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ABSTRACT

We have systematically investigated the X-ray spectra of normal galaxies, by using the Imaging Proportion-
al Counter (IPC) data in the Einstein data base. We find that on the average the X-ray emission temperature
of spirals is higher than that of ellipticals. This is consistent with our understanding that accreting binaries are
a major source of X-rays in spirals, while a hot interstellar medium (ISM) is present in ellipticals. The X-ray
spectra of Sa galaxies are intermediate between those of ellipticals and spirals, suggesting that these galaxies
contain hot gaseous emission as well as emission from accreting binaries. We confirm that the X-ray to optical
ratio is an important indicator of the presence of a hot gaseous component in early-type galaxies. In particu-
lar we find that the emission temperature becomes higher with a decreasing X-ray to optical luminosity ratio
in E and SO galaxies. This result is what we would expect if the emission of X-ray faint early-type galaxies
consists of a large evolved stellar component, while the gaseous emission becomes dominant in X-ray brighter
galaxies. The group with the lowest Ly/Ly does not follow this trend. In these galaxies we find a very soft
(kT ~ 0.2 keV) X-ray component, amounting to about half the total X-ray emission, in addition to the hard
X-ray component. Possible explanations for this component include the integrated emission of M stars and a
relatively cool ISM. A very soft component is also found in several spiral galaxies. This result may indicate

that some spirals contain hot gaseous components similar to those seen in NGC 253 and M82.

Subject headings: galaxies: elliptical and lenticular, cD — galaxies: spiral —
radiation mechanisms: miscellaneous — X-rays: galaxies

1. INTRODUCTION

Based on the results from the Einstein Observatory (Giacconi
et al. 1979), it is now known that normal galaxies of all mor-
phological types are sources of X-ray emission with lumi-
nosities in the range of 1038-10*2 ergs s ! (see Fabbiano 1989
for a review). The imaging data and the results of the spectral
fits of a relatively small number of galaxies have suggested that
different sources are responsible for the X-ray emission in gal-
axies of different morphological types. While in spiral galaxies
accreting binaries are a major source of X-ray emission (see
Fabian 1981; Helfand 1984; Fabbiano & Trinchieri 1985,
1987), in bright elliptical galaxies hot gaseous emission can be
the dominant source of X-rays (Forman, Jones, & Tucker
1985; Trinchieri & Fabbiano 1985; Canizares, Fabbiano, &
Trinchieri 1987). Supernova remnants or masssive young stars
may dominate in blue starburst galaxies, together with emis-
sion from outflowing gaseous plumes in some cases (Fabbiano,
Feigelson, & Zamorani 1982; Stewart et al. 1982; Watson,
Stanger, & Griffiths 1984; Fabbiano & Trinchieri 1984; Fab-
biano 1988b; Fabbiano, Heckman, & Keel 1990).

The purpose of this paper is to study the average spectral
properties of reasonably large samples of galaxies of different
types and to use these results to constrain the X-ray emission
mechanisms. To this end we use the sample of 127 galaxies
detected with the Einstein IPC (see Fabbiano, Kim, & Trin-
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chieri 1992), whose spectral parameters and/or X-ray colors
have been tabulated by Kim, Fabbiano, & Trinchieri (1992,
hereafter Paper I). Most of these galaxies were not detected
with enough statistics to yield meaningful spectral parameters,
when analyzed singly. To overcome this problem, we have
studied the distribution of X-ray colors, and we have derived
and compared combined spectra for given classes of galaxies.
The analysis methods are described and justified in § 2. The
sample selection is discussed in § 3.

First, we investigate the differences in the average X-ray
spectra of galaxies of different morphological types (§ 4). In
particular, we examine the average spectral properties of spiral
and elliptical galaxies, and we take a closer look at SO and Sa
galaxies, intermediate in disk-to-bulge ratio, to determine the
relative importance of stellar sources and hot gaseous ISM in
their X-ray emission.

Second, we address the question whether E and SO galaxies
with relatively faint X-ray emission retain a hot gaseous ISM
as do X-ray luminous elliptical galaxies (§ 5). If the spectra of
less luminous ellipticals differ from those of the bright galaxies,
this may imply a global difference between the two subsamples
in the process of formation and evolution. If early-type galaxies
with hot gaseous components can be properly selected by their
X-ray spectra, they can then be used to further investigate the
implications of hot gas for the study of cooling flows and dark
matter. The presence or absence of a hot ISM in different kinds
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Fic. 1—X-ray color-color plot of model predictions. (@) Raymond thermal emission models with solar abundance, for kT ranging from 0.5 to 5. keV and Ny
ranging from 10'°-10?2 cm~2. (b) The lower line is for a Raymond thermal emission model with kT =1 keV and solar abundances. The upper line is for

bremsstrahlung emission with kT = 5 keV.

of early-type galaxies has been debated, but could not be
solved with the “traditional” spectral analysis techniques
because of limited signal-to-noise ratio (e.g., Fabbiano 1989;
Fabbiano, Gioia, & Trinchieri 1989; Canizares et al. 1987).

Third, we examine galaxies whose spectral parameters differ
significantly from the average spectral parameters of their
given classes. In particular, we discuss the presence of very soft
emission components in both elliptical and spiral galaxies. We
also investigate possible spectral signatures of inclination in
spiral galaxies (§§ 5 and 6).

