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ABSTRACT

The K-shell emission line of neutral iron from the Galactic center region was firstly discovered with
ASCA. Since then, the origin is one of the key issues for the structure and activity of the Galactic cen-

ter.

Two possible origins have so far been proposed; fluorescence due either to an X-ray or an electron

irradiations. Since the cross sections of these two processes depend differently on the atomic number,
detections of neutral Ko lines from other elements such as sulfur, argon, calcium, chrome and manganese
atoms would provide key information for the origin. We report the Suzaku discovery of K« lines of neutral
sulfur, argon, calcium, chrome, and manganese atoms from the molecular cloud which emits the brightest
neutral iron line. New constrains on the origin of the neutral K-shell lines are given with the combination

of these neutral Ko lines.
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1. Introduction

Ka line of neutral Fe at 6.4 keV is one of the myster-
ies remaining among the high energy phenomena in the
Galactic center (GC) region. The 6.4 keV neutral Fe
line emission from the GC region was firstly discovered
with ASCA (Koyama et al. 1996). They found clumpy
emissions correlating with giant molecular clouds in the
Sagittarius (Sgr) B2 and the Radio Arc regions (here
after, we call such a molecular cloud a "neutral clump”).

The X-ray spectrum of the Sgr B2 neutral clump
has the prominent 6.4 keV line on the continuum emis-
sion with deep absorption of ~ 10%* cm~2 (Murakami
et al. 2000). Recently, many new neutral clumps,
M0.74—0.09, M0.51-0.10 (Sgr B1), G0.174—0.233,
M 359.47—0.15, M 359.43—0.07, M 359.43—0.12,
M 359.38—0.00 have been discovered (Koyama et al.
2007a, Yusef-Zadeh et al. 2007, Nobukawa et al. 2008,
Fukuoka et al. 2009, Nakajima et al. 2009).

Koyama et al. (1996) and Murakami et al. (2000) sug-
gested that the 6.4 keV emission from the neutral clumps
is due to the K-shell ionization of the iron atoms by
external X-rays, possibly from the super-massive black
hole, Sgr A*. Although the present X-ray luminosity of
Sgr A* is ~ 103373 erg s7! cm~2 (Baganoff et al. 2001,
2003), the luminosity required for the 6.4 keV emission
is 1038739 erg s7! em~2. Therefore Sgr A* in a few hun-
dreds years ago would be 10376 times brighter than now
(e. g. Koyama et al. 1996).

On the other hand, Yusef-Zadeh et al. (2002, 2007)

proposed that the origin of the 6.4 keV emission would
be low energy cosmic ray electrons (E, =10-100 keV),
because they found that the X-rays correlated to the
non-thermal radio filaments. The scenario explains not
only the 6.4 keV emission, but also the cosmic-ray heat-
ing of molecular gas and diffuses TeV emission from the
Galactic molecular clouds.

The lighter atoms, such as S, Ar, Ca should exist in
neutral clumps. However only K-shell lines of neutral Fe
and Ni atoms had been discovered so fur, except that
Fukuoka et al. (2009) found a hint of neutral Ca line
from the foot-point of the Radio Arc filament. Since the
cross section to the atomic number is different in the
X-ray and electron scenarios, discovery of the emission
lines of lighter atoms than Fe and Ni would provide a
new method to constrain the origin of the neutral lines
from the GC region

We, accordingly, re-analyzed the X-ray data of the GC
region obtained with the X-ray Imaging Spectrometers
(XIS; Koyama et al. 2007¢) aboard Suzaku and found
the emission lines from neutral S, Ar, Ca, Cr, and Mn
atoms. We report the detailed analysis and the result,
and discuss the origin.

2. Analysis and Results

Since the emission lines of lighter atoms are suspected to
be 10-100 times weaker than that of Fe, we extensively
searched for these lines from the GC region, which is on
the ~ 0.1° east side of Sgr A*. Suzaku have deeply ob-
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Fig. 1. The 6.4 keV neutral iron line image, where the underlying
continuum flux was subtracted. The small circle indicates the
position of Sgr A*. We extracted the spectrum from the solid
elliptical region (the brightest neutral clump). The dashed square
is the field of view (FOV) of the XIS. The bright source in the
northeast edge of the FOV is the Arches cluster (Tsujimoto et al.
2007).

served the eastern vicinity of Sgr A* 4 times on Septem-
ber 2005, October 2005, September 2006, and September
2007. The total exposure time is 200 ks.

2.1.
In order to depict a neutral clump from the GC region,
we made an X-ray image in the 6.4 keV line with the
following procedures. We first made the X-ray images in
the 5—6 keV and in the 6.3-6.5 keV bands, after the sub-
traction the non-X-ray background and correcting the
vignetting effect. We extracted the X-ray spectra from
a 8 circular region near the field center fit the 5-6 keV
band spectrum with a power-law model. The best-fit
photon index in the 5.0-6.0 keV band was obtained to
be 1.25 + 0.07. The ratio of the continuum photon flux
in the 6.3-6.5 keV band to that in the 5.0-6.0 keV band
estimated by this power-law index was 0.165. We mul-
tiplied the 5.0-6.0 keV band image by 0.165, and sub-
tracted it from the 6.3-6.5 keV band image. The result
is shown in figure 1.

