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ABSTRACT

We have systematically observed the 6.7 keV iron line emission from the Galactic ridge with the X-ray
satellite Ginga. The volume emissivity of the iron line emission from the Galactic ridge is approximated by an
exponential disk model plus an arm component of Galactic radius 4 kpc. The scale height of the Galactic
ridge emission is determined to be 100 + 20 pc. The iron line luminosity from the Galactic ridge is estimated
to be (6.5 + 1.3) x 103® ergs s~ ! , which is ~7% of the 2-10 keV band luminosity. We have also discovered
another diffuse emission feature near the Galactic bulge with luminosity of about (2.8 + 0.8) x 1036 ergs s~ 1.
This emission is found to be extended to a higher Galactic latitude of more than 5°.

Subject headings: diffuse radiation — Galaxy: structure — X-rays: galaxies

1. INTRODUCTION

The X-ray sky along the Galactic plane exhibits many bright
point sources, consisting mainly of neutron star binaries (e.g.,
Warwick et al. 1985, 1988). In addition to these bright sources,
fainter and unresolved X-ray emission was also observed
(Worrall et al. 1982; Warwick et al. 1985, 1988). Since the
unresolved emission is concentrated near the Galactic inner
disk (within ~ 60° of longitude), this is referred to as the Galac-
tic ridge emission (Worrall et al. 1982; Warwick et al. 1985;
1988). However, previous observations of the unresolved emis-
sion suffered from the confusion of the bright X-ray sources.

From selected regions of the Galactic ridge, a conspicuous
line emission at 6.7 keV was discovered with the Tenma satel-
lite (Koyama et al. 1986). Since the 6.7 keV line is attributable
to a K-shell transition of helium-like iron (Fe xxv) and the
X-ray spectrum is well represented by the thermal bremsstrah-
lung model with temperatures of (4—13) x 107 K, the Galactic
ridge X-rays are undoubtedly due to an optically thin hot
plasma. Koyama (1989) reported that the equivalent width of
the line emission is in the range of 0.5-1 keV which is more
than 10 times larger than the majority of bright X-ray sources
(Suzuki et al. 1984; Hirano et al. 1986). Therefore, the 6.7 keV
iron line should be a better tracer of the optically thin hot
plasma than the X-rays in the wide energy band.

We have carried out a survey of the 6.7 keV line emission
along the Galactic plane with the Ginga satellite and certainly
detected an intense 6.7 keV line from the Galactic center, inner
Galactic disk, and the Galactic bulge regions. Discovery of the
large enhancement of the iron line emission at the Galactic
center and its consequence was already reported in separate
papers (Koyama et al. 1989; Yamauchi et al. 1990). In this
paper, we present the X-ray contour map of the 6.7 keV line
intensity and an overall distribution of an optically thin hot
plasma in the inner disk of our Galaxy. Throughout this paper,
we assume that the distance to the Galactic center is 8.5 kpc.

2. OBSERVATIONS

Extensive scanning observations were carried out with the
Large Area Proportional Counters (LAC) on board the Ginga
satellite (Turner et al. 1989; Makino & ASTRO-C team 1987)
from the period of 1987-1990. The FWHM of the LAC field of
view is ~1° along and 2° perpendicular to the scan path. The
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total effective area of the LAC is 4000 cm? and its energy range
is 1-37 keV. The accuracy of the attitude determination is
better than 0°1. Data were taken in the 48 energy channel
mode (MPC-1 or MPC-2 mode).

Scan paths were set parallel to the Galactic plane. To
increase the statistics and to minimize background fluctua-
tions, multiple scans (three to 14 scans day ') were performed
over the same path with the scan speed of ~ 1° minute ™. The
log of observations is summarized in Table 1.

