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ABSTRACT

The X-ray emission from the faintest X-ray elliptical and S0 galaxies is characterized by a hard ∼5 keV
component and a very soft ∼0.2 keV component. The hard component has generally been regarded as the integrated
emission from low-mass X-ray binaries (LMXBs), but the origin of the soft component is unknown. We present
evidence suggesting that LMXBs also exhibit a soft component that is responsible for the very soft X-ray emission
in the faintest early-type galaxies. This soft component is present in two Galactic LMXBs that lie in directions
of low Galactic hydrogen column densities and in LMXBs in the bulge of M31, which comprise a majority of
the X-ray emission in the bulge of that galaxy. The X-ray spectral characteristics and X-ray–to–blue luminosity
ratios of the bulges of M31 and the Sa galaxy NGC 1291 are very similar to those of the X-ray–faintest early-
type galaxies, indicating that LMXBs are responsible for both soft and hard components in the latter. In addition,
a low-temperature interstellar medium might be present in some X-ray–faint galaxies.

Subject headings: binaries: close — galaxies: elliptical and lenticular, cD — galaxies: ISM —
X-rays: galaxies — X-rays: ISM — X-rays: stars

1. INTRODUCTION

Although abundant evidence exists that the X-ray emission
in bright early-type galaxies originates from a hot (∼0.8 keV)
interstellar medium (ISM), the nature of the X-ray emission in
X-ray–faint (having a low X-ray–to–optical luminosity ratio,

) early-type galaxies is far from certain. ROSAT andL /LX B

ASCA spectra of several X-ray–faint galaxies are adequately
fitted by a two-component thermal model in which one com-
ponent has a temperature of several keV and the other a tem-
perature of ∼0.2 keV (Fabbiano, Kim, & Trinchieri 1994; Pel-
legrini 1994; Kim et al. 1996). The hard component has been
attributed to the integrated emission from low-mass X-ray bi-
naries (LMXBs); this component is seen in the bulge of our
own Galaxy. X-ray binary stars (LMXBs and high-mass X-ray
binaries) are believed to be the dominant source of X-ray emis-
sion in spiral galaxies (Trinchieri & Fabbiano 1985). Such a
hard component appears to be present in many elliptical and
S0 galaxies observed with ASCA, even those with high

(Matsumoto et al. 1997).L /LX B

The origin of the soft component has been the focus of
considerable debate. Emission from M star coronae, RS CVn
binary systems, and supersoft sources have been suggested as
the source because of their soft X-ray properties, but none of
these sources appear to contribute appreciably to the X-ray
emission of the faintest early-type galaxies (Pellegrini & Fab-
biano 1994; Irwin & Sarazin 1998, hereafter IS98). These
sources are either too faint to account for the emission or pos-
sess X-ray spectral characteristics that differ from the observed
characteristics of the emission from the X-ray–faint galaxies.

In this Letter we propose that LMXBs are responsible for a
majority of the soft X-ray emission in addition to the hard
emission. Such a soft component is seen in LMXBs in the
bulge of M31 and in two Galactic LMXBs that lie in directions
of low Galactic hydrogen column densities. The X-ray lumi-
nosities and spectral characteristics of the X-ray–faintest early-
type galaxies are consistent with what would be expected from

a collection of LMXBs. In some of the brighter X-ray–faint
galaxies, a low-temperature (∼0.2 keV) ISM may also con-
tribute appreciably to the X-ray emission.

