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ABSTRACT

We present the first low-luminosity [Lx > (5—10) x 10°¢ ergs s '] X-ray luminosity functions (XLFs) of low-mass
X-ray binaries (LMXBs) determined for two typical old elliptical galaxies, NGC 3379 and NGC 4278. Because both
galaxies contain little diffuse emission from hot ISM and no recent significant star formation (hence no high-mass
X-ray binary contamination), they provide two of the best homogeneous sample of LMXBs. With 110 and 140 ks
Chandra ACIS S3 exposures, we detect 59 and 112 LMXBs within the D,s ellipses of NGC 3379 and NGC 4278,
respectively. The resulting XLFs are well represented by a single power law with a slope (in a differential form) of
1.9 £ 0.1. In NGC 4278, we can exclude the break at Lx ~ 5 x 1037 ergs s~! that was recently suggested as being a
general feature of LMXB XLFs. In NGC 3379, on the other hand, we find a localized excess over the power-law XLF
at ~4 x 1037 ergs s~!, but with a marginal significance of ~1.6 o. Because of the small number of luminous sources,
we cannot constrain the high-luminosity break (at 5 x 10°® ergs s™!) found in a large sample of early-type galaxies.
For our two galaxies, the ratios of the integrated LMXB X-ray luminosities to the optical luminosities differ by a
factor of 4, but are consistent with the general trend of a positive correlation between the X-ray—to—optical luminosity

ratio and the globular cluster specific frequency.

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

1. INTRODUCTION

Low-mass X-ray binaries (LMXBs) are luminous X-ray sources
associated with old stellar populations, powered by the accretion
of the atmosphere of a low-mass late-type star onto a compact
stellar remnant, either a neutron star or black hole. The formation
and evolution of LMXBs has been debated since their discovery
in the Galaxy. Proposed evolutionary paths include both native
field binary systems and binary formation by dynamical inter-
actions in either the inner bulge or globular clusters (e.g., Grindlay
1984; see reviews in Bildsten & Deloye 2004; Verbunt & Lewin
2006). This debate has been rekindled by the detection of pop-
ulations of these sources in early-type galaxies with Chandra.
In these galaxies, a significant fraction of the LMXBs have been
found in globular clusters, but there is also some evidence point-
ing to native field binaries (e.g., Maccarone et al. 2003; Irwin
2005; Kim et al. 2006a and references to earlier work therein; see
review by Fabbiano 2006).

The X-ray luminosity function (XLF) of LMXB populations
has emerged as a tool with great potential for constraining the
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nature and evolution of these sources. The high-luminosity end
(Lx > several 10°7 ergs s—!) of the XLF is now well constrained
from the study of many E and SO galaxies observed with Chandra
(e.g., Kim & Fabbiano 2004; Gilfanov 2004). The normalization
(i.e., the total number of LMXBs in a given galaxy) is strongly
related to the stellar mass of the galaxy (Gilfanov 2004; see also
Kim & Fabbiano 2004), as would be expected in the case of slowly
evolving LMXBs, although a link to the specific frequency of GCs
has also been reported (Kundu et al. 2002; Kim & Fabbiano 2004;
Kim et al. 2006a). As first suggested by Sarazin et al. (2001), the
XLF may be broken, possibly reflecting the presence of both
neutron star and black hole LMXBs in the X-ray source popula-
tions (Ivanova & Kalogera 2006). However, Kim & Fabbiano
(2004) found that the break occurs at a higher luminosity, Lx =
(5 £ 1.6) x 10%8 ergs s~! (with an error at 90%; see also Gilfanov
2004). Although the break luminosity is still consistent (within a
3 o error) with the Eddington luminosity (2 x 103® ergs s~') of a
1.4 M, neutron star, the best-fit value is close to the Eddington
luminosity of either He-enriched accretion or a massive neutron
star (~3 M). This break is also predicted in the model of short-
lived, high-birth-rate, ultracompact binary evolution in GCs by
Bildsten & Deloye (2004).

What has been less well constrained so far is the behavior of
the XLF at lower luminosities, which are more typical of the ma-
jority of LMXBs in the bulge of the Milky Way and M31. With
the exception of NGC 5128 (the radio galaxy Centaurus A), for
which the XLF has been measured down to ~2 x 10%¢ ergs s~
(Kraft et al. 2001; Voss & Gilfanov 2006), the available Chandra
data so far have not allowed the detection of LMXBs in E and
S0 galaxies at luminosities below the mid 1037 ergs s~ range. By
including Cen A and the LMXB (bulge) population of nearby
spirals in a co-added XLF, Gilfanov (2004) suggested a sig-
nificant flattening of the XLF at Lx < 5x 1037 ergs s~! (see
also Voss & Gilfanov 2006). This flattening, first reported in the
LMXB XLF of the Milky Way (Grimm et al. 2002), is suggested
in a number of models, albeit because of different mechanisms
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TABLE 1
Basic INFORMATION ON THE Two GALAXIES