3. ANALYSIS AND RESULTS

3.1. Overall Distribution of the 6.7 keV Line

The multiple scan data were folded azimuthally and sliced at
0°4-4°0 intervals. Then the X-ray spectrum for each position
was constructed. Non—X-ray events and the cosmic X-ray
background were subtracted using the method given by Awaki
et al. (1991). In order to determine the iron line intensity, the
X-ray spectra in the 4.5-14 keV energy band were fitted with a
model consisting of a thermal bremsstrahlung component, a
narrow emission line, and photoelectric absorption. Free
parameters are normalization and temperature of the thermal
bremsstrahlung emission, intensity, and energy of the line emis-
sion, and hydrogen column density. The Gaunt factor of the
thermal bremsstrahlung and the cross sections for photoelec-
tric absorption were taken from Gould (1980) and from Morri-
son & McCammon (1983), respectively. This model generally
gives acceptable fit except for the regions where the confusion
of bright binary X-ray sources is significant. The temperature
and equivalent width of the 6.7 keV line are found to be in the
range of 5-10 keV and in the range of 0.5-1.0 keV, respectively.

To demonstrate visually, we made the intensity contour map
of the 6.7 keV line in Figure 1. We used the triangle grid
method with typical grid sizes of ~1° and 0°5 for the Galactic
ridge and center regions, respectively. Since the number of scan
paths in the regions of the map of —60°<!< —6°,
11° <1 < 20° and 40° < [ < 60° is limited, these regions are
blank in the two-dimensional contour map. Strong Galactic
center source is demonstrated in this figure. However, since
this contour map is not deconvolved with the LAC collimator
response, the tilted structure reported by Yamauchi et al.
(1990) is not clear. ’

The 6.7 keV line distribution along the Galactic plane
(Galactic latitude ~0°) is given in Figure 2 together with the
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TABLE 1

Ginga OBSERVATION OF OPTICALLY THIN HOT PLASMA

SCAN AREA
- ScAN SPEED NUMBER
DATE ] b MOoDE/TIME RESOLUTION (degree per minute) OF SCANS
1987 Aug 24-25 ....... 288° > 322° —-092 MPC-1/0.5, 4, 16 s 0.53 12
1987 Aug?25 ........... 287 <322 1.3 MPC-1/4 s 0.53 7
1987 Oct6 ............. 2040 0.2 MPC-1/4 s 0.95 9
19870ct7 ............. 2040 1.7 MPC-1/4 s 0.95 8
1987Oct 8 ............. 2040 —-2.8 MPC-1/4 s 0.95 8
1987 Oct9 ...... 2040 -0.5 MPC-1/4 s 0.95 9
1988 Mar 17 345420 0.5 MPC-1/4 s 1.38 8
1988 Mar 19-20......... 356 > 15 3.4 MPC-1/16 s 042 8
1988 Mar21 ........... 35516 5.1 MPC-1/4 s 0.53 8
1988 Mar 22 .... 35715 2.0 MPC-1/4 s 0.42 7
1988 Mar23 ........... 016 -3.5 MPC-1/4 s 0.42 8
1988 Apr 6-7 .......... 304 — 340 0.6 MPC-2/2 s 0.63 6
1988 Sep 12-13 ........ 2248 -0.3 MPC-2/2 s 0.74 14
1988 Sep 13-14 ........ 3560 0.6 MPC-2/2 s 0.74 11
1989 Mar3-4 ......... 324343 0.4 MPC-2/2 s 043 12
1989 Apr 1 3528 -1.1 MPC-1/16 s 0.64 5
1989 Apr2.... 35238 -0.6 MPC-1/16 s 0.64 4
1989 Apr § 3528 1.7 MPC-1/4 s 095 4
1989 Apr § 3528 2.1 MPC-1/4 s 095 4
1989 Apr6 .... 3528 —-2.1 MPC-1/4 s 1.38 8
1989 Apr 7 3555 —-6.9 MPC-1/16 s 0.64 5
1989 Apr8 ............. 3555 —6.3 MPC-1/16 s 0.64 3
1989 Apr9 ............. 3564 -9.9 MPC-1/4 s 0.64 3
1989 Apr9............. 356 —4 —-9.6 MPC-1/4 s 0.64 3
1990 Mar 24-25 ....... 3564 9.5 MPC-1/16 s 0.64 6
1990 Mar 26 ........... 3564 12.3 MPC-1/16 s 0.64 8
1990 Mar 27 ........... 3564 14.9 MPC-1/16 s 0.64 8

scan profile in the 1.1-18.5 keV energy band. Note that the
scan profile is not fully resolved in Galactic latitude, because
the LAC beam size is 2° (FWHM) in the direction of latitude.
This figure is similar to that reported previously (Koyama et al.
1989). However, we have extended further the data point and
made minor corrections due to the contribution of cataloged
point source. This figure demonstrates clear difference between
the X-ray sky of the 6.7 keV line and that of the continuum
energy band.