2. X-RAY COLORS AND LUMINOSITIES

A sample of 61 early-type galaxies observed with the ROSAT
PSPC was used in this study. The selection criteria for the
sample as well as the data reduction are described in IS98. The
soft (0.11–0.41 keV; denoted “s” for soft) X-ray–to–optical
luminosity ratio, , and the hard (0.52–2.02 keV; denotedsL /LX B

“h” for hard) X-ray–to–optical luminosity ratio, , werehL /LX B

calculated for each galaxy in the sample. All galaxies with
(in units of ergs s21 ) were labeled ash 21log (L /L ) ! 29.7 LX B B,,

X-ray–faint galaxies. Also calculated were two X-ray “colors,”
C21 and C32, defined as

counts in 0.52–0.90 keV band
C21 5 , (1)

counts in 0.11–0.41 keV band

and

counts in 0.91–2.02 keV band
C32 5 . (2)

counts in 0.52–0.90 keV band

X-ray colors are useful for extracting spectral information from
observations that contain too few counts to perform detailed
spectral modeling, as is often the case for the X-ray–faintest
galaxies. Once calculated, the colors were corrected for fore-
ground Galactic absorption, which affects the C21 color sig-
nificantly and the C32 color to a lesser extent. To accomplish
this, we determined the emitted colors (C21 and C32) and the
absorbed colors (C21* and C32*) for an extensive grid of Ray-
mond-Smith (1977) thermal models with varying abundances
(ranging from 20% to 100% of solar) and temperatures (ranging
from 0.2 to 1.5 keV). They were subject to different amounts
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TABLE 1
X-Ray Colors and X-Ray–to–Optical Luminosity Ratios

Sample C21 C32

hlog (L /L )X B

(ergs s21 )21LB,,

slog (L /L )X B

(ergs s21 )21LB,,

X-ray–faint galaxies . . . . . . . . . . . . . . . . . . 0.16 5 0.06 0.99 5 0.41 !29.7 !29.9
M31 bulge (integrated) . . . . . . . . . . . . . . . 0.13 5 0.01 1.16 5 0.05 29.21 29.26
M31 bulge (point sources only) . . . . . . 0.08 5 0.01 1.15 5 0.07 ) )
NGC 1291 bulge . . . . . . . . . . . . . . . . . . . . . . 0.12 5 0.01 1.15 5 0.14 29.43 29.68
Her X-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.08 5 0.02 1.56 5 0.04 ) )
MS 160312600 . . . . . . . . . . . . . . . . . . . . . . . 0.07 5 0.01 1.28 5 0.14 ) )

Fig. 2.— Plot of vs. for all galaxies in the survey.s hlog (L /L ) log (L /L )X B X B

Symbols with one-sided vertical arrows were detected in the hard band only,
and symbols with one-sided slanted arrows were not detected in either band.
The X-ray–faint galaxies show a roughly linear relation between slog (L /L )X B

and . The bulge of M31 (filled hexagon) and the bulge of NGChlog (L /L )X B

1291 (open hexagon) lie within the observed range of values for both quantities.
The nonconstant value for both ratios among galaxies whose X-ray emission
appears to be primarily stellar suggests that the relative proportion of LMXBs
varies from galaxy to galaxy.

Fig. 1.— Plot of X-ray colors C21 vs. C32 for all galaxies in the sample
with detectable emission with 1 j error bars. X-ray–faint early-type galaxies
(filled squares) clearly occupy a different region of color-color space from
their X-ray–bright counterparts. The bulges of M31 and NGC 1291 (hexagons)
and two Galactic LMXBs (triangles) have similarly soft C21 colors as the X-
ray–faint early-type galaxies. Many of the X-ray–faint galaxies lie slightly
below and to the right of the spiral bulges, possibly due to the presence of
warm ISM in addition to LMXBs.

of foreground absorption, ranging from toN 5 0.6 6 #H

cm22; the upper limit corresponds to the upper limit al-2010
lowed for inclusion in our sample. Using XSPEC, these models
were folded through the PSPC spectral response. Empirically
determined functions were found that related C21 and C32 to
C21* and C32* as a function of NH (see IS98 for details). This
method was quite effective in correcting the colors for ab-
sorption, producing only a 6% rms error in C21 and a 2% rms
error in C32 when comparing the absorption-corrected colors
with the original unabsorbed colors derived from the spectral
models.