D Rys Br, Mp Ly N(H)
Name (Mpc) (arcmin) (deg) (mag) (mag) (Lpe) S, (10% cm™2)
M 2 3) (5) (6) @) (®) ©)
NGC 3379 oo 10.57 2.69 x 2.39 10.18 19.94 1.35E10 1.2 2.78
NGC 4278 16.07 2.04 x 1.90 10.97 20.06 1.63E10 6.9 1.76

Notes.—Col. (1): Galaxy name. Col. (2): Distance, from Tonry et al. (2001). Col. (3): Optical size (diameter) of galaxy determined at 25th
magnitude from RC3 (de Vaucouleurs et al. 1991). Col. (4): Position angle of the major axis from NED. Col. (5): By, from RC3. Col. (6): Absolute
blue magnitude. Col. (7): Blue luminosity calculated by adopting absolute solar blue magnitude of 5.47 mag. Col. (8): Globular cluster specific
frequency from Ashman & Zepf (1998). Col. (9): H column density along the Galactic line of sight, from Dickey & Lockman (1990).

(e.g., Bildsten & Deloye 2004; Pfahl et al. 2003; Postnov &
Kunanov 2005). The “outburst peak luminosity—orbital period”’
correlation (e.g., Fig. Al of Portegies Zwart et al. 2004; see also
Chen et al. 1997) established for black hole transients suggests
that there may be a low-luminosity break due to the instability
of accretion disks to transient outbursts for very short period
(~1 hr) binaries. Binaries with such tight orbits are expected
to have low-mass, hydrogen-poor companions with mass trans-
fer being driven by gravitational radiation. Such tight binaries
with black hole accretors are expected to be transient (King et al.
1996), as also confirmed by observed systems (Portegies Zwart
etal. 2004). Similarly, as discussed by Bildsten & Deloye (2004)
ultracompact LMXBs with neutron star accretors predominantly
form in GCs and would show a break at ~1037 ergs s~! in the
absence of X-ray heating, while with X-ray heating the disk can
remain stable to lower luminosities, so no XLF break would oc-
cur. It is therefore important to study the low-luminosity XLF
ofnormal elliptical LMXB populations to confirm the presence
and ubiquity of this break. Moreover, detailed studies of the glob-
ular cluster LMXB population of M31 have reported a distinctive
break at ~2 x 1037 ergs s~! (Kong et al. 2003; Trudolyubov
& Priedhorsky 2004). The discovery of a similar break in the E
and SO XLFs may argue for a GC-LMXB connection in these
galaxies.

In this paper we report the first direct measurement of the low-
luminosity XLF in normal nearby elliptical galaxies. The two
galaxies NGC 3379 and NGC 4278 (Table 1) are being observed
as part of a Chandra very large program (for 340 and 500 ks,
respectively) to study in depth the LMXB population. Because
both elliptical galaxies are old (e.g., Trager et al. 2000; Terlevich
& Forbes 2002), they provide a clean sample of LMXBs with
no contamination by HMXBs, which are likely to contribute to
the X-ray source populations of spiral galaxies (the Milky Way
and M31) and young or rejuvenated E and SO galaxies resulting
from recent mergers (e.g., NGC 5128). While we expect to reach
a limiting luminosity of a few x 1036 ergs s~! at the end of this
observing campaign, our first observations, in conjunction with
the data in the Chandra archive, result in total exposures of 110
and 140 ks, respectively. The corresponding limiting luminosi-
ties, restricting ourselves to data not affected by incompleteness,
are 1 and 3 x 1037 ergs s~! (for NGC 3379 and NGC 4278, respec-
tively); applying incompleteness corrections to the data, the re-
sulting XLFs reach down to ~5 x 10%¢ and ~1 x 1037 ergs s/,
respectively. As discussed in this paper, we find that the conclu-
sion of a ubiquitous flattening of the XLF is not supported by our
results.

We adopt distances of 10.6 Mpc (NGC 3379) and 16.1 Mpc
(NGC 4278) throughout this paper, based on the surface bright-
ness fluctuation analysis by Tonry etal. (2001). At these distances,
1’ corresponds to 3.1 and 4.7 kpc, respectively.