3.2. Model of Galactic Ridge Emission

To evaluate the 6.7 keV line distribution quantitatively, we
modeled the two-dimensional distribution of the 6.7 keV line
flux. We assumed that the volume emissivity of 6.7 keV line (1)
is given as a function of the galactocentric radius (R) and the
distance from the Galactic plane (z). Since the 6.7 keV line
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distribution shows tail structure to a large longitude, we
applied an exponential disk model

R |z
MR, 2) = 1, exp (_ k‘) oxp <_ L2

d

s

) (photons st cm ~3)

M

The surface brightness of the 6.7 keV line [S(l, b)] is evalu-
ated by the path integral of the volume emissivity along the

line of sight

SQ, b) = J
0

© (R,
1R, 2) ds (photons s™* cm ™

4rn

@

After convolving the surface brightness distribution [S(, b)]
with the LAC collimator response function, we fitted this
model function to the observed flux. Free parameters are
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F1G. 1..—Two-dimensional distribution of 6.7 keV iron line emission in —6° < I < 11° and 20° < | < 40° regions. The contour levels are 1.0, 1.2, 1.6, 2.0, 2.5, 3.2,

4.0,5.0,6.3,7.9,10.0, 12.6, and 15.8 photons s ™! (LAC beam) ™ !.
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F1G. 2—Intensity distribution of the 1.1-18.5 keV band (a) and the 6.7 keV
iron line (b) along the Galactic plane. Enlarged plot of (b) is given in (c). The
solid line in (b)—(c) is the intensity profile expected from the galactic disk plus
“4-kpc arm ” model (see text and Table 2). Vertical error bars are at 1 o level.

volume emissivity; (1), radius (R,) and scale height (z,). In the
fitting, we used all the data listed in Table 1 except for the
Galactic center region of |I| < 10°. This model is rejected with
the 2 value of 368.4 with 129 degrees of freedom. In fact, we
found systematic excess emission at around ! = +30°. There-
fore we added a “Galactic arm” component at this position
assuming a Gaussian shape emissivity

(R, z) = {'Ia exp (— R%) + 1, exp (— (_R_%)}

|z]

X exp (—— —) (photons s™! cm~3) (3)

Zg

The first and the second terms correspond to the Galactic
disk and the Galactic arm components, respectively. Thus,
additional free parameters are volume emissivity of the arm
component (), radius of arm (R,), and arm width (w).
Although this model is still not acceptable with x? value of
246.8 (126 d.of), the improvement of x* value of 121.6 indi-
cates that the arm component is statistically significant with a
confidence level of more than 99%. The best-fit model param-
eters are listed in Table 2, while the best-fit model distribution
along the Galactic plane is shown by the solid line in Figures
2b-2c. The position of the “ Galactic arm ” is derived to be at 4
kpc from the Galactic center, and hence may be referred to as
the “4 kpc arm.” This region coincides with the “ 5 kpc arm ” of
CO (named when the nominal distance of the Galactic center
was 10 kpc). The estimated 6.7 keV line luminosities from the
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TABLE 2

RESULT OF MODEL® FITTING TO THE GALACTIC
RIDGE EMissioN

Parameter Value
n,(photonss 'em™3) ........... (12+£01) x 10721
Ry(RPC) cueneneiniiiniiieninne, 3.6+ 02
n,(photonss™*em™3) ........... (2.6 £ 0.5) x 10722
Ry(KPC) wevnveaiiiiiiiiiinnn, 40+ 0.2
WKDPC) e, 0.51 +0.12
Zo(KPC) venvieeiiiieeee 0.10 + 0.02
Reduced y?/d.of. ................. 1.958/126
NoTe—Quoted errors are single-parameter 90% con-
fidence limits.
® Exponential disk model + galactic arm emission
model
R (R —R)?
n(R, 2) = {'Ia exp <— E) + 1, exp (— v

|z

xexp|l ——].
zﬂ

Galactic disk and “4 kpc arm” are (6.1 4+ 1.3) x 103® ergs s~ !
and (4.5 + 1.6) x 1035 ergs s~ 1, respectively.