We see a bright region near the center of the 6.4 keV
line image as is shown with the solid elliptic line. Here-
after we call this region as ”the brightest neutral clump”.

6.4 keV line Image

2.2.  Spectrum of the Brightest Neutral Clump

Figure 2 is the X-ray spectrum of the brightest neutral
clump. The spectrum has several emission lines of heavy
elements, such as Si, S, Ar, Ca, and Fe. These lines would
come from the hot plasma of Galactic center diffuse X-
rays (GCDX) with the temperature of kT' ~ 6.5 keV
(Koyama et al. 2007b) and possibly ~1 keV (Ryu et
al. 2009). On the other hand, we see K-shell lines of
neutral Fe and Ni and possibly Ca at ~3.7 keV. In order
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to extract and determine the flux of the neutral lines
quantitatively, we tried model fitting of the spectrum.

2.3. Spectral Fitting

The fit model consists of hot plasma and neutral compo-
nents. According to Koyama et al. (2007b), we fixed the
abundances of Fe and Ni in the plasma component to 1.2
solar and 2.1 solar, respectively. We set the abundances
of Si, S, Ar, and Ca as free parameters.

On the other hand, the X-ray spectrum of the neutral
clump consists of emission lines of neutral atoms and a
continuum absorbed by itself. As a result, we adopted
the following model,

Absl x (Plasma + Abs2 x Neutral Component)
+(Absl x Absl) x CXB. (1)

Absl and Abs2 are absorption by an inter-stellar medium
toward the GC region and by the molecular cloud of the
neutral clump, respectively. The plasma component con-
sists of two thin thermal plasma models (APEC! ). Since
the APEC model does not contain Cr and Mn lines, two
gaussian lines were added at 5.68 and 6.17 keV, respec-
tively. The neutral component is a model with gaussian
lines plus a power-law continuum. The CXB component
is the cosmic X-ray background. According to Kushino
et al. (2002), we assumed that the spectrum of the CXB
is a power-law with the photon index of 1.41 and the
flux in the 2-10 keV band is 6.4 x 107% erg s7! cm™2
st~!. Since the CXB is integration of active galactic nu-
clei outside of our galaxy, absorption column density of
the spectrum was assumed to be twice than that of the
plasma component.

Neutral Fe and Ni lines have been already discovered
(e.g. Koyama et al. 1986; 2007b). We first adopted only
the K-shell lines of Fe and Ni for the neutral component
(figure 3a).

After the spectral fitting with the model, some resid-
uals remained (x2/d.o.f. is 355/208). The energy of the
residuals correspond to that of Ka lines of S, Ar, Ca,
Cr, and Mn atoms (dashed lines in figure 3a). We, then,
added five gaussian lines at theoretical energy of the Ko
line of S, Ar, Ca, Cr, and Mn. As shown in figure 3b,
the residuals remaining in the previous fitting were sig-
nificantly improved (y?/d.o.f. is 243/204). The best fit
parameters are listed in table 1. We successfully detected
the K-shell lines of neutral S, Ar, Ca, Cr, and Mn from
the brightest neutral clump at the significance levels of
3.5, 3.2, 8.5, 4.5, and 4.6 o, respectively.

3. Discussion
Two possible scenarios for the origin of the emission lines
of neutral atoms from the GC region have been proposed

*1 http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual

/XSmodelApec.html
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(a) without S, Ar, Ca, Cr, Mn lines
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(b) with S, Ar, Ca, Cr, Mn lines
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Fig. 2. Spectrum of the brightest neutral clump. (a) the spectrum is fitted with the model of the plasma component (red) plus the neutral
component (blue); the plasma component consists of 2 temperature plasmas and ionized Cr and Mn lines. The neutral component consists
of neutral Fe and Ni lines, and power-law. Residuals are shown in the bottom panel. (b) the same in (a), but we added neutral S, Ar, Ca,
Cr, and Mn lines to the above model. Errors of the data are estimated at the 1o confidence level.
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Fig. 3. Equivalent width of K« line of various neutral atoms. Black
and red lines show values in the X-ray and electron scenarios cal-
culated by Geant4, respectively. The data points marked with
square are observed value in our work. Errors are estimated at
the 90% confidence level.

so far. One is X-ray fluorescence (e.g. Koyama et al.
1996) and the other is electron collision (Yusef-Zadeh
et al. 2002; 2007). To account for the emission lines,
the neutral atoms in the molecular cloud are ionized by
external radiation of the X-rays and the electrons. In
both of the scenarios, continuum emission is also pro-
duced; by the Thomson scattering of the X-rays, or by
the bremsstrahlung of the electrons.

Since the cross sections of the two processes depent on
the atomic number differently, the two scenarios would
make different X-ray spectra. We calculated the X-ray
spectra produced by the X-ray and electron scenarios
with the Monte Carlo simulator, Geant4? . In this cal-
culation, we assumed that the density of the molecular

*2 http://www.geant4.org/geant4/

cloud is uniform, the absorption column is 10%* cm™2,
and the elemental abundances are solar. In order to
reproduce the observed photon index of ~2, we also as-
sumed that the incident X-ray photon index and electron
energy index are 2 and 3, respectively.

