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Abstract
We present the results of X-ray and Near-Infrared observations of the Galactic Ridge X-ray Emission (GRXE). We
extracted 2,002 X-ray point sources in the Chandra Bulge Field (l =0◦ .113, b = 1◦ .424) down to ∼10−14.8 ergs cm−2 s−1
in 2–8 keV band with the longest observation (∼900 ks) of the GRXE. Based on X-ray brightness and hardness, we
classified the X-ray point sources into three groups: A (hard), B (soft and broad spectrum), and C (soft and peaked
spectrum). In order to know populations of the X-ray point sources, we carried out NIR imaging and spectroscopy
observation. We identified ∼11% of X-ray point sources with NIR and extracted NIR spectra for some of them. Based on
X-ray and NIR properties, we concluded that non-thermal sources in the group A are mostly active galactic nuclei and
the thermal sources are mostly white dwarf binaries such as cataclysmic variables (CVs) and Pre-CVs. We concluded that
the group B and C sources are X-ray active stars in flare and quiescence, respectively.
Keywords: galaxy: bulge - galaxy: disk - IR - X-rays.

1

Introduction

cus on Near-Infrared (NIR), which has almost the same
penetrating power as X-rays into deep interstellar exSince the dawn of the X-ray astronomy, an appar- tinction toward the GP.
ently diffuse emission of low surface brightness has been
We studied the population constituting the GRXE
known to exist along the Galactic Plane (GP; |l| <45◦ , combining X-ray data with NIR data in this paper. In
|b| <1◦ ), which is referred to as the Galactic Ridge X- particular, we focus on the population contribute to the
ray emission (GRXE; e.g.,Worral et al. 1982; Warwick Fe K line of the GRXE spectrum.
et al., 1985). The X-ray spectrum is characterized by
hard continuum with a strong 6.7 keV Fe K emission 2 Analysis and Results
line (Koyama et al., 1986a). The origin of the GRXE
had been a mystery for a long time. A long-standing 2.1 X-ray
debate had been whether it is a truly diffuse plasma 2.1.1 Observation and source extraction
(Ebisawa et al., 2001, 2005) or a sum of unresolved Xray point sources (Revnivtsev et al. 2006). Recently, We retrieved 10 archived data of the CBF taken with
Revnivtsev et al (2009) showed that ∼80% of the Fe K the Advanced CCD Imaging Spectrometer (ACIS)-I aremission line was resolved into dim point sources using ray on board Chandra with a total exposure time of
the deepest X-ray observations (∼900ks) made with the ∼900 ks. We merged 10 data set and extracted 2,002
−14.8
ergs cm−2 s−1 in
Chandra at a slightly off-plane region of (l, b)=(0◦ .113, valid point sources down to ∼10
–1◦ .424) in the Galactic bulge (Chandra bulge field; 2–8 keV (Figure 1). For all the sources, we extracted
source and background events.
hereafter, CBF).
If the GRXE is composed of the dim X-ray point
2.1.2 Spectral fittings
sources, new questions arise. What are the populations
of the dim X-ray point sources? Which class of sources For the bright sources (source counts>100), we concontribute to the Fe K emission line? We do not know structed the background-subtracted spectra and generthe population of majority of the dim point sources due ated instrumental response files. We carried out specto a limited number of X-ray photons. Thus, we fo- tra fittings with thermal (apec; Smith et al. 2001) and
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non-thermal models (power-law) for the bright sources.
As the results, 11 bright sources with more than 1000
counts have hard power-law like hard spectra with the
photon index Γ∼1.5.

photon spectrum being less (q2 > 1) or more (q2 < 1)
concentrated around the peak (broad or narrow spectra). Based on the X-ray color-color diagram, we classified all the point sources into three groups, which are
the group A (hard), B (soft and brooded spectrum),
and the group C (soft and peaked spectrum).
2.1.4

