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ABSTRACT

We report results of 6.7 keV emission-line mapping observations of the Galactic center region. The 6.7 keV
emission line is attributable to a helium-like iron K-shell transition in an optically thin hot plasma of a tem-
perature about 108 K. The surface brightness distribution of the plasma is elliptical with a major axis of 1°8
(FWHM) and an axial ratio of about 0.5. The major axis is tilted about 20° with respect to the Galactic plane.
We also determined the total flux and surface brightness of the extended X-ray emission in the continuum
X-ray band to be (1-3) x 107° ergs s ! cm~2 and (2-5) x 10~ ergs s~ ' cm~2 st~ ! in 2-10 keV, respectively.
The equivalent width of the iron line is estimated to be 500-1300 eV, consistent with the value expected for a
cosmic iron abundance. Several possibilities of the origin of the extended plasma are considered.

Subject headings: galaxies: nuclei — galaxies: The Galaxy — X-rays: sources — X-rays: spectra

I. INTRODUCTION

In the optical window, the Galactic center has been
obscured by an enormous amount of dust in the Galactic disk.
This “dust curtain” has been removed by the opening of new
windows in wave bands other than the optical. Radio and
infrared observations have demonstrated that the Galactic
center is very bright and complex. Several expanding molecu-
lar clouds (or rings) suggest intermittent explosions near the
Galactic center, while the infrared observations reveal a high
concentration of stellar objects toward the Galactic center
(Oort 1977; Genzel and Townes 1987; and references therein).
The detection of y-ray line emission indicates that energetic
phenomena, such as large numbers of supernovae or novae,
took place near the Galactic center within the last 10° yr
(Genzel and Townes 1987; and references therein). However,
limited photon statistics have been a problem for y-ray obser-
vations. X-ray observations should be more useful to investi-
gate these high-energy phenomena, because they provide us
with more photons and better spatial resolution than the y-ray
observations.

Previous X-ray continuum observations of the Galactic
center region revealed the presence of several point sources and
unresolved diffuse emission (e.g., Watson et al. 1981; Skinner et
al. 1987; Kawai et al. 1988). However, the X-ray continuum

intensity of the Galactic center has not been particularly strong

compared to that of other regions of the Galaxy. Thus, any
particularly high activity from the Galactic center region has
not been found in the X-ray band, in contrast to the results
obtained in the radio, infrared, and y-ray bands.

Recently, Koyama et al. (1989) discovered a remarkable
enhancement of the 6.7 keV emission line toward the Galactic
center. Since the 6.7 keV line is attributable to helium-like iron
in an optically thin hot plasma with a temperature about 108
K, this would be the first X-ray indication of activity in the
Galactic center region.

We have carried out further two-dimensional mapping of
this optically thin hot plasma in the Galactic center using the
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6.7 keV iron line. In this paper we report the results of these
observations and derived physical parameters and discuss
several possibilities for the origin of the optically thin hot
plasma. Throughout this paper, we assume that the distance of
the Galactic center is 8.5 kpc, and errors quoted are at the 1 ¢
level.

II. OBSERVATIONS

The observations were made on 1988 March 17 and 1989
April 1-2 and 5-6 with the Large Area Proportional Counters
(LAC) on board the X-ray astronomy satellite Ginga. The total
effective area of the LAC is 4000 cm?, and its energy range is
2-38 keV. Details of the Ginga satellite and the LAC have been
given in separate papers (Makino et al. 1987; Turner et al.
1989). We carried out scanning observations near the Galactic
center along several paths parallel to the Galactic plane with a
scan speed of about 1° minute ~*. In order to increase statistics
and minimize background fluctuations, we employed multiple
scans (five to 10 scans per day) over the same region. The
FWHM of the LAC field of view is about 1° and 2°, along and
perpendicular to the scan path, respectively. The accuracy of
the attitude determination is better than 0°1. The data were
taken in the 48 energy channel mode for each detector and
layer (MPC-1 mode), with a time resolution of 4 s or 16 s.
The log of the Galactic center observations is summarized in
Table 1.