It was found that the colors of the X-ray–faint galaxies were
substantially different from those of the rest of the galaxies in
the sample. Whereas the more X-ray–bright galaxies had colors
consistent with thermal emission from metal-enriched
(10%–100% of the solar value) gas at temperatures of 0.6–1.5
keV, the X-ray–faintest galaxies had very low values of C21,
the color that is sensitive to very soft X-ray emission. Although
the colors of some of the X-ray–faintest galaxies were consis-
tent with thermal models with zero metallicity, such a model
is not a physically plausible one, since it would be expected
that any ISM in the galaxy would be polluted with some heavy

elements from Type Ia supernovae and/or normal stellar mass
loss (Fabbiano et al. 1994). Furthermore, some of the X-
ray–faintest galaxies had colors that were not even consistent
with zero metallicity.

A summary of the average C21 and C32 values, as well as
the observed range of and values forh slog (L /L ) log (L /L )X B X B

the X-ray–faintest galaxies, is given in Table 1. The errors on
the colors are the standard deviations for the sample rather than
the statistical errors, in order to better represent the scatter of
the property. The individual X-ray colors and X-ray–to–optical
luminosity ratios for the galaxies classified as X-ray faint are
plotted in Figures 1 and 2, respectively.

3. COMPARISON WITH SPIRAL BULGES AND GALACTIC LMXBS

Published estimates for the stellar contribution to the X-ray
emission of early-type galaxies vary by more than a factor of
10 (Forman, Jones, & Tucker 1985; Canizares, Fabbiano, &
Trinchieri 1987), so it is not certain at what level stellar X-ray
emission should become important. If stellar emission is im-
portant in the X-ray–faintest early-type galaxies, then we might
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expect to see the same spectral characteristics in the bulges of
spiral galaxies, whose old stellar population is similar to that
of early-type galaxies. The bulge of M31 is a suitable candidate
against which to test this hypothesis, since it is close enough
that individual X-ray point sources can be resolved with
ROSAT.

Supper et al. (1997) tabulated the count rates of 22 point
sources found within 59 of the center of the bulge of M31 in
the same three ROSAT energy bands that we used to calculate
our X-ray colors. We summed the count rates for the 22 sources
in each of the three energy bands and calculated the integrated
X-ray colors. The colors were corrected for Galactic absorption
toward the direction of M31 ( cm22; Stark et al.206.73 # 10
1992). The colors of the sum of the sources [(C21, C32) 5
(0.08, 1.15)] were remarkably similar to those of the X-
ray–faintest early-type galaxies. Supper et al. (1997) found that
these 22 sources comprise 75% of the total X-ray emission
from within 59 of the bulge. Using ROSAT PSPC archival data
of M31, we found that within a 59 extraction radius the colors
of the total emission from the bulge (resolved and unresolved)
were (C21, C32) 5 (0.13, 1.16) (see Fig. 1). Thus, the re-
maining 25% of unresolved flux only moderately increases the
C21 color, while the C32 color is unchanged.

Also calculated were the and valuesh slog (L /L ) log (L /L )X B X B

of the inner 109 of the bulge of M31 (which corresponds to
the effective half-light radius of the bulge). The results are
shown in Table 1 and Figure 2. Both X-ray–to–optical lumi-
nosity ratios fall within the observed ranges found for the X-
ray–faintest early-type galaxies.

The point sources in the bulge of M31 have X-ray lumi-
nosities in the range 1036–1038 ergs s21. Since the brightest
LMXBs in our Galaxy have X-ray luminosities on this order,
it is likely that a majority of these sources are LMXBs. Indi-
vidually, all but two of these point sources exhibit a very soft
C21 color, similar to those seen in the X-ray–faintest early-
type galaxies; the soft C21 color seen in the integrated emission
from the bulge of M31 is not due to one or two extremely
bright, extremely soft sources. Since the majority of the X-ray
emission in the bulge of M31 is from LMXBs, and these
LMXBs have X-ray characteristics similar to those of the X-
ray–faintest early-type galaxies, this strongly suggests that the
bulk of the X-ray emission in the latter results from LMXBs
also. These galaxies might also contain small amounts of a
warm ISM; this will be discussed in § 4.