Global spectral fittings

C

Equivalent Width (eV)

q2=3*Q25/Q75
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Furthermore, we performed global spectral fittings in
0.5–8 keV for the composite spectrum for each group in
a similar manner in § 2.1.2 (Figure 4).
For the group A spectrum, neither a power-law nor
a thin-thermal plasma model reproduced the spectrum
well, respectively because of the excess emission at 6.7
keV or a flatness of the continuum. So we fitted the
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spectrum with a combination of the two models, which
Figure 1: Smoothed and exposure-corrected X-ray im- was successful. The equivalent width (EW) of the Fe
age of the CBF (0.5–8 keV). The field of view of the K feature becomes larger as the flux decreases (FigSIRIUS (NIR) observations are shown by red squares. ure3), which suggest that the thermal component beThe white circle shows the region, the result of which comes strong against the non-thermal component as the
flux decreases.
was published in Revnivtsev et al (2009).
For the group B spectrum, several emission lines are
seen, including the 6.7 keV emission line from FeXXV
and 2.5 keV from SXV . This set of emission lines in2.1.3 Grouping
dicates a multiple-temperature plasma, and indeed the
spectrum was reproduced well with two thin-thermal
Median Energy (keV)
plasma components, but not with one component.
1
2
3
4
5
For the group C spectrum, several emission lines are
3.0
also seen. Unlike the group B sources, the FeXXV emis2.5
sion at 6.7 keV is absent. We fitted the spectrum using
the same model with group B.
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Figure 2: X-ray color-color diagram of all detected Xray sources. The converted median energy is shown in
the upper x-axis. Color difference shows groups defined Figure 3: Equivalent width of the Fe K line against
the decreasing flux in 2-8 keV above which the cumulain § 2.1.3.
tive combined spectra in the group A were constructed.
We constructed an X-ray color-color diagram (Hong The 1σ statistical uncertainty is shown for each data.
et al., 2004) using the quantiles (E25 , E50 , and E75 )
characterizing the spectral shape of each source (Figure 2). Here, Ex (keV) is the energy below which x% 2.2 NIR Imaging
of photons reside in the energy-sorted event list. E50 2.2.1 Observation and source extraction
is equivalent to the median energy (The details are in
Morihana et al., 2013). Here, the q1 value indicates To identify the X-ray point sources with NIR, we carthe degree of photon spectrum being biased toward the ried out NIR observations using Simultaneous Infrared
higher (q1 > 0) or lower (q1 < 0) energy end (hard or for Unbiased Survey (SIRIUS; Nagayama et al., 1999)
soft spectra), and the q2 value indicates the degree of on the InfraRed-Survey Facility (IRSF) 1.4 m telescope
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Figure 4: Composite spectra and the best-fit global model of the group (a) A, (b) B, and (c) C. The lower
panel shows the residuals of the data to the fit. The best-fit parameters can be found in Table 1.
Table 1: Best-fit Parameters for Global Spectral Model in 0.5–8.0 keV

Group
A
B
C

NH (1)1

kB T (1)2

NH (2)

kB T (2)

Z3

Γ4

(1022 cm−2 )

(keV)

(1022 cm−2 )

(keV)

+0.39
1.09−0.50
+0.06
0.75−0.05
+0.18
0.70−0.11

+3.24
6.65−3.03
+0.54
0.74−0.45
+0.04
0.78−0.03

2.46+2.35
−0.58
0.80+0.22
−0.18
0.04+0.05
−0.04

χ2 /d.o.f.

...

0.97+0.36
−0.32

1.29+0.18
−0.40

205.36/504

7.87+1.86
−4.84
4.50+0.65
−0.35

0.99+0.33
−0.29
0.15+0.16
−0.12

...

98.68/103

...

85.86/102

1

Interstellar extinction column density for the first component (the lower temperature component for the twotemperature model. 2 Plasma temperature for the second component (the higher temperature component for the
two-temperature model). 3 Metal abundance relative to the solar value for the thermal component. 4 Photon
index for the power-law model as the second component.
in South Africa Astronomical Observatory. We covered the CBF as we show in Figure 1. We extracted
NIR source with a 3σ level using sextractor version
2.8.6, which are 52312 (J), 61,188 (H), and 65,051 (Ks )
sources down to Ks ∼16 mag. For asymmetry and photometry correction, we rendered the Two Micron All
Sky Survey (2MASS) point source catalog. For asymmetry, the SIRIUS positions are determined at an accuracy of the pixel size of SIRIUS (0.4500 ).
Cross correlation

HeI

We search for possible NIR counterparts for all the Xray point sources using 2MASS and the SIRIUS. We
searched NIR counterpart sources within 1σ error circle (X-ray-2MASS source; 1.300 , X-ray-SIRIUS source;
1.200 ). When there are two or more sources within the
1σ circle, we assumed the closest one to be the counterpart. Then, we finally recognized 222 X-ray sources
to have NIR counterpart within 1σ circle (∼11% of all
the X-ray point sources).