3.3. Excess Emissions near the Galactic Center

The iron line intensity distribution near the Galactic bulge
region 3° < || < 7° is plotted in Figure 3a as a function of the
Galactic latitude. The solid lines are the model profile of the
Galactic ridge emission at | /| = 3° and 7°, which is determined
by the equation (3) with the best-fit parameters given in Table
2. We find clear excess above the ridge emission model as is
given in Figure 3a. Since this region is confusion-free from the
Galactic center emission as was determined by Yamauchi et al.
(1990), the excess emission would be a new component of the
Galactic diffuse emission. Here we call this as the Galactic

w

Intensity (photons 5! beam™)

Intensity (photons s’ beam™)

ol g L1 1 1 4 )
0 1 2 3 4 5 6 7 8 9 10

Absolute Latitude (degree)

FI1G. 3.—(a) Iron line flux as a function of the Galactic latitude near the
Galactic bulge region of 3° < |I| < 7°. Solid thick and thin lines indicate the
model distribution of the galactic ridge at || = 3° and 7°, respectively. (b) The
excess flux above the ridge model. The solid thick and thin lines are the best-fit
model of Galactic bulge emission at | /| = 3° and 7°, respectively (see text).
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TABLE 3

RESULT OF MODEL? FITTING TO THE GALACTIC
BULGE EMisSION

Parameter Value
So(photonss™em™2sr™Y) .......... 0.55+0.10
X et e 12° 4 2°
Y e s 54 1°
Reduced y2/d.of. ..........ocenvnnnnnn. 2.436/24

NoTe—Quoted errors are single-parameter 90%
confidence limits.
* Surface brightness model

2 2
S(l,b)=Soxexp[—<)-lc) —<g>:|

bulge emission. The two-dimensional scan data of the bulge
region, after subtracting the ridge component, are fitted to the
model with a surface brightness of

AN b\?
S, b) =S, exp[— (;) - (;) ](photons sTlem™2sr7Y).

@

Free parameters are the normalization (S,) and the scale
parameters (x, y). The fitting was unacceptable with the
reduced y? value of 2.436 (24 d.o.f). However, this simple
model is still useful to estimate the overall distribution and the
total flux of the Galactic bulge emission. Thus we have listed
the best-fit parameters in Table 3. The best-fit model of the
bulge component is plotted in Figure 3b. The total iron line
luminosity of the bulge component is estimated to be
(28 +0.8) x 10%®ergss™ 1.

4. DISCUSSION

4.1. The Galactic Ridge Emission

Koyama et al. (1986) and Koyama (1989) reported that the
X-ray spectra of the Galactic ridge emission are represented by
a thermal emission with temperatures of 4-13 keV and an
intense 6.7 keV iron line emission consistent with the cosmic
abundance. Ginga spectra of the Galactic ridge, free from con-
fusion of cataloged X-ray sources, show the same character-
1stics.

The total iron line flux in the Galactic ridge (excluding the
bulge component)is ~7 x 1036 ergs s !, while that of the 2-10
keV X-ray band is ~10%% ergs s~! (Worrall et al. 1982;
Warwick et al. 1985; Koyama et al. 1986). Thus the luminosity
ratio of the 6.7 keV line to the 2-10 keV band is ~ 7%.

Possible origin of the Galactic ridge iron emission would be
an integrated emission of unresolved faint point-sources which
have a strong 6.7 keV line in their spectra. White dwarf
binaries (cataclysmic variables hereafter CVs) and late-type
star binaries such as RS CVn and W UMa type are known to
have thin thermal spectra. However, recent high-quality Ginga
spectra suggest that the iron line equivalent width for these
objects is generally smaller than that expected from the plasma
of cosmic abundance (Tsuru et al. 1989, 1992; Doyle et al.
1991; Ishida et al. 1991; Ishida 1992). The plasma temperature
of CVs is higher than that of the Galactic ridge emission
(Ishida et al. 1991, 1992; Ishida 1992). Furthermore the scale
height of white dwarfs and late-type stars are larger than that
of the ridge emission (Allen 1973). Therefore, we conclude that
CVs and RS CVn stars are not a major contributor to the
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Galactic ridge emission. Ottmann & Schmitt (1992) also con-
cluded that RS CVn systems are unable to account for the
Galactic ridge iron emission.