The result is shown in figure 3. The black and red lines
indicate the X-ray and electron scenarios, respectively.
The equivalent widths in the X-ray scenario are larger
than those in the electron scenario. The ratio of the
equivalent width is ~4 in Fe, ~10 in S. It suggests that
light element can constrain the origin more strongly than
heavy element if the statistic is the same.

We also compared the equivalent widths observed
in our work with the calculated values (marked with
squares in figure 3). Equivalent width of each atom may
support the X-ray scenario rather than the electron sce-
nario. If all of the neutral lines are due to the electron
origin, metal abundances in the GC region should be 4
to 10 times larger than that of the sun. On the other
hand, the X-ray scenario is reasonable since the metal
abundances are consistent with that of the sun.

We note that our calculation has some systematical
uncertainties owing to the assumption of metal abun-
dance, geometry of the molecular cloud, or energy in-
dex of the incident radiations. However, the conclusion
might not fatally change because the metal abundances
in the GC region are less than twice to the solar value and
the geometry of the molecular cloud change the equiva-
lent width by 50% even if we estimate it largely.

4. Summary

We firstly detected K-shell lines of neutral S, Ar, Ca,
Cr, and Mn atoms in addition to those of Fe, and Ni,
from the brightest neutral clump in the Galactic center
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Table 1. Fitting result.
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Component Unit Value
Absl NH 107 cm ™2 7.14£0.3
Abs2 NH 10*? ¢cm™? 1743

Plasma kT keV 0.99 + 0.02
kT> keV 7.0+0.3
Zsi solar 1.3£0.1
Zs,Ar,Ca solar 1.6 £0.1
7 Fe solar 1.2 (fixed)
Zni solar 2.1 (fixed)
Cr XXIII Ka intensity* 9.2732 x107°
Mn XXIV Ko intensity* 10.0732 x 107¢
Neutral Power-law r 1.85+0.15
gaussians energy (keV) intensity* EW** (keV)
ST Ka 2.31 (fixed) 8.0T5Ex107° 9007T ;000
Arl Ka 2.97 (fixed)  6.973% x 107 2007150
Cal Ko 3.69 (fixed) 1.6792 x 107° 110739
Crl Ko 5.41 (fixed)  7.0722 x 107 40770
MnI Ko 5.90 (fixed) 6.972% x 107¢ 50150
Fel Ka 6.40 (fixed)  2.707093 x 107* 1140759
Fel K3 7.06 (fixed)  3.775% x 107° 170739
Nil Ka 7.47 (fixed) 9.6127 x 107° 60130
Errors are estimated at the 90% confidence level.
* unit is photon s~ cm™2.

** Equivalent width of the emission line respective to the
power-law in the Neutral component.

region. Two possible scenarios, X-ray fluorescence and
electron collision have been proposed for the origin of the
neutral lines (e.g. Koyama et al. 1996; Yusef-Zadeh et al.
2002). We calculated the produced spectra in the both
scenarios by Geant4, and found that equivalent width is
a key to solve the origin. As a result, all of the observed
equivalent widths of the neutral lines might support the
X-ray scenario rather than the electron one.

MN is supported by JSPS Research Fellowship for
Young Scientists.

References

Baganoff, F. K., et al. 2001, Nature, 413, 45, 48

Baganoff, F. K., et al. 2003, ApJ., 591, 891, 915

Fukuoka R., Koyama K., Ryu S. G., & Tsuru T. G. 2009
PASJ., 61, 593, 600

Inui T. et al. 2009 PASJ., 61, S241, S253

Koyama K., Maeda Y., Sonobe T., Takeshima T.,
Tanaka Y., & Yamaichi S. 1996, PASJ., 48, 249, 255

Koyama K. et al. 2007a PASJ., 59, S221, S227

Koyama K. et al. 2007b PASJ., 59, S245, S255

Koyama K. et al. 2007c¢ PASJ., 59, S23, S33

Koyama K., Takikawa Y., Hyodo Y., Inui T., Nobukawa
M., Matsumoto H., & Tsuru G. T. 2009 PASJ., 61,
5255, 5262

Kushino A., Ishisaki Y., Morita U., Yamasaki N. Y.,
Ishida M., Ohashi T., & Ueda Y. 2002 PASJ., 54,
327, 352

Murakami H., Koyama K., Sakano M., Tsujimoto M., &
Maeda Y. 2000, ApJ., 534, 283, 290

Nakajima H. et al. 2009 PASJ., 61, S233, S240

Nobukawa M. et al. 2008 PASJ., 60, S191, S199

Tsujimoto M., Hyodo Y., & Koyama K. 2007 PASJ., 59,
5229, S235

Yusef-Zadeh F., Law C., & Wardle M. 2002 ApJ., 568,
L121, L125

Yusef-Zadeh F., Muno M., Wardle M., & Lis D. C. 2007
AplJ., 656, 847, 869

This document is provided by JAXA.