2. CHANDRA X-RAY OBSERVATIONS

NGC 3379 was observed for 85 ks on 2006 January 23 with
the S3 (back-illuminated) chip of Chandra Advanced CCD Im-
aging Spectrometer (ACIS) (ObsID 7073). The ACIS data were
reduced in a manner similar to that described in Kim & Fabbiano
(2003) with a custom-made pipeline (XPIPE), specifically de-
veloped for the Chandra Multiwavelength Project (ChaMP; Kim
et al. 2004a). Removal of background flares reduced the ef-
fective exposure time of CCD S3 to 80 ks. NGC 3379 had been
previously observed with Chandra ACIS (ObsID 1587) for 29 ks
on 2001 February 13 (David et al. 2005). We have retrieved these
data from the Chandra archive'® and reduced them with the same
method after correcting instrumental effects (e.g., time-dependent
QE variation) with up-to-date calibration data.'" Combining the
two observations by reprojecting to a common tangent point,'2 we
reach an effective exposure on CCD S3 of 110 ks. We show the
merged image in Figure 1 (left), where the X-ray point sources
and the optical size (D,s) are marked.

NGC 4278 was observed for 110 ks on 2006 March 16 with
the S3 chip of ACIS (ObsID 7077). Removal of background flares
reduced the effective exposure time to 108 ks. NGC 4278 had
been previously observed with ACIS (ObsID 4741) for 37 ks on
2005 February 3 (PI: J. Irwin). We have also combined the two
observations, and the merged data correspond to an effective ex-
posure on CCD S3 of 145 ks. The merged image is shown in
Figure 1 (right).

3. X-RAY LUMINOSITY FUNCTIONS

From the merged images of the NGC 3379 and NGC 4278 ob-
servations, we detect 109 and 197 point sources in CCD S3 only
(Table 2, col. [5]). A number of these sources vary, and some are
detected only in one observation. Source variability and spec-
tral parameters will be presented in a future paper. In this paper,
we only consider the effect of source variability on the observed
XLF. To measure the X-ray luminosity (in 0.3—8 keV) from the
merged data, we take into account the temporal QE variation'?
by calculating the energy conversion factor (ECF) in each ob-
servation and then taking an exposure-weighted mean ECF. The
ECF (0.3-8 keV) varies by ~12% between the two observations
of NGC 3379 and by 0.1% between the two observations of
NGC 4278. We assume a power-law spectral model with a pho-
ton index of 1.7 and the Galactic absorption (see Table 1).

To construct the XLF, we use point sources detected within the
D5 ellipse (the size and position angle are given in Table 1).

19 See http://asc.harvard.edu/cda.

' See http://asc.harvard.edu/caldb.

12 Using merge_all, which is available in the CIAO contributed package;
see http://cxc.harvard.edu/ciao/threads/combine.

13 See http://cxc.harvard.edu/cal/Acis/Cal _prods/qeDeg.
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Fic. 1.—Merged Chandra images of NGC 3379 (left) and NGC 4278 (right). The large green ellipse indicates the optical galaxy size at the 25th magnitude, and the

small circles indicate detected point sources.

Although some X-ray sources outside the D,5 ellipse may be asso-
ciated with the galaxy, we exclude them to reduce the contamina-
tion by foreground or background X-ray sources. Based on the
ChaMP+CDF log N—log S relation (Kim et al. 2006b), we es-
timate the cosmic background sources (mostly AGNs) to be
4-13 (Table 2, col. [10]) within the D,s ellipse at the flux limit of
90% completeness (Table 2, col. [8]; see below for details). This
results in a source contamination of 20% in NGC 3379 and 7%
in NGC 4278 (see also Fig. 2); these fractions would be consid-
erably higher if we included the sources detected outside the D,5
ellipse, since they scale with the search area. We also exclude
sources located near the galactic centers (R < 10”), because of
the large photometric error caused by confusion with other over-
lapping sources and by the presence of diffuse emission; these
conditions make the incompleteness corrections uncertain. In a
previous work with 14 elliptical galaxies, Kim & Fabbiano (2004)
excluded sources within R < 20” from the XLF; the smaller
amount of hot ISM present in both NGC 3379 and NGC 4278
allows us to use sources nearer to the galaxy centers in this case.
With these selection criteria, we obtain 59 and 112 sources in
NGC 3379 and NGC 4278, respectively, to build the XLFs.

To determine the XLFs accurately, it is most critical to correct
for incompleteness (see Kim & Fabbiano 2003, 2004). Without
such correction, the XLF would look flattened at the lower lu-
minosities where the detection is not complete, causing an arti-
ficial break. Following Kim & Fabbiano (2004), we performed
extensive simulations to generate incompleteness corrections:
we simulated 20,000 point sources using MARX, '* added them
one by one to the observed image, and then determined whether
the added source is detected. Since we used the real observed
data as the baseline, we could correct simultaneously three biases:
detection limit, Eddington bias (Eddington 1913), and source
confusion (Kim & Fabbiano 2003). In the simulations, we as-
sumed a typical LMXB XLF differential slope of 5 = 2 (Kim &
Fabbiano 2004),

dN

= kL.