NIR spectroscopy

NaI

CaI

CO

CO

CO

CO

B
A
A
C
C

21000

2.3

HI

B

Normalized Intensity

2.2.2

examples of NIR spectrum. We finally obtained 33 NIR
spectra of the X-ray point source in the CBF. Combined
X-ray results, there are two type of sources in the CBF,
which are (1) Sources with HI (Brγ) and CO absorption features in NIR spectra and hard X-ray spectra,
(2) sources only with CO absorption features in NIR
spectra and soft X-ray spectra. From these properties,
type (1) sources are K or M spectral type stars and type
(2) sources are M spectral type stars.

22000

23000

24000

Wavelength (angstroms)

We conducted NIR spectroscopy observation for some Figure 5: Examples of Ks -band spectra in the CBF.
selected objects in the CBF using Subaru/Multi-Object Upper label of each spectrum shows groups in § 2.1.3
InfraRed Camera and Spectrograph (MOIRCS). We se- defined by X-ray properties.
lected 51 sources for spectroscopy in Ks -band based on
X-ray hardness and source variability. Figure 5 shows
224

X-Ray and Near-Infrared Spectroscopy of Dim X-Ray Point Sources...

3

Discussions & Conclusion

which is provided by NASA Goddard Space Flight Center.

We now discuss likely populations in each group based
on the results presented above. The transition from
one class to another is continuous along the color and
flux, so the groups are naturally a mixture of sources of
different classes.
First, we consider that the group A sources are
mostly mixture of active galactic nuclei (AGNs) and
white dwarfs (WDs) binaries, each responsible for the
power-law and thermal plasma components in the composite spectrum (Figure 4). In the spectral fitting, the
power-law component has a spectral index of 1.29+0.18
−0.40 ,
which is similar to the typical spectral form of AGNs
(Table 1 e.g.; Rosati et al., 2002). For the thermal
component of the composite spectrum of the group A,
a strong Fe K feature and 6.7 keV plasma temperature are seen. Both of these features are observational
characteristics of magnetic CVs (Ezuka & Ishida 1999).
Other classes of WD binaries, such as dwarf novae,
pre-CVsmay also considered for the likely classes. PreCVs are poorly recognized class of sources, which are
detached binaries of a WD and a late-type star, unlike conventional CVs that are semi-detached systems.
Some of them show strong Fe K emission in the hard
X-rays (Matranga et al. 2012). In fact, showed nearinfrared spectra of selected X-ray sources presented in
this paper, in which some thermal A sources do not
exhibit the Brγ emission that is typical for the conventional CVs (Dhillon et al. 1997). We thus consider that
pre-CVs, most of which do not show the Brγ emission
(Howell et al. 2010; Schmidt& Mikoajewska 2003), also
account for at least some fraction of the thermal source
population in the group A.
The group B and C sources are Galactic sources with
a soft thermal spectrum, and we consider that most of
them are likely to be X-ray active stars. The composite
spectra of these two groups were fitted with two plasma
components. In these groups, the spectra type of the
sources are K- or M-type spectra, which has no Brγ
emission line. We speculate that the differences between
B and C is that most C sources represent active binary
stars in the quiescence, while most B sources represent
those during flares. From these things, we consider that
the group B and C sources are X-ray active stars in flare
and quiescence, respectively.
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DISCUSSION

Guainazzi Matteo’s Comment: Radio-quiet AGNs
normally exhibit iron Kα lines. This may suggest that
your iron free AGNs could be orimary radio-loud. Do
Takeshi Go Turu’s Comment: Is the Fe line a mix- you have radio measurements, that could validate this
ture of Fe lines (6.4, 6.7 7.0 keV) or 6.7 keV line?
hypothesis?
The Fe line in our GRXE spectrum is a mixture of
I consider that Fe K line of most background AGNs
the Fe lines (6.4, 6.7, and 7.0 keV). The line center of are red-shifted, because most background AGNs constithe Fe line is ∼6.7 keV.
tuting the GRXE are at far distance.
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