III. ANALYSIS AND RESULTS

a) Iron Line Profiles

We folded the multiple-scan data azimuthally to make five
scan profiles with elevation angles from the Galactic plane of
b =~ 1°7,0°5, —0%6, —1°1, —2°1, then sliced the scan profiles at
0°4 intervals and constructed the X-ray spectrum. The integra-
tion time for each spectrum was more than 100 s. Non—X-ray
background and cosmic diffuse X-rays were subtracted using
the method given by Awaki et al. (1991). We selected several
X-ray spectra from regions where no cataloged X-ray source is
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TABLE 1
Ginga OBSERVATIONS OF THE GALACTIC CENTER

Observation Mode/ Scan Speed Number
Date Scan Area Time Resolution (degrees per minute) of Scans
1988 Mar 17 .......... I=—15°20° MPC-1/ 1.38 9
b=0°5 4s
1989 Aprl ............ l= -8 8, MPC-1/ 0.64 5
b= —-1°1 16 s
1989 Apr2 ............ I=—-8°-8°, MPC-1/ 0.64 5
b= —-0% 16 s
1989 Apr5 ............ l=—-8°-8° MPC-1/ 0.95 10
b=17 4s
1989 Apr6 ............ = —-8°8 MPC-1/ 1.38 10
b= -2°1 4s :

in the LAC field of view and fitted the spectra with a model,
consisting of thermal bremsstrahlung emission plus a narrow
emission line. Free parameters are the normalization and the
temperature of the thermal bremsstrahlung emission, the inten-
sity and the energy of the line emission, and the hydrogen
column density. The intrinsic line width was fixed at 0.05 keV
which is smaller than the energy resolution of the LAC. The fits
were acceptable with the reduced x? values of 0.67-1.38. The
best-fit parameters are listed in Table 2, while the spectral
shapes are shown as solid lines in Figure 1. In these spectra, we
found a strong emission line at an energy ranging from 6.6 to
6.8 keV. This line is mainly attributable to the K-line transition
in helium-like iron. The temperature of the thermal bremss-
trahlung emission determined from the continuum shape is in
the range of 9-15 keV. Thus we conclude that the extended
emission near the Galactic center is likely due to a thin hot
plasma with a temperature of about 10 keV.

Although the other regions are contaminated by cataloged
point sources, we conducted the same model fit in the limited
energy band of 4.5-14 keV in an attempt to improve our
knowledge of the distribution of the iron line emission. Except
for the data which include bright X-ray point sources (GX
3+1; GX 5—1; MXB 1728 —34; a transient source, Makino
1988), the model gave acceptable fits. The intensity distribution
of the iron line as a function of the Galactic longitude is given
in Table 3 and Figure 2.

We fitted these scan profiles of the iron line intensity with a
model of a one-dimensional Gaussian, adding constant back-
ground level. The best fit curves are shown in Figure 2, with the
peak intensity indicated by arrows. We found that the iron
line-emitting region is not a pointlike source but is extended
by about 1°-2° (FWHM). This result confirms, with better
sensitivity, the extended line emission previously reported by
Koyama et al. (1989). The existence of the constant back-
ground indicates that there is another, more widely distributed,
iron line emission source. This component is likely to be the
Galactic ridge emission because the iron intensity is the same

as that extrapolated from the results of Koyama et al. (1986)
and Koyama (1989). Further details of the Galactic ridge emis-
sion detected with the present scan observations will be given
in a separate paper.