2. ANALYSIS METHODS

In Paper I we gave the results of two-parameter spectral fits
to the IPC data for 43 galaxies, and we tabulated X-ray colors
for 127 galaxies. Here we will use these X-ray colors to investi-
gate average spectral properties. We will also use composite
X-ray spectra, obtained by summing the spectral count dis-
tributions of many galaxies. IPC counts were transposed from
the instrumental pulse height (PH) bins to the gain-corrected
pulse invariant (PI) bins as part of the Rev-1B IPC reprocess-
ing (Harnden et al. 1984). This procedure makes a correction
for the effect of variations of the instrumental gain and puts the
energy boundaries of the bins on a common scale. PI bins were
used to derive colors and composite spectra.

2.1. X-Ray Colors

The definition of X-ray colors was introduced in Paper I
These colors were derived by dividing the gain-corrected IPC

1 After completing this work, we discovered a long-hidden bug in the
Rev-1B IPC processing software, which may result in an erroneous estimate of
the gain used for assigning counts to PI bins. We have therefore checked all the
PI spectral distributions of all the 127 galaxies by comparing them against
those derived by the off-line spectral software, which uses PH binned data and
corrects for the instrumental gain. The off-line software is not affected by the
bug. In all cases the distributions were compatible within the errors; therefore
our work is not affected by the processing bug. Moreover, any gain variation
would be within the margin discussed in § 2.3.

spectral band into three parts and calculating the following
ratios:

C21 = counts(0.8-1.4 keV)/counts(0.2-0.8 keV),
C32 = counts(1.4-3.5 keV)/counts(0.8-1.4 keV) .

In Figure 1a, we plot the X-ray colors predicted by Raymond
thermal models with solar abundances for kT ranging from 0.5
to 5 keV and Ny = 10'°-10%2 cm~2. This figure shows that
there is little difference in colors for kT > 3 keV. This is due to
the poor sensitivity of the mirror/IPC response at the high
energies. Figure 1b shows the X-ray colors for a 1 keV
Raymond model (and varying Ny), and for a 5 keV brems-
strahlung model (exponential plus Gaunt; this model has been
used for accreting binary sources). The latter follows the same
track as the 5 keV Raymond model, but tends to give higher
values of Ny for the same colors. This difference is due to the
different shape of the continuum in the two models at the low
energies, and to a different treatment of the Gaunt factor. The
Gaunt factor is explicitly calculated in the Raymond model,
while an average value is used for the simple exponential
model. We will use Figure 1b as a reference against which to
compare our data. As can be seen from Figure 1, the first X-ray
color, C21, is sensitive primarily to the hydrogen column
density (Ny), while the second color, C32, is sensitive to the
emission temperature (kT), except for very large column den-
sities. For a large absorbing column density (N ~ 10*2 cm~?),
a 1 keV spectrum looks hard due to strong absorption even
above 0.8 keV. As we will show later, X-ray colors provide
reasonable estimates of the average spectral parameters for
subsamples of galaxies, even if the uncertainties on the colors
of a single faint galaxy are large.

2.2. Composite Spectra

As a second estimate of average properties, we have com-
bined the counts in PI channels for given subsamples of gal-
axies and generated a representative spectrum for the sub-
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sample. We have then used these distributions of PI channels
for direct comparisons, to calculate “ composite ” colors, and to
perform model fits.

Generating a composite spectrum simply by adding the PI
counts from different observations might, however, bias our
results in the sense of giving naturally more weight to the data
with a higher signal-to-noise ratio. In order to make sure that a
few very bright objects do not dominate the combined spectra,
we have in all cases redone our analysis by excluding strong
sources and confirmed that the results do not change signifi-
cantly (see below for each case).

2.3. Effect of IPC Gain Uncertainty

Although counts are assigned to PI bins taking into account
the average IPC gain at a given time, there is still some residual
uncertainty, especially for off-axis sources. The “true” value of
the IPC gain could differ by as much as +1 from the nominal
value. This corresponds to an uncertainty of +% PH channel
on the channel corresponding to the 1.5 keV Al calibration
line.

To estimate the effect of this uncertainty on the combined
average colors and on the PI-binned composite spectra, we
have performed the following experiment. We have used two
representative input spectra: a soft spectrum with kT = 1 keV,
and a hard spectrum with kT =5 keV, both with Ny =
3 x 10%° cm 2. The 1 keV spectrum is typical of bright early-
type galaxies (Paper I and references therein) and, as we will
show later, is also a good representation of the average spec-
trum of the early-type sample discussed here, which is domi-
nated by X-ray bright galaxies. The 5 keV spectrum is a
reasonable fit to the data of bright spirals (Paper I), and a hard
spectrum is also representative of the average spectral proper-
ties of our spiral sample (see below). Given the spectral
response of the mirror/IPC, it is not meaningful to try to dis-
criminate between different kT values above ~ 3 keV (see Fig.
1a). The adopted value of Ny is in the range of the results of
Paper 1. From each of these input spectra we have then gener-
ated two sets of “observed” spectra (A and B as explained
below), with randomly assigned net counts in the range of
50-150 counts for each simulated spectrum. To reflect the
spread of the IPC gain present in our observations, we have
used three “nominal” gain values (13, 15.6, and 18) for each
set, and we have generated 36, 76, and 47 “observed ” spectra
(reflecting the number of observations of galaxies in each gain
bin: 159 observations for 127 galaxies), by convolving the data
with the IPC response for a given gain value. For set A we have
generated “observed ” spectra using these nominal gain values.
For set B, we have used randomly generated gain values within
+1 of the nominal gain, to simulate the uncertainty in the gain.

