best fit values; total (black), TAE or dM star (green), LHB+SWCX (blue),
CXB with I' = 1.54 (magenta), and CXB with I" = 1.96 (red), respectively.
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We also summarize the intensities of Ovil and OVIII emission in referred papers in Table B.6.

Processes of the data reduction and spectral analysis of them are same as this thesis.

Table B.6 Ovir and OvIIl emissions observed with Suzaku from Yoshino et al. (2009), Hagi-
hara et al. (2010), and Sakai et al. (in prep.).

ID Ng 10%° cm—2 OVII LU OVIII LU

R1 1.92 4.6+ 1.1 <04

R2 1.40 3.6777% 0.7+0.5
R3 1.92 53+ 1.0 1.740.5
R4 0.56 41405 0.540.3
R5 1.02 4540.6 1.6 +0.4
R6 4.40 8.9+0.5 2.8+0.3
R7 4.40 7.0+ 1.1 2.640.7
RS 27.10 L7538 0.4+0.3
R9 90.00 2.170% 0.9+0.3
R10 7.24 6.4758 1.8+0.5
R11 4.67 6.040.7 1.8+ 0.4
RI12 40.00 29405 <04

R13 8.74 44405 0.6+ 0.3
R14 4.61 52709 1.6 +£0.3
R15 4.19 9.54+0.7 2.54+0.4
R16 1.76 59705 1.3405
R17 1.67 6.3+£0.8 2.5103

RI18 3.36 2.3+40.7 0.9 +0.4
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A note on simulation improvements made on the sub-
mitted paper

The simulation for the distributions of neutral atoms in Heliosphere described in
Appendix A had the following problems, and they were improved in a submitted
paper, Yoshitake et al. 2013, PASJ, 65, 32 (arXiv:1301.5174):

1. The simulation time of Hydrogen was too short.

For Helium the bulk velocity is dominant comparing to the thermal velocity due
to its weight, and the simulation time of Helium distribution can be therefore es-
timated from the world size and the bulk velocity. Meanwhile, the bulk velocity
and the thermal velocity of hydrogen is comparable, so the simulation time of
Hydrogen distribution needs to be considerably longer than the case of Helium
as the total velocity could be nearly zero. In the simulation carried out in the
Ph.D. thesis, since the maximum simulation time of Hydrogen distribution was
set to the value estimated from the Hydrogen bulk velocity, the simulation time
was too short for most of hydrogen particles.

In the simulation carried out in the submitted paper, we removed the maximum
simulation time and continued particle-tracking calculations until particles leave
the simulation world.

2. The initial condition of Hydrogen distribution was too simplistic.

The simulation world was a rectangular parallelepiped of 200 AU x 300 AU x
300 AU in the thesis. Neutral particles were initially placed at a +x yz-plane
and tracked toward the other end. For Helium the bulk velocity is dominant
and the initial condition of the simulation is rather acceptable, however, for
Hydrogen it is too simplistic as significant number of neutral particles may
enter the simulation world from other surfaces.

The new simulation applied a cylindric world and neutral particles were initially
placed at every surface.

3. The simulation step was too large.

In the simulation carried out in the thesis, the simulation step size was fixed
and large. This resulted in an error of more than 100% in conservations of
energy and angular momentum before and after the simulation for particles
flying nearby the Sun.

The new simulation applied a variable step size, allowing the error to be less
than 1% even for particles passing within a hairbreadth of the Sun.

4. Low statistics.

As the simulation world was quite large, an enormous number of particles have
to be simulated to gain meaningful results. Billions of particles were tracked in
the simulation carried out in the thesis, still the sufficient statistics could not
be obtained.

The neutral particle should distribute circularly-symmetric along an axis to-
ward the flow direction across the Sun, so we applied a cylindric world with
cylindrical coordinates and averaged distribution circumferentially in the new
simulation. As a result, we obtained far-better statistics with the smaller num-
ber of particles.
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