b) Iron Line Distribution

The intensity peak of the iron line near the Galactic center
shows a systematic shift from the Galactic center; a shift
toward positive longitude at positive latitude and vice versa.
This fact indicates that the emission region is not symmetric
with respect to the Galactic plane. In order to estimate the
two-dimensional surface brightness distribution of the iron line
emission in the Galactic center region, we subtracted the ridge
components (as is determined in § IIIa), and we carried out
combined fitting to all the scan profiles with a single model
having a two-dimensional Gaussian shape. Free parameters of
this fitting are the center position, the widths along the major
and minor axes, the normalization factor (the total number of
photons in the iron line), and the tilting angle with respect to
the Galactic plane. The best-fit model of iron line emitting
region is illustrated in Figure 3. From this two-dimensional
fitting, we found that the emitting region is an elliptical struc-
ture tilted 21° + 3° with respect to the Galactic plane. The
angular sizes of the major and minor axes are 1°8 + 0°1
(FWHM) and 120 + 0°1 (FWHM), respectively. These values
correspond to 270 + 15 pc and 150 + 15 pc at the Galactic
center. The surface brightness at the peak, and the total flux of
the iron line from this region, are (2.2 + 0.1) x 10~7 ergs s *
cm” 2 st (1.3 +0.1) x 1071 ergs s™! cm ™2, respectively.
The total luminosity emitted in the iron line is
(1.1 +£0.1) x 10%%ergss ™.

¢) Distribution of the Continuum Emission
We tried a model convolution fit to the scan profiles of the
Galactic center region in the continuum energy bands of
4.5-9.2 keV and 9.2-18.5 keV. Contrary to the iron line emis-
sion, it is not realistic to determine the surface brightness of the

TABLE 2
SPECTRAL PARAMETERS NEAR THE GALACTIC CENTER
PosiTiION
TEMPERATURE LINE INTENSITY LINE ENERGY REDUCED y?
1 b (keV) (photons s ! beam ™ !) (keV) log Ny (DOF = 18)
122 095t 149 + 1.0 10.51 +£ 0.71 6.59 + 0.04 219+ 0.1 1.38
1.2 —0.6.......... 135+ 1.3 7.00 + 0.71 6.71 + 0.06 21.8 £ 0.1 0.80
358.0 —0.6.......... 98+ 13 474 + 0.75 6.69 + 0.09 22.1+0.1 0.67
358.0 —1.1.......... 9.0 + 0.7 3.54 + 0.38 6.84 + 0.07 22.1 +0.1 1.17
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F1G. 1.—The X-ray spectra from the region near the Galactic center where no cataloged X-ray source is in the LAC field of view. The best-fit curves are given by

the solid lines in the figure (see text).

extended emission in the continuum X-ray band, because the
Galactic center region is crowded with many bright sources
(A1742—-294, 1E 1740.7—2942, 1E 1743.1-2843, SP
1744.2 —2959; see, e.g., Skinner et al. 1987; Kawai et al. 1988).
We therefore assumed that the surface brightness of the contin-
uum X-ray band is proportional to that of the iron emission
line. Then we conducted two-dimensional Gaussian fitting
including cataloged X-ray sources. The shape of the diffuse
emission is fixed to that of the iron line emission, and the
positions of cataloged X-ray sources are fixed following Kawai
et al. (1988). Thus the total intensities of the extended emission
and cataloged point sources are left as free parameters. The
fitting is generally unacceptable, partly because the intensities
of point sources were time-variable and the assumed distribu-
tion of the extended X-ray emission is too simplified. The
number of point sources which gives a significant contribution
to the scan profile is also unclear. Therefore, we tried fitting
each scan profile independently in the following manner. At
first, we include the one brightest point source. Then we con-
tinued the fitting adding a next brightest source and examined
the decrease of best-fit reduced x> values. After adding three or
four point sources, we found no decrease of the reduced x*
value by the inclusion of an additional point source. The final
results are given in Table 4. The scatter of the intensity of the
extended emission would give a possible uncertainty caused by

this model fitting. Thus we regard that the total flux from the
extended emission in the 4.5-9.2 keV energy band, with a very
rough estimation, is in the range of 200-420 counts s~ *. Using
the same method we estimate that the flux of the 9.2-18.5 keV
band is 60-110 counts s~ *. The count ratio in the 4.5-9.2 keV
band and the 9.2-18.5 keV band is between 0.14 and 0.35,
which corresponds to a temperature range of 5-19 keV under
the assumption of a thermal bremsstrahlung spectrum. Th
surface brightness at the peak is (2-5) x 1076 ergs s~ cm ™2
st~ 1. The total flux and luminosity are (1-3) x 107° ergs s *
cm™2, and (0.9-3) x 1037 ergs s™! in the 2-10 keV energy
band, respectively. The equivalent width of the iron line is
estimated to be 500-1300 eV. This is roughly consistent with
the value expected from a thin hot plasma with cosmic abun-
dance, at a temperature of about 10 keV in collisional ioniza-
tion equilibrium (Raymond and Smith 1977).