We have then computed colors for the composite 1 and 5
keV A spectra and for the randomly generated (as explained
above) sets of composite B spectra. We find very good agree-
ment. The spread in colors for a set of 100 composite B spectra
is shown in Figure 2a, which shows that the X-ray colors are
not affected by the uncertain in the IPC gain. The composite
colors for the A spectra are within the distribution of the B
spectra colors. We then performed two-parameter fits on the
two composite spectra obtained by adding the source PI
counts of the two sets of A-1 keV and A-5 keV spectra, and on
randomly generated (as explained above) composite B-1 keV
and B-5 keV spectra. The best-fit kT and Ny are shown in
Figure 2b and 2c¢ for the A spectra and for sets of 100 compos-
ite B spectra. It is clear from the figure that the uncertainty on
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the gain does not affect significantly our results. In the case of a
hard spectrum it introduces an uncertainty on kT of +1 keV;
in the case of a soft spectrum, it introduces a very small uncer-
tainty in the determination of Ny. ‘

The results of these simulations show that differences in the
average colors of subsamples of galaxies can be used as a diag-
nostic of spectral differences. Moreover, spectral parameters
obtained from the spectral fits of composite spectra are indica-
tive of the intrinsic average spectral parameters for the sample.
If the galaxies in one of our samples have intrinsically soft
spectra, the analysis of the composite spectrum will give low
values of kT, representative of the true emitted spectrum. If the
analysis of a composite spectrum gives high values of kT, the
intrinsic emitted spectra must be hard, although the value of
the average intrinsic kT could be somewhat uncertain.

Moreover, the range of gains (and uncertainties) is similar
for the different subsamples used in this paper, which were all
chosen on the basis of astronomical properties of which the
IPC could not have any “knowledge.” Therefore spectral dif-
ferences are not likely to arise from instrumental problems.

3. SAMPLE SELECTION

The galaxies used for this paper are a subsample of the 127
galaxies for which colors are listed in Paper 1. Galaxies which
have ambiguous sources (i.e., the X-ray emission could be due
to interlopers) or were partly hidden by the detector support-
ing structure have been excluded. We also omit observations
for which the X-ray color is unreasonable (negative counts in
one band or very large error, >60%). These sources have small
net counts so that small background fluctuations (caused by
the presence of nearby sources, extended emission, etc.) might
cause these odd or ill-determined colors (Paper I). The LMC,
SMC, M31, M33, and M101, which have been analyzed in
detail elsewhere (see § 4.1 and Paper I and references therein),
were not included in this study. We also excluded M81, whose
X-ray emission is dominated by a nuclear source (Fabbiano
1988a). This resulted in 37 E and SO galaxies and 48 spirals.

This sample is by no means complete. However, it should be
representative of the spectral properties of different types of
galaxies, because the properties we seek to explore do not enter
in our selection criteria. Our selection might have excluded a
few galaxies with extreme spectra, that is, galaxies detected
only in the soft or in the hard channels, because we pose
minimum significance requirements on both X-ray colors. We
have identified eight such galaxies, seven of which are spirals.
All of these galaxies are detected with relatively few counts, so
that statistically they would have a small weight. The fact that
only one elliptical is in this category means that our conclu-
sions on early-type galaxies are not affected by this bias. As for
the spirals, the significant colors have typically average values
for these galaxies, except in the case of NGC 4826, which has a
very low value of C21 (C21 = 0.39 + 0.14), indicative of very
soft emission. This galaxy should probably be added to those
discussed in § 6.1.

4. SPECTRAL PROPERTIES AND MORPHOLOGICAL TYPE

4.1. Elliptical and Spiral Galaxies

Published papers on X-ray observations of bright galaxies
have suggested different emission mechanisms for spiral and
elliptical galaxies (see review in Fabbiano 1989). The X-ray
emission in spiral galaxies appears to be dominated by a col-
lection of discrete evolved stellar sources, mainly accreting
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gain errors of + 1 on each component spectrum.

binaries, while in bright elliptical galaxies a hot gaseous com-
ponent is responsible for the X-ray emission. The two-
parameter spectral fits to thermal emission models of galaxies
detected with >300 IPC net counts on the average support
these earlier conclusions. Paper I shows that among the ellip-
tical galaxies, NGC 499, 4406, 4472, 4552, 4636, 4649, 5044,
5846, and 7619 have kT of order of ~ 1 keV. For most spirals,
the contours are usually open toward higher temperatures.
This is because the mirror/IPC sensitivity drops significantly
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beyond ~4 keV. The spectral parameters of NGC 1097 and
NGC 4579 are relatively well confined with kT of 2-3 keV.
Higher emission temperatures are also reported for the nearby,
well-studied spiral galaxies, M31 (Fabbiano, Trinchieri, & Van
Speybroeck 1987; Trinchieri & Fabbiano 1991), M33
(Trinchieri, Fabbiano, & Perés 1988), and M101 (Trinchieri,
Fabbiano, & Romaine 1990).

Using our larger sample, we can confirm and generalize
these results. In Figure 3 X-ray colors are plotted for 37 ellip-
tical and SO galaxies and 48 spirals. Are the two distributions
of Figure 3 different, or are they likely to originate from the
same parent population? In Figure 4 we plot the means of the
two distributions with their statistical errors (circles). We also
plot (squares) the means weighted by the inverse square of the
errors. This gives more weight to galaxies detected with more
counts. In both cases, the means are well separated within the
errors and suggest that spiral galaxies have on the average
higher emission temperatures than ellipticals. The consistency
of the two methods also indicates that the result is not due to a
small number of very bright objects.

In Figure 5 we show the cumulative probability distribu-
tions (Kolmogorov-Smirnov test) of the X-ray colors for the
two samples. It is clear that the distributions of C32
(~temperature) differ, while the distributions of C21 (~Ny)
are similar. Student’s t-test gives probabilities of 0.59 and
4.7 x 10™* that the two distributions are from the same parent
population for C21 and C32, respectively.