Another candidate would be young supernova remnants
(SNRs) and star-forming regions. For comparison, the number
distribution of radio SNRs (Green 1988) and the CO line flux
distribution (Dame et al. 1987) along the Galactic plane are
given in Figures 4b—4c. The distribution of CO line flux may be
a tracer of active star-forming regions, while that of radio
SNRs traces regions of supernova explosions. Since the survey
observation of the radio SNRs near the Galactic center was
biased by a higher background level, we cannot compare
details on the Galactic center region. Thus we may conclude
that the iron line distribution is similar to those of SNRs and
CO emissions. The scale height of (1.0 + 0.2) x 10? pc for 6.7
keV line is larger than those of CO and SNRs, but is margin-
ally consistent. Therefore we suggest that the 6.7 keV line emit-
ting plasma has close relation to the active regions of the
star-formation and/or supernova explosion.

Some star-forming regions are known to emit a strong 6.7
keV line (Agrawal et al. 1986; Koyama 1987; Kuriyama et al.
1992; Koyama et al. 1992a; Yamauchi & Koyama 1993), but
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F1G. 4—(a) Distribution of the 6.7 keV iron line intensity, (b) number of
radio SNRs within |b| < 2° (Green 1988), and (c) the CO line intensity (Dame
et al. 1987) along the Galactic plane.
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the flux is smaller than that expected from the cosmic abun-
dance. Furthermore, available data of the 6.7 keV line flux
from these regions are very limited to make a quantitative
estimate of the contribution to the Galactic ridge emission.

On the other hand, the mean equivalent width of the iron
line from SNRs, although data are also still not sufficient, is in
the range of 0.5-1.5 keV. Koyama, Ikeuchi, & Tomisaka (1986)
proposed that, in the Galactic ridge, there would be more than
10° unidentified SNRs, which have rather low surface bright-
ness in X-rays as well as in radio bands, and hence they were
not detected previously. One example of such SNRs would be
RX 04591+5197, a new SNR detected with the soft X-ray
telescope onboard ROSAT (Pfeffermann, Aschenbach, &
Predehl 1991). This SNR was also detected in the hard X-ray
band with the Ginga satellite (Koyama et al. 1992b). If we
assume that many radio-weak SNRs similar to RX
04591 + 5197 are lying in the Galactic ridge, they would be
hardly detected as each SNR by radio band but would contrib-
ute to the diffuse X-rays and the 6.7 keV lines. Since the soft
X-rays from the SNRs in the Galactic ridge would be largely
absorbed, diffuse X-rays from the integrated emission of the
SNRs would be rather hard as that really observed. However,
there is one serious problem. Since SNRs with low surface
brightness would be expanding into a locally tenuous medium,
iron atoms in the SNRs would be in ionization nonequilib-
rium. Then the energy of iron line is lower than 6.7 keV. To
solve this problem, we need further systematic study of iron
line structure of SNRs.

4.2 Galactic Bulge Emission

We have discovered extended iron line emission near the
Galactic bulge. The overall spectral feature is similar to those
of the Galactic ridge emission. In particular, we note that the
equivalent width of the iron line is in the range of 0.5-1 keV,
which suggests that the iron abundance is cosmic value (Masai
1984). Can we apply the same discussion as is given in § 4.1) for
the origin of the bulge emission? Since most of the star in the
Galactic bulge would belong to the old populations, and hence
Type Ia supernova explosion would be preferable than Type IL
Then the iron line abundance must be far larger than the
cosmic abundance. However, it may be in conflict to the obser-
vational fact.

Koyama et al. (1989) and Yamauchi et al. (1990) have report-
ed that there is a large enhancement of 6.7 keV iron line emis-
sion associated with a thin hot plasma at the Galactic center.
They pointed out that the temperature of the Galactic center
plasma is higher than that bounded by the Galactic gravity.
Therefore the hot gas would escape from the Galactic center to
the Galactic bulge. This would be another possibility for the
origin of the Galactic bulge emission.
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puter at the High Energy Physics Laboratory of Nagoya Uni-
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