IV. DISCUSSION

Extended X-ray emission near the Galactic center has been
reported with the Einstein Observatory (Watson et al. 1981), the
SPARTAN 1 mission (Kawai et al. 1988), and the Spacelab 2
mission (Skinner et al. 1987). For a quantitative comparison of
the present result with those of previous observations, we list
the present result of the Galactic center emission as well as
those of the previous observations in Table 5, where the total
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TABLE 3 TABLE 3—Continued
IRON LINE DISTRIBUTION IN THE GALACTIC CENTER REGION D. b= -11
A b=17 Iron Line Intensity Line Energy  Reduced y?
-1 1 —
Iron Line Intensity Line Energy  Reduced x* ! (photons s™* beam ™) (keV) DOF =11
! (photons s~ beam ™) (keV) DOF =8 1.0to 1.4.... 439 +0.59 6.60 + 0.08 121
) 1.8.... 401 + 044 6.66 + 0.07 1.44
—30to —432.... 2451 041 6.68 + 0.10 117 }; :2 2.3. ... 3.(7)3 T 048 6;5 +0.08 1.63
P AR s 12 22t0 26.... 286 + 0.74 6.67 +0.13 1.01
_2'6 to B 1.8““ 1'34 T 0.61 6.59 T 0'22 0‘60 2.6to 3.0.... 3.24 + 0.36 6.69 + 0.06 1.58
—eoto =0 T on T . 30to0 3.4.... 2.75 £ 038 6.76 + 0.08 093
—1.0to —0.2.... 3.22 + 041 6.80 + 0.08 1.30 3410 3.8 177+ 043 672 + 0.14 0.64
—0.2to 0.6.... 428 +0.47 6.81 + 0.06 1.60 i o i e .
0.6to 1.4.... 339+ 044 6.88 + 0.08 0.68 E b= —2°1
3.4t0 4.2.... 0.62 + 0.21 6.65 + 0.23 0.89
42to 50.... 1.68 + 0.43 6.80 + 0.14 1.09 Iron Line Intensity Line Energy  Reduced 2
B. b=0°5 1 (photons s ™! beam ~?) (keV) DOF =8
= - - —5°0to —4°2.... 1.40 + 0.27 6.82 + 0.11 1.30
Iron Line Intensity ~ Line Energy ~ Reduced x* —4.21t0 —3.4.... 172 +£ 036 6.79 £ 0.12 0.65
1 (photons s ! beam ™) (keV) DOF =12 —3.4to —2.6.... 1.39 + 0.61 6.51 + 0.23 0.92
4210 —3%.... 252 + 031 6.88 + 0.08 114 Tt i b o St v
—3.0t0 -2.6.... 304 1 048 673 £ 0.10 109 —0.6t0 —0.2.... 291 ¥ 065 6.58 + 0.13 0.56
~2.0t0 —2.2.... 258 +£0.34 677+ 013 1:22 —0.2t0 02.... 265 + 049 669 + 0.1 282
~22t0 —1.8.... 3674055 671 4 0.09 063 02t0 0.6.... 287+ 0.54 669+ 0.1 1.57
—1.8to —1.4.... 542 +0.71 6.69 + 0.08 1.14 06t 1.0 246 + 0.22 691 + 0.06 174
—1.4to —1.0.... 8.55 + 0.99 6.69 + 0.06 1.38 1'0 to 1'8"" 2'04 I 0'29 6.87 I 0'09 0’62
—1.0to —0.6.... 14.30 + 1.54 6.66 + 0.06 1.40 1.8 to 2'6"" 1'77 T 0'31 6.78 n 0'10 1‘56
—0.6to —0.2.... 16.55 + 1.94 6.64 + 0.07 1.14 2.6 to 3'4"" 1‘73 i 0'38 6.74 T 0’13 0‘50
—0.2to 0.2.... 20.87 + 1.63 6.74 + 0.04 1.33 3"4 o 4'2"" 1‘69 T 0'34 6'75 T 0'12 1.76
0.2to 0.6.... 19.54 + 1.38 6.66 + 0.04 0.44 i e i R 3
0.6to 1.0.... 16.03 + 1.09 6.61 + 0.04 1.57
1.0to 1.4.... 10.39 + 0.79 6.59 + 0.05 111
3.2t0 36.... 393 £ 1.01 6.62 +0.14 0.93 flux and the surface brightness are converted to those of the
3.6to 4.0.... 2.69 + 0.25 6.69 + 0.06 0.96 .
same energy band of 2-10 keV using the spectral shape deter-
C. b= —0% mined in § IIL. Since the energy range of the Einstein data was
Iron Line 1 - Line B Reduoed o7 limited below a few keV, we did not list the Einstein result.
| ron Line Intensity ~— Line Energy uced x Kawai et al. (1988) found that the extended emission had an
(photons s~ ! beam ™) (keV) DOF =11 L. ] N A . .
elliptical shape (axial ratio ~0.41) with a major axis tilted by
—3%8to —3%4.... 2.80 + 0.56 648 + 0.11 0.79 ~18° with respect to the Galactic plane, while Skinner et al.
—341t0 -3.0.... 319065 6.59 +0.12 0.95 (1987) reported that the extended emission is roughly spherical.