The above tests, however, consider only the distribution of
X-ray colors, disregarding the statistical error associated with
each color. Because the errors of individual estimates can be
considerable, we have performed a simulation to see how
strongly these uncertainties can affect our results. We have
distributed 100 points for each galaxy according to a Gaussian
function with a given mean color and standard deviation com-
parable to the measured error bar. We have then selected ran-
domly one out of these 100 points for each galaxy and
estimated a mean for each simulation. Figure 6 shows the dis-
tribution of the estimated means for 30 simulations. The X-ray
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colors of the two groups are well separated with a scatter
comparable to the error of the mean in Figure 4. As discussed
in § 2.3 these differences in colors are a convincing indication
of differences in the average emission spectra.

Figure 3 suggests that at least in part the harder spectrum of
spirals might be due to a group of galaxies with a very high
value of C32. These galaxies are all Sb and later types (see
below); however, within these morphological types a large
spread of C32 is observed. This may suggest different emission
components in spirals, which may dominate the emission of
different galaxies. However, the uncertainties on each color
determination are such that we cannot pursue this point
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FIG. 4—Means and errors for the colors of ellipticals (open) and spirals
(filled) shown in Fig. 3. The squares denote X-ray colors weighted by the
inverse square error of an individual estimate, while the circles are X-ray colors
with an equal weight. The two lines are the same as in Fig. 1b.

further in this paper. Future X-ray observations should be
aimed at these galaxies to explore this possibility.

In Figure 7 we plot the combined observed IPC spectra of
elliptical and spiral galaxies (normalized at 2.4 keV). This
figure shows clearly that the spectrum of spirals is significantly
harder than that of ellipticals, in agreement with the distribu-
tion of colors. Figure 8 shows the confidence contours from the
model fitting of the combined spectra of ellipticals and spirals.
Ellipticals are well fitted with kT = 1.4-1.7 keV at the 90%
confidence level. For spirals, the acceptable temperature is
higher than 3 keV. This confirms that, on the average, spiral
galaxies have higher emission temperature than elliptical gal-
axies. Notice that for the spirals we show two sets of contours:
one from the fit to a Raymond model, and one from the fit to
an exponential plus Gaunt (bremsstrahlung) model. Both give
similar values for kT, but the Raymond model gives slightly
lower values of Ny;. As discussed in § 2.1, this is due to differ-
ences in the models. Given this “feature,” and the similarity in
the C21 colors, we conclude that on the average spirals do not
appear to be more absorbed than ellipticals. This is surprising,
since it is well known that spirals have larger amounts of cold
interstellar matter than ellipticals. However, in Paper I we
have shown that the spectral fits of some individual early-type
galaxies reveal large Ny values, in excess of the line-of-sight
hydrogen columns.

4.2. Further Morphological Subdivisions

As discussed above, there are definite spectral differences
between elliptical and spiral galaxies. The next question that
one may ask is: are there any differences in the spectral proper-
ties if we look at a finer subdivision of morphological types?
To address this point we have first plotted the X-ray colors as a
function of the morphological type (Fig. 9). We have used the
parameter T from RC2 (de Vaucouleurs, de Vaucouleurs, &
Corwin 1976, hereafter RC2) as an index of morphological
type. No correlation between C21 and morphological type is
seen, suggesting that on the average the X-ray spectra of late-
type galaxies are not more absorbed at the low-energies than
those of early-type galaxies. C32 instead is correlated with
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morphological type in the sense that later-type galaxies have different morphological subgroups: E (T = —5), E/SO

harder X-ray spectra (larger kT). Confidence levels of indepen-
dence are 0.7 and 0.0004 for the C21-T and C32-T relations,
respectively, using the generalized Kendall’s method (we used
the software provided by E. D. Feigelson and T. Isobe). The
best-fit regression lines of the C32-T relation are shown in
Figure 9 and are given below:

log (C32) = 0.015 x T + 0.009
T = 12.8 x log (C32) + 0.39

To investigate further and to quantify these differences, we
have then studied the average spectral properties of galaxies in
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F1G. 6.—Means of X-ray colors for ellipticals ( filled circle) and spirals (open
circle) estimated by simulations (see text). The two lines are the same as in Fig.
1b.

(T=-3),S0(T=-2),8(T=0,1,2), Sb (T =3,4), and
Sc + Sd (T > 4). Figure 10 shows the combined observed
spectra of different morphological subgroups. All these spectra
are normalized at 2.4 keV. The spectra of E and E/SO are
similar; the SO spectrum is slightly harder. For spiral galaxies,
the spectra of later types (Sb and Scd) are similar, while the Sa
spectrum is significantly softer, closer to the SO spectrum. The
average colors of these subgroups are plotted in a color-color
plot in Figure 11. Sb and Sc are near the 5 keV line and the
others are close together, slightly above the 1 keV line. We
have fitted the combined spectra to the standard emission
models, and we show the resulting confidence contours in
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F1G. 7—Combined observed distributions of spectral counts of ellipticals
(open circles) and spirals ( filled circles), normalized at 2.4 keV. The y-axis is in
arbitrary units of log counts.
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FIG. 8—68%, 90%, and 99% confidence x> contours with kT and Ny grids
for elliptical and spiral galaxies. For spirals we show the results of the fit
to a Raymond thermal spectrum and to a bremssthralung spectrum
(exponential + Gaunt). These give the same results for kT, but slightly differ-
ent Ny (see text).

Figure 12. We summarize in Table 1 the range of the param-
eters at the 90% confidence level. From Table 1 and Figure 12
it is interesting to notice that the allowed kT range of Sa (and
to a lesser extent SO) galaxies stretches to include values
allowed by the fits to both E and later-type S galaxies. We ask
the question: is this an indication of intermediate spectral
properties of these intermediate morphological types, or just a
quirk of statistics?