To confirm these results, we also determined the X-ray colors
and X-ray–to–optical luminosity ratios for the bulge of the
bright Sa galaxy NGC 1291. Although this galaxy is too far
away for the X-ray emission to be resolved with ROSAT, nearly
identical values for the colors were found for NGC 1291 as
for M31 (see Table 1 and Fig. 1). Somewhat higher -L /LX B

values were found for NGC 1291, but still within the observed
range among X-ray–faint elliptical and S0 galaxies (Fig. 2).

It would be very useful to search for this soft component in
Galactic LMXBs. Unfortunately, most Galactic LMXBs lie
near the Galactic plane, where high hydrogen column densities
completely absorb very soft X-rays. Two Galactic LMXBs that
lie in directions of low column densities are Her X-1 (N 5H

cm22) and MS 160312600 (20 201.73 # 10 N 5 4.57 # 10H

cm22). Archival PSPC data of these two objects were extracted,
and once corrected for absorption, these two LMXBs had X-
ray colors similar to the bulges of M31 and NGC 1291, and
the X-ray–faint early-type galaxies (see Table 1 and Fig. 1).
Specifically, very soft C21 colors were found for both Galactic
LMXBs, indicative of very soft X-ray emission.

On the other hand, a very soft C21 color was not found for
two globular cluster LMXBs or LMC X-2 in the Large Ma-
gellanic Cloud. Verbunt et al. (1995) tabulated the count rates
in our three bands for LMXBs in the globular clusters NGC
1851 and NGC 7078 (M15). After correcting the count rates
for Galactic absorption, values of (C21, C32) 5 (0.30, 2.37)
and (C21, C32) 5 (0.23, 3.28) were obtained for these two
cluster LMXBs. In addition, spectral modeling of the archival
data of LMC X-2 show that the emission from this LMXB was
described adequately by a two-component bremsstrahlung
model. The colors of this model were (C21, C32) 5 (0.24,
1.57). These colors are significantly higher than the colors of
the LMXBs in the bulge of M31, Her X-1, and MS 160312600.

It is possible that the soft X-ray component in LMXBs de-
pends on metallicity. The two globular cluster LMXBs and
LMC X-2 are found in environments with a substantially lower
metallicity than Her X-1, MS 160312600, and the M31 bulge
LMXBs. The globular cluster NGC 7078 has a particularly low
metallicity (1% solar; Adams et al. 1983), and the LMXB in
this cluster has the highest C32 value of the LMXBs studied
here. The Large Magellanic Cloud has a metallicity interme-
diate between the globular clusters and the bulges of M31 and
NGC 1291, and its LMXB has a C32 color intermediate be-
tween those two systems. Given this possible dependence of
the X-ray spectral properties on metallicity, it is probably best
to use the M31 bulge LMXBs as a template for the X-ray
emission expected from LMXBs in early-type galaxies, since
the metallicities of the stellar populations are comparable in
these two systems.

4. DISCUSSION

If the majority of the X-ray emission from X-ray–faint early-
type galaxies is from stellar sources, this would imply that most
of the gas lost from stars has not been retained by the galaxy.
Hydrodynamical simulations of the gas in elliptical galaxies
(Loewenstein & Mathews 1987; David, Forman, & Jones 1991;
Ciotti et al. 1991) have shown that some galaxies may be
experiencing a wind phase in which Type Ia supernovae drive
most of the gas lost from stars out of the galaxy. Alternatively,
the gas may have been lost by ram pressure stripping or other
external effects. In this scenario, the X-ray–bright galaxies have
retained most of their ISM, while the X-ray–faint galaxies have
lost most of their ISM. The X-ray–faint galaxies in our sample
generally tend to have rather low stellar velocity dispersions,
on the order of 200 km s21. As such, they have smaller grav-
itational potential wells than their X-ray–bright counterparts,
and this would make it easier to remove the gas from them.