—2.6to —2.2.... 3.73 £ 0.68 6.55 + 0.11 0.58 .
22t —1.8.... 4511083 671 % 0.11 0.69 Our present results support Kawai et al. (1987). Although the
—1.8t0 —1.4.... 4.70 ¥ 091 6.84 + 0.11 1.16 reported peak fluxes are not much different from each other,
—1.4to —1.0.... 9.51 +1.25 6.71 + 0.08 1.89 the total flux and the size of the emission region detected in the
“(‘)’2 to ‘8'2- o i‘s‘-gg f %gg 2“3 *;’ 8(1)3 (1);; Ginga observations are significantly larger than those obtained
oSt =L PO Py ’ during the previous observations. This conflict should be due
—0.2to0 0.2.... 20.06 + 1.58 6.68 + 0.04 0.56 . . N . ..
0.2to 0.6.... 1581 + 1.29 6.67 + 0.05 0.56 to a dlﬂ‘erc?qa? in the surface 'brlghtness detection limit. The
0.6t 1.0.... 10.95 + 0.84 6.67 + 0.04 2.09 better sensitivity of the Ginga instrument allows the detection
1L0to 1.4... 6.87 £ 0.76 6.73 £+ 0.06 0.72 of a larger spatial extension and hence results in a larger total
ldto 18... 4.50 +0.83 6.78 £ 0.10 1.65 flux compared to the previous experiments.
3.0to 3.4.... 2.80 + 0.58 6.74 + 0.11 0.73 Th . It of th b . is th
3410 3.8, . 212 ¥ 042 6.68 £ 0.12 L14 e most important result of the present observation is the
detection of iron line emission at 6.7 keV from the extended
D. b= 11 region near the Galactic center. This, together with the spectral
Iron Line Intensity Line Energy  Reduced 72 fitting, leads us to qon_clude that the Qalactlc qenter emission is
I (photons s~ ! beam ') (keV) DOF = 11 due to thermal emission from an optlcally thin hot plasma of
. - about 10 keV. The iron line equivalent width of 500-1300 eV
—350to —4%6.... 246 + 051 6.71 +0.12 087 suggests that the iron abundance in this plasma is about the
—4.6to —4.2.... 2.60 + 0.40 6.79 £+ 0.09 0.45 h . 1 R d and Smith 19
—4.21t0 —3.8.... 213 042 6.68 + 0.11 047 same as the cosmic value (Raymond and Smith 1977). )
_3.8to —3.4.... 3.12 + 0.44 6.69 + 0.08 .13 The optically thin thermal spectrum from the Galactic
—3.4t0 —-3.0.... 2.96 + 0.50 6.55 + 0.10 1.04 center is quite different from those of typical X-ray binary
_3'2 o _gg g}‘; f 8"3151‘ ggg * g-gg i-gfl‘ stars. The emission from binary X-ray stars is generally opti-
T T o PYENDY : cally thick (with an absent or very weak 6.7 keV line) due to
—22to —1.8.... 3.57 £ 040 6.84 + 0.07 1.55 : . . . f
_1.8t0 —1.4.... 390 1 0.55 6.68 + 0.08 0.68 their compact emission region. If we assume that the accretion
—1.4t0 —1.0.... 6.68 + 0.94 6.62 + 0.08 1.21 rate onto the compact star (neutron star or black hole)
—1.0to —0.6.... 11.88 £ 1.33 6.53 + 0.06 0.80 becomes very low, we can expect that the emission would
—0.6t0 ~0.2.... 1248 + 1.38 6.55 £ 0.06 174 become optically thin. However, the temperature would be
—-0.2to 0.2.... 11.22 + 1.14 6.59 + 0.06 1.18 h higher than 10 keV b £ Iy d .
02t0 0.6.... 10.35 + 0.83 6.72 + 004 081 much higher than 10 keV because of the extremely deep gravi-
0.6to 1.0.... 6.48 + 0.66 6.65 + 0.06 1.51 tational potential. The potential well of a white dwarf is rea-
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Fi1G. 2—The Galactic longitude distribution of the iron line intensity. The
solid lines in each panel show the best-fit curve assuming a one-dimensional
Gaussian distribution plus constant background. The arrows show the inten-
sity peak of each profile. The intensity peak shows a systematic shift from the
Galactic center.

sonably deep, and from an accreting white dwarf we can expect
an optically thin thermal spectrum with kT ~ 10 keV. Other
candidate sources with a same sort of spectrum are RS CVn
systems and star-forming regions. The other possibility is that
the emission is due to diffuse plasma extending to as large as
several hundred pc. This plasma could be produced by shock
heating, e.g., related to a large explosion and/or multiple super-
nova explosions. In what follows we discuss the origin of the
Galactic center plasma in more detail.

a) Integrated Emission of Discrete Sources

The X-ray spectrum of white dwarf binaries (cataclysmic
variables; CVs) and RS CVn systems are known to be thermal.
We will discuss whether the spectrum, in particular the iron
line feature, is similar to that observed for the extended Galac-
tic center source. Unfortunately accurate X-ray spectra of CVs
and RS CVn systems in the energy range above 2 keV are still

Vol. 365

sparse. Recent Ginga observations of RS CVn systems and CVs
suggest that the iron equivalent width for these objects are
generally smaller than that expected from cosmic abundance
(Tsuru et al. 1989; M. Ishida 1990, private communication).
Furthermore the iron energy from CVs derived from the Ginga
observations is not always 6.7 keV but shows rather lower
values, ranging from 6.4 to 6.5 keV (M. Ishida 1990, private
communication). From these facts we conclude that the CVs
and RS CVn systems are not a major contributor to the Galac-
tic center emission. Independently of this, it would be difficult
to reconcile our results with the spatial distribution of CVs and
RS CVn systems near the Galactic center: if these objects
follow the distribution of normal stars distribution (Genzel and
Townes 1987), the surface brightness caused by these objects
should not show a tilted elliptical structure as obtained from
the Galactic center observation.

b) Star-forming Regions: Supernova or Nova Explosions

We propose that a more plausible candidate is the integrated
emission from many star-forming regions. Although we have
not enough X-ray data to estimate this contribution, we note
that typical star-forming regions, such as the Orion Nebula,
the p Oph Dark Cloud, and the # Car nebula, show spectra
similar to the Galactic center emission (Agrawal et al. 1986;
Koyama 1987; Becker et al. 1976; Koyama et al. 1990). The
tilted surface brightness of the Galactic center emission may be
explained if many star-forming regions are associated with
molecular clouds around the Galactic center because the dis-
tribution of the molecular clouds is not symmetrical but shows
the similar tilted structure (e.g., Sofue 1989). Since the typical
luminosity of one star-forming region is of order 1033 ergs s~ 1,
10* star-forming regions are required within several hundred
pc of the Galactic center.

The young supernova remnants, which have a thermal spec-
trum with an intense iron line, are similar spectra as the Galac-
tic center emission. Since the observed temperature is as high

1.0° £0.1°
(FWHM)

21° + 3° 1.8° £0.1°

Galactic plane

1E1740.7-2942

Galactic Latitude (deg.)
[«
T

]
SP1744.2-2959 H

1 0 -1

Galactic Longitude (deg.)

FiG. 3.—The iron line—emitting region in the Galactic center region super-
posed on the SPARTAN 1 point sources (Kawai et al. 1988). The distribution
is interpreted as a tilted two-dimensional Gaussian.
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TABLE 4
RESULTS OF FITTING OF CONTINUUM SCAN PROFILES IN 4.5-9.2 keV/9.2-18.5 keV BANDs

Diffuse SP 1744.2 —2959*
Emission A1742—-294 1E 1743.1—2843 and 1E 1740.7 —2942
Date (counts s™1)  (counts s~ 1) (counts s 1) (counts s™1)
1988 Mar 17 ................ 286 + 8 250 + 13 56 + 4 101 + 49
86 + 4 67+ 8 18+3 108 + 36
1989 Aprl ....cooevnvennnn 300 + 13 98 +3 15+7 122+ 6
105+ 8 25+3 0+8 53+8
1989 Apr2 .....c.cooeevnne 198 + 10 124 + 4 4 +5 132+5
60 + 7 32+3 17+ 4 61 +3
1989 Apr5 ..oovenvinenn 284 + 14 P 91 +23 29 + 22°¢
61 + 13 b 0+9 65 + 17°
1989 Apr6 .....coevnnennnn 423 + 31 194 + 19 b 33 +4¢
61 + 21 65+ 13 ..b 13 + 3¢

Note.—The upper row shows the count rate in the 4.5-9.2 keV band and the lower, in the 9.2-18.5 keV band.
* We show the sum of the point source intensities because we cannot distinguish between the flux from SP
1744.2 — 2959 and that from 1E 1740.7 —2942 due to small separation in azimuthal angle.
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® This source is out of the field of view.
¢ SP 1744.2 —2959 is out of the LAC field of view.
¢ 1E 1740.7 —2959 is out of the LAC field of view.

as about 10 keV, these supernova remnants should be very
young (e.g., less than 103 yr depending on the ambient density)
or the ambient density should be very low (Sedov 1959). The
latter case is discussed in more detail in the next subsection. A
typical young supernova remnant younger than 10° yr old,
such as the Kepler or Tycho supernova remnant, has an X-ray
flux of about 1071° to 107 !* ergs cm ™2 s~ ! with an angular
size of a few arcminutes at the Galactic center (Seward 1990).
Since this flux and size could have been resolved with previous
experiments, we conclude that typical young supernova rem-
nants are not a major contributor to the Galactic center emis-
sion.

On the other hand, supernova remnants in a tenuous
medium have high temperature for a long time and their X-ray
surface brightness would be very low. Therefore, these super-
nova remnants would escape detection of previous experi-
ments. We will discuss this case in § IVc.