To answer the above question, we have performed a simula-
tion with two input spectra: the combined spectrum of ellip-
tical galaxies (T = —5), and that of Sc + Sd (T > 4). We have
used these spectra (with estimated errors) as seeds for a ran-
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TABLE 1
X-RAY SPECTRAL PROPERTIES OF DIFFERENT MORPHOLOGICAL TYPES*

kT
(keV)

Raymond

12(1.2-1.7)
12(1.2-1.7)
1.6(1.5-2.2)
1.6(1.4-1.7)

NH
Type Number® (cm™?) ()

17(09-2.6)x 102° 7.3
17(12-44) x 102 113
17(1L1-21) x 102° 48
17(1.5-1.8) x 102 112

E .o 18

SO .o 12
E+S0............ 37

Bremsstrahlung

1.6(1.2-33)
43(28-)

71(32-10) x 102° 107
3.5(1.6-4.4) x 102° 7.2
3.5(2.5-4.6)x 102° 6.1
35(3.1-39) x 102 104

Sa .oiiiiiiiin, 9
] ST 15
Sc+Sd........... 22 4.6 (3.1

Sa+Sb+Sc .... 46 3.5(29-4.7)

® Given are the best-fit values of kT and Ny and the 90% ranges (in

parentheses).
> Number of galaxies in each composite spectrum.

domization program, creating 100 randomly generated spectra
from each. Because the errors on the simulated spectrum will
be of a similar order of magnitude as that of the input spec-
trum, we did not simulate the errors and used those of the
input spectrum. We then performed a spectral analysis on each
of these spectra and generated confidence contours. We find
that we obtain confidence contours comparable to those of Sa
galaxies only 3% of the time from. the hard (late-type S) spec-
trum and never from the soft (E) spectrum. This shows that it is
very unlikely that Sa-type confidence contours would arise
from a “pure” E spectrum, and fairly unlikely that they would
arise from a hard late-type spectrum. It suggests that Sa gal-
axies have more than one spectral emission component. To
investigate this further we have obtained spectra by mixing the
two original input spectra in varying proportions. Confidence
contours similar to those of the Sa fits are obtained by mixing
E and Scd spectra in approximately equal amounts (ratios of 4
to 6 and 6 to 4 are not excluded).

We conclude that the spectra of Sa galaxies are intermediate
between those of elliptical and spirals. This result suggests that
these galaxies contain hot gaseous emission as well as emission
from accreting stellar binaries.

About 40% of the composite Sa spectrum is due to NGC
4579, which is fitted with relatively high kT values (Paper I).
This galaxy has a LINER nucleus (Willner et al. 1985). To
make sure that our results are not biased by the presence of
this source, we repeated the analysis without NGC 4579, and
found almost identical results as in Figure 12. We also con-
structed mean colors, as in the previous section, equally weigh-
ting each individual galaxy. These colors are consistent with
the composite colors of Figure 11, within the errors.

5. SPECTRAL PROPERTIES AND L,/L, OF
ELLIPTICAL GALAXIES

5.1. Hot Interstellar Medium and Binary X-Ray Sources

The origin of the X-ray emission of X-ray faint elliptical
galaxies has been a matter of debate. Forman et al. (1985; see
also Jones 1987) conclude that all of the emission of early-type
galaxies with absolute blue magnitude Mz < —19 is due to hot
gaseous halos. Trinchieri & Fabbiano (1985), Canizares et al.
(1987), and Fabbiano et al. (1989) argue instead that the data
require the presence of a gaseous component only in the more
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T. The two least-squares-fit lines (log C32 vs. T and T vs. log C32) are drawn.

X-ray-luminous galaxies, while the emission of galaxies less
luminous than 10%°-3—4! ergs s~ ! (these galaxies can be opti-
cally very bright, with Mz ~ —22) can be easily explained with
a population of accreting low-mass binary sources. Since in
spiral galaxies, where the X-ray emission is likely to be domi-
nated by stellar sources, the X-ray and optical emission are
linearly correlated, Fabbiano et al (1989) suggest the use of the
X-ray to optical luminosity ratio as a measure of excess X-ray
emission, which is presumably due to a gaseous halo.

To explore this issue, we have divided elliptical (E, E/SO, and
S0) galaxies into four subgroups according to their Ly/Lg ratio
(Lyin ergs s~ * from Fabbiano et al. 1992 and Ly in L, derived
using the magnitudes and distances tabulated in Fabbiano et
al. 1992 following the definition given in Canizares et al. 1987),
putting roughly the same number of galaxies in each group.
Table 2 lists Ly/Ly in the above units for groups 1 to 4 and the

dp T )
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galaxies belonging to each group. The combined spectra are
shown in Figure 13 and are compared to the combined spectra
of all spiral and elliptical galaxies discussed in § 4.1. We have
excluded NGC 507 and NGC 3607 (see below).

Except for the lowest Ly/Lg group (see § 5.2), as L,/Lg
decreases, the spectra become harder, resembling those of
spirals. This trend is also suggested by the color-color plot
(Fig. 14). The C32 indices for groups 2 and 4 differ at the 2.7 ¢
level. The 90% confidence regions for groups 2 and 4 obtained
from model fitting of the composite spectra are also well dis-
joint (Fig. 15). The spectral contours suggest a probability of
less than 1073 that the emission temperatures are the same for
groups 2 and 4. Moreover, our simulation of § 4.2 shows that it
is very unlikely that a group 4 soft spectrum could give rise to
confidence contours shaped like those of group 2. This result
needs to be confirmed with higher statistical significance such
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FiG. 10—Combined spectra of different morphological types of galaxies (normalized at 2.4 keV). Representative error bars are shown. The y-axis is in units of

counts.
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F1G. 11.—Color-color plot for the combined spectra shown in Fig. 10. The
two lines are the same as in Fig. 1b.

as may be achieved with long ROSAT observations of these
galaxies. However, as it stands, it is in the sense we would
expect if a low-mass binary component is more important in
X-ray—faint ellipticals and gaseous emission is dominant in
X-ray-luminous ellipticals.