Examination of Figure 1 reveals that although the colors of
the majority of the X-ray–faint galaxies are consistent with the
colors of M31 and NGC 1291 at the 1 j level, many of the
galaxies have slightly lower C32 values than the spiral bulges.
This could be due to the presence of small amounts of warm
ISM in these galaxies. For example, if a Raymond-Smith ther-
mal model with a temperature of 0.2 keV and a metallicity of
50% solar is folded through the spectral response of the PSPC,
the X-ray colors are (C21, C32) 5 (0.21, 0.20). When the
emission from this component is mixed in the right proportion
with the emission expected from LMXBs, the colors of the X-
ray–faint galaxies are more accurately reproduced. For ex-
ample, if 85% of the X-ray emission (by counts) is from
LMXBs with the colors of those in the bulge of M31 [(C21,
C32) 5 (0.08, 1.15)] and 15% from a 0.2 keV ISM [(C21,
C32) 5 (0.21, 0.20)], the resulting emission would have colors
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of (C21, C32) 5 (0.10, 0.86), in good agreement with what is
observed for X-ray–faint galaxies.

The spread in colors among X-ray–faint galaxies could be
explained by varying proportions of ISM emission. As the
percentage of the X-ray emission attributable to the ISM is
increased, the galaxy would move down and to the right on
the color-color plot (Fig. 1). The galaxies with the highest
percentage of ISM emission would also be expected to have
the highest -values. In fact, the five most X-ray luminousL /LX B

galaxies classified as X-ray faint lie farthest below and to the
right of the spiral bulges. In these galaxies, the ISM may be
responsible for as much as a quarter of the total X-ray emission.

Despite the fact that most of the X-ray emission in X-
ray–faint galaxies appears to be stellar in nature, Figure 2 il-
lustrates that there does not seem to be a simple linear relation
between the X-ray and optical luminosities. If there were, one
would expect the X-ray–faintest galaxies to cluster at a fixed
point in this figure, given by the values of andh sL /L L /LX B X B

for purely stellar emission. However, a range of -valuesL /LX B

are present for galaxies whose emission is suspected to be
primarily stellar. The bulge of NGC 1291 has a -valuehL /LX B

1.7 times larger than that of M31. Although it is possible that
NGC 1291 has an additional X-ray component not present in
M31, this component would have to have X-ray colors identical
to the LMXB component, since M31 and NGC 1291 have the
same X-ray colors. This seems unlikely.

Figure 2 shows that there are five galaxies with upper limits
on that are at least a factor of 3 less than that of M31hL /LX B

(whose X-ray emission is at least 75% stellar; see § 3). Thus,
at least for low optical luminosities, the X-ray emission does
not scale linearly with the optical luminosity. The fact that the
X-ray colors do not vary as the X-ray–to–optical luminosity
ratio varies (or equivalently, that and vary ap-h sL /L L /LX B X B

proximately linearly with one another) suggests that there is
one dominant X-ray emission mechanism at work here, but that
mechanism is stronger in some galaxies than in others at a
given optical luminosity. This variation would require that the

relative number of LMXBs vary from galaxy to galaxy (see
IS98).

5. CONCLUSIONS

We propose that the very soft X-ray emission seen in X-
ray–faint elliptical and S0 galaxies results from LMXBs. The
X-ray spectral properties of these galaxies are very similar to
those of LMXBs in the bulges of M31 and NGC 1291, and
the Galactic LMXBs Her X-1 and MS 160312600. Further-
more, LMXBs are luminous and numerous enough to account
for the measured X-ray luminosities in these galaxies. Some
warm ISM may also be present in these systems in small
amounts.

Since LMXBs are luminous X-ray sources, this model pre-
dicts that the soft X-ray component in X-ray–faint ellipticals
will be resolvable into discrete sources given better spatial
resolution and sensitivity than is possible with the ROSAT tele-
scope. Given current estimates of their sensitivity, we find that
the backside-illuminated CCD chips of the ACIS instrument
on the Advanced X-Ray Astrophysics Facility will have suffi-
cient soft X-ray sensitivity, spectral resolution, and spatial res-
olution to detect and resolve individual LMXBs in early-type
galaxies at the distance of the Virgo cluster or closer.
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