A scaled-down version would be the integrated emission of a
large number of nova explosions. Since we do not have enough
data in hand on the X-ray emission from nova explosions and
since the rate of nova occurrence near the Galactic center is not
well known, we are not able to discuss this possibility quanti-
tatively. However, for the following reason we suspect that
nova explosions are not important. The spatial distribution of

novae would be similar to those of the normal stellar distribu-
tion rather than those of young objects such as the molecular
cloud and the star-forming region. The stellar distribution
determined by infrared observation (Genzel and Townes 1987)
does not show a tilted elliptical shape, which is in conflict with
the shape of the extended X-ray emission.

¢) Energetic Explosions at the Galactic Center

To study the case of multiple supernova explosions in a
tenuous ambient medium, we will assume that the density of
the hot gas is uniform over the entire region of the Galactic
center emission. Using the parameters listed in Table 5 and the
bremsstrahlung emission rate at kT = 10 keV, we find that the
emission measure is given to be (4-12) x 10°° cm 3. Assuming
axial symmetry around the major axis of the extended emis-
sion, we estimate the volume to be about 3 x 10%2 cm3. Corre-
spondingly, the electron density of the diffuse plasma is
0.03-0.06 cm™3. The total thermal energy in this volume is
E, = 3n,kTV ~ (4-8) x 10°3 ergs s ! and the total mass of
hot gas is (1-2) x 10* M. These values correspond to those of
about 10® supernova explosions. The cooling time is ~ 10° yr,
while the typical time scale of the plasma (obtained by dividing
its diameter by the sound velocity) is ~10° yr. Since the gas
temperature is very high, the plasma is not gravitationally

TABLE 5
OBSERVED PARAMETERS OF THE THIN HOT PLASMA

Parameter Ginga SPARTAN 1* Spacelab 2°
Shape ..o Elliptical Eliptical Roughly Circular
ANGUIAT SIZE ..ottt e Major axis 1°8 Major axis 1°27 Radius 1°0

Minor axis 1°0
(FWHM)

Iron line emission:
Surface brightness (ergss ™ cm™2sr™!) ...l
Total flux (ergs s ™ cm™2) .....ooviviiniiiiiiiiiiiiieans

Continuum emission of the plasma (2-10 keV):
Surface brightness (ergss " tem™2sr™1) ...
Total flux (ergs s cm™2) .......oooiiiiiiiiiiiiiiiia

(2-5) x 106
(1-3) x 1072

Minor axis 0252
(FWHM)

(Full width at zero intensity)

(22401)x 1077
(13 +0.1) x 1071°

(L5+0.1) x 107°
(34403)x 1071°

(2440.1) x 107¢
(7.0 £ 0.3) x 10710

2 Kawai et al. 1988.
b Skinner et al. 1987.

¢ Converted to 2-10 keV energy band assuming the thermal bremsstrahlung with the temperature of 10 keV.
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bound and the latter time scale should provide a reasonable
upper limit to its age. This suggests that multiple supernova
explosions (about 10% SN) or, alternatively, an energetic explo-
sion of about 105* ergs took place in the Galactic center region
during the last 10° yr. We note that von Ballmoos, Diehl, and
Schénfelder (1987) detected a 26Al y-ray line near the Galactic
center, which is produced in nuclear reactions during energetic
phenomena such as supernovae. Our result gives independent
support for the occurrence of such energetic explosions near
the Galactic center. The outflow of the hot gas would be
blocked by a strong magnetic field or a dense cloud. Therefore,
the observed asymmetry can be explained by the distribution
of dense clouds as discussed by Sofue (1989).

In conclusion, we have discovered an extended optically thin

hot plasma with an elliptical shape at the Galactic center. As
possible origins of this hot plasma, we propose the integrated
emission of star-forming regions, supernova explosions in the
tenuous ambient medium or a single large explosion at the
Galactic center. However, definite conclusions have to wait for
further missions of high spatial resolution such as ASTRO-D
and AXAF.

We are grateful to all the members of the Ginga team for
various support during this work. Thanks are also due to J.
van Paradijs and C. Day for a critical reading of the manu-
script. The data analysis has been carried out with the
FACOM 380 computer at the High Energy Physics Labor-
atory of Nagoya University.
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