Because SO galaxies are intermediate in spectral properties
between spirals and ellipticals and in general less bright than
ellipticals, they might affect the above results. Therefore we
repeated the above analysis excluding SO galaxies. We found
the same trend that emission temperature decreases as Ly/Lg
increases. We also excluded the highest signal-to-noise source
in each group to check if the very bright object dominates the
results. We again obtained the same trend.

That the results are not dominated by a few strange objects
in each subgroup is also shown by Figure 16, where the objects
in each subgroup are plotted singly in color-color plots. This
figure shows that the distributions of individual points are
reasonably delimited, with few exceptions. These include
NGC 507 and NGC 4203 in the highest Ly/Lg group (group 4),
and NGC 3607 and NGC 4552 in the group with the harder
spectra (group 2). Both NGC 507 and NGC 4203 have higher
kT than the other galaxies in group 4. NGC 507 is very X-ray
luminous, more in the range of groups and clusters than in that
of isolated galaxies, and its higher X-ray temperature is similar
to those observed in groups, pointing to a deeper potential well
(see Paper I; Kim, Fabbiano, & Eskridge 1992). As mentioned
above, this galaxy was excluded from our analysis. Retaining it
would result in a considerable hardening of the Group 4 spec-
trum, because NGC 507 is detected at a very high signal-to-
noise ratio.

NGC 4203 does not have an extremely high Ly/Ljg, so the
discrepancy is not easily understandable. NGC 4203 does have
H 1 gas in a shell structure (van Driel et al. 1988). Interestingly,
the spatial distribution of X-ray emission and H 1 gas appear
related when the X-ray image in Fabbiano et al. (1992) and
Figure 5 in van Driel et al. (1988) are compared. The X-ray
emission is sharply bounded toward P.A. = — 135° to 0° where

TABLE 2
E AND SO GALAXIES RANKED BY Ly/Ly
Galaxy (NGC) log (Ly/Lg)
Group 1
4526 . i 29.32
4365.. ... 29.61
4697 ..o 29.68
4382 ... 29.71
5838 .. 29.72
1316 e 29.92
Group 2
36077 ..o 30.11
4168 ..o 30.12
4552 i 30.19
| (O T3 30.19
4374 ..o 30.20
1052 . i, 30.22
1332 30.23
3923 i 30.24
Group 3
S077 .ol 30.26
3078 ..o 30.29
1395 i, 30.41
1407 ..o 30.41
5353 i 30.47
4649 . ...oiiiiiiin 30.49
7626 ..o 30.51
IC4296 ........c.ceeeene 30.57
720 30.58
4291 Lo 30.70
AUT2. i 30.73
Group 4
1404 ...l 30.83
6876 ...l 30.84
T619 ..ol 30.93
4203 ... 31.03
5846 .. ..o, 31.05
4636 .....ccciiiiininininn. 31.13
2563 ... 31.13
4406 ......c..ciiniinann. 31.19
4756 .c.coeiiiiiiiiin 31.29
499 . 31.42
5072 ..o 31.56
5044 ..o 3213

? Excluded from composite spectrum
(see text).

the H 1 shell is present, while the elongation of X-ray surface
brightness distribution is toward P.A. = 90°-180° where the
least amount of H 1 gas is present. However, it is not obvious,
with the noisy IPC spectral data, that the region at P.A. = 90°-
180° shows less absorption than the rest of the galaxy.

NGC 3607 and NGC 4552 have colors too soft for their
X-ray to optical luminosity ratios. However, the emission of
NGC 3607 may be contaminated by the X-ray emission of
nearby strong sources (see Fabbiano et al. 1992). NGC 3607
has the lowest Ly/Lg in group 2 and perhaps should be
grouped with group 1. For these reasons we have excluded this
galaxy when deriving the composite group 2 spectrum and
colors. The X-ray image of NGC 4552 is consistent with a
pointlike distribution of photons (Fabbiano et al. 1992). It is
therefore possible that the emission contains a nuclear com-
ponent. However, high-resolution X-ray observations will be
needed to address this point.
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5.2. The Very Soft Component of X-Ray Faint Galaxies

The group with the lowest Ly/Lg (group 1) has a rising
spectrum at the low energies. The X-ray colors and the spectral
fit to the composite spectrum give a range of Ny lower than
typical Galactic values. These values are different from those,
for example, of group 4 at a high confidence level: the C21
colors of groups 1 and 4 differ at greater than 5 o level, and the
99% confidence contours from the spectral fits of the compos-
ite spectra barely touch (P ~ 10™%). The Ny values of group 1
are unphysical because the X-ray emission will have to experi-
ence at least line-of-sight absorption, and suggest that a simple
cutoff spectrum is not a good model for the distribution of the
IPC counts. They suggest that a very soft spectral component
may be present in addition to a harder (e.g., group 2) spectrum
(see Wilkes & Elvis 1987 for a detailed discussion of a similar
effect in QSOs). This component will have the effect of mim-
icking a smaller low-energy cutoff. Since group 1 comprises the
galaxies with the lowest signal-to-noise ratio, we worried that
this result may be caused by some flaw in our data analysis. To
check this point, we have taken galaxies from the other groups,
and we have artificially made spectra with similar signal-to-
noise ratios to that of group 1 by dividing the images in four
azimuthal sectors centered on the source centroids and then
combining the spectra of each quadrant. The signal-to-noise
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Fia. 15—68%, 90%, and 99% confidence contours for early-type galaxies grouped by Ly/Lg
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F1G. 16—X-ray colors of individual galaxy in four subgroups divided according to Ly/Lg
ratio in group 1 is 22 and those of each quadrant range 16-20, [(rrrrrrTrr T T T T
22-32, and 25-30 in groups 2, 3, and 4, respectively. In group 4, 04 |
background counts were estimated by using quadrants in L b
order to lower the signal-to-noise ratio, while in groups 2 and L 4
3, we used an annulus surrounding the source (see Paper I). - .
The X-ray colors of four subsections in groups 2, 3, and 4 are 0.2 - -
shown in Figure 17. This figure demonstrates how the colors B 7
for each subgroup are spread around the composite colors of o i N 1
Figure 14, and cannot reproduce the composite colors of group O oL N &J |
1. It is unlikely, therefore, that the very soft excess is due to a a0 L o o i
low signal-to-noise ratio. e L o° 4
To have an estimate of the luminosities of these very soft L ﬂ
components, we have assumed that the composite spectrum of -0.2 - o1 —
group 1 is due to a hard group 2-like spectrum, which we have B £ 2 :]
modeled with a 5 keV thermal emission, plus a second thermal B 3
component. We have allowed the temperature of this second 04 B < ]
component and the intensities of the two components to vary l
as free parameters, and fixed log (Ny) = 20.5. The results of a cle e b b e b a
2 fit are given in Figure 18. The data are best fitted with a very —04 -02 0 0.2 0.4
soft emission of 0.2 keV with 32 = 10.2 for 6 degrees of freedom log C21

(kT = 0.16-0.22 at the 90% confidence level). The luminosity
of this soft excess emission is approximately half (~ 10*° ergs
s~ 1) of the total emission in the 0.2-3.5 keV range.

Are our results consistent with this component always being
there, or is it there only in group 1? If this soft X-ray lumi-

FiG. 17—Results of a simulation done to demonstrate that the very soft
colors of group 1 (the lowest Ly/Lggroup) are not due to the poorer signal-to-
noise ratio of these detections (see text). We plot X-ray colors of subsections of
each group in Fig. 14. Each group is divided spatially into four subsections and
colors are estimated in each subsection.
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FiG. 18.—Two-component fit to the spectrum of the lowest Ly/Lg group.
The solid line represents the two-component spectrum, and the dot-dashed
and the dotted lines represent the very soft and the 5 keV components, respec-
tively.

nosity is proportional to the blue luminosity, it would be
approximately one-sixth of the total X-ray luminosity for
group 2, one-eighteenth for group 3, and one seventy-sixth for
group 4. It would not be possible to detect this soft component
in groups 3 and 4. Even in group 2, with the IPC data we
would not detect the presence of the soft component. This is
shown in Figure 19, where the group 2 spectrum is compared
with a mixed one (§ of 5 keV spectrum + 1 of 0.2 keV
spectrum). With the available data, it remains possible that this
soft component is present in all early-type galaxies.

Log Count

Energy (keV)

F1G. 19—Two-component fit to the spectrum of group 2. The group 2
spectrum is compared with a mixed spectrum (Z of 5 keV spectrum + % of 0.2
keV spectrum).

Vol. 393

What produces this very soft X-ray emission? One possi-
bility is gaseous emission with lower temperature. The Ly ~
10%% ergs s~ ! that we estimate for this component is well in
excess of that predicted by wind models (e.g., D’Ercole et al.
1989; David, Forman, & Jones 1991; Ciotti et al. 1991). There-
fore if this emission is of gaseous origin, it may suggest that
these galaxies do not heat their ISM to X-ray temperatures.
Perhaps they have a very low supernova rate. If instead, as
discussed above, the very soft component is present in all early-
type galaxies, but visible only in the X-ray-faintest ones, we
may be detecting emission from the stellar population. Pos-
sibilities include the integiated contribution of M stars (see,
e.g., the discussion in Feigelson et al. 1981), or ultrasoft
binaries, similar to those detected with ROSAT in the LMC
(Hasinger 1991). In the case of NGC 1316 (Fornax A) it is also
possible that we are detecting a soft nuclear emission com-
ponent. It is known that some AGNs have very soft com-
ponents (e.g., Wilkes & Elvis 1987; Fabbiano 1988a; Kruper,
Urry, & Canizares 1990; Paper I).

6. SPIRAL GALAXIES

6.1. Very Soft Component

In general, the average X-ray spectrum of spiral galaxies is
hard (see § 4.1). However, there are galaxies in our sample
which seem to have additional very soft X-ray components.
Figure 20 shows that the X-ray colors of some galaxies imply
absorption columns below the line of sight Ny, which is usually
>10%° cm ™2 (see Fabbiano et al. 1992). As discussed in § 5.2,
these Ny values are unphysical because the X-ray emission will
have to experience line-of-sight absorption and most likely
also absorption within the parent galaxy. This effect suggests
that a very soft component may be present. To explore this
point, we have chosen the 10 galaxies with C21 < 0.6 of Paper
L, which fit our selection criteria (see § 3). These are indicated
by filled dots and a triangle (for NGC 253) in Figure 20 and are

T T T T

0.5 -

. L .
]

3] oL _
1)
°

I o}
-0.5 - =
1 | L L L L 1 L L L L | L
-0.5 0 0.5

log C21

F16. 20.—Color-color plot of spiral galaxies. Filled dots indicates galaxies
with very soft colors; the triangle indicates NGC 253. The two lines are the
same as in Fig. 1b.
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TABLE 3
SPIRALS WITH SOFT EXCESSEs (C21 < 0.6)
N;.ilne-of-sight
Galaxy (NGC) Type (T) (em™?)

247 i 5 1.5 x 10%°
253 5 1.3 x 10%°
1398 oo 2 9.7 x 10?
1672 o, 3 2.2 x 102°
2841 oo 3 14 x 10%°
3081 . 1 4.5 x 102°
4303 ... 5 1.7 x 10%°
4450 . ..o 2 2.4 x 10%°
4501 ..o 4 2.5 x 10%°
48267 ..ot 2 2.6 x 102°
[ 3 5.2 x 10%°

* This galaxy is not part of the sample (see § 3).

listed in Table 3. In Table 3 we also give the morphological
parameter T from RC2 for each galaxy; the wide range of T
shows that the presence of the soft component is not linked to
the galaxy morphology. The presence of a soft component is
evident when looking at the composite gain-corrected distribu-
tion of spectral counts of these galaxies, in comparison with
the composite spectrum of the entire spiral sample (Fig. 21).
We fitted the spectrum to a two-component model (soft
component + 5 keV component), treating the emission tem-
perature of the soft component and the intensities of the two
components as free parameters. A mixture of 30% of 0.07
(0.06-0.08 at the 90% confidence level) keV component plus
70% of 5 keV component with fixed log (Ny) = 20.5 gives the
best fit with 2 = 13 for 6 degrees of freedom (Fig. 22).

NGC 253 (marked by a triangle in Fig. 20), which has direct
imaging evidence for a gaseous plume and possibly diffuse
large-scale emission (Fabbiano & Trinchieri 1984; Fabbiano
1988b), belongs to this group. Although we cannot determine
the nature of this soft emission with the Einstein data alone,
one obvious possibility is hot gaseous emission as in NGC 253.

6 O Spirals (C21 < 0.6) .

3 @ Average Spirals B

Normalized Counts

Energy (keV)

F1G. 21.—Composite spectrum of soft spirals (open circles) normalized at
2.4 keV, compared with the average spectrum of spirals (filled circles). The
y-axis is in units of counts.
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F16. 22—Two-component fit to the spectrum in Fig. 21

One of the standing puzzles in our understanding of the ISM of
spiral galaxies is the lack of a hot X-ray—emitting phase (see
Fabbiano 1989 and references therein). Given the typical
supernova energy input in a spiral galaxy, this component of
the ISM could emit up to 1042 ergs s~ 1. This is well above the
average Ly of spirals detected with Einstein (e.g., Fabbiano et
al. 1992). Moreover, the X-ray emission of spirals appears to be
dominated by hard X-ray sources, such as accretion binaries
(see Fabbiano 1989; Paper 1, § 4). As a consequence of this lack
of detection of an X-ray—emitting ISM, it has been suggested
that the hot ISM is probably emitting in a softer band, below
the Einstein spectral limit (e.g., Cox 1983). The very soft com-
ponent that we have discovered in spiral galaxies might be
giving us a first glimpse at this hot ISM. The alternate explana-
tion of a population of soft discrete sources, as discussed in
§ 5.2, is also possible. ROSAT observations would be useful to
identify the properties of this soft excess.

6.2. Inclination

We looked for an inclination effect on the X-ray spectra. It
could be expected that stronger absorption in edge-on spiral
galaxies would cause harder X-ray spectra. This effect would
result in larger C21 in edge-on than in face-on spiral galaxies.
However, when we plot C21 versus the ratio of major and
minor axes, taken from RC2, we find no hint of correlation in
our spiral sample (not shown). The generalized Kendall’s
method gives a probability of correlation arising by chance of
0.96. Possibly our sensitivity to determining the H 1 column
density is not good enough. Quantitatively, the acceptable
range of slope (0.01 + 0.24) in the relation of log (C21) and log
(major-axis/minor-axis) still allows almost an order of magni-
tude change in H 1 column density from 10%° to 10?! ¢cm™2
between edge-on and face-on galaxies.

7. CONCLUSIONS
We summarize our main results as follows:

1. On the average, spirals (kT > 3 keV) have higher emission
temperature than ellipticals (kT = 1-2 keV). This supports the
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idea that in elliptical galaxies hot gaseous halos dominate
X-ray emission, while in spiral galaxies accreting binaries are a
major X-ray source.

2. Sa galaxies are intermediate in X-ray spectral properties
between ellipticals and later-type spirals, indicating that they
have stellar emission as well as hot gaseous emission.

3. If we use the Ly/Lg ratio as a discriminator, we find that
X-ray—faint ellipticals have higher emission temperature than
X-ray-bright ellipticals. This (in addition to the Ly/Lg
diagram) suggests that X-ray-faint ellipticals do not retain
their hot ISM.

4. Early-type galaxies in the lowest Ly/Lg group have a very
soft X-ray excess which amounts to about half the total X-ray
emission. The nature of this component is not clear: it could be
due either to a cooler ISM, or to the integrated emission of soft
stellar sources.

5. There is no significant difference in absorption column
density between ellipticals and spirals. We do not find an
increase in column density of edge-on spiral galaxies, com-
pared with the face-on spirals.

6. Although in general the X-ray spectrum of spirals is hard,
there are several galaxies with unusually soft spectra. This may
indicate that some spirals contain hot gaseous halos or out-
flows as in NGC 253.

These results show the potential of X-ray spectral studies for
investigating the nature of the X-ray emission of different types
of galaxies. Future X-ray observations, such as may be
obtained with ROSAT, will be required to quantify these dif-
ferences at a high statistical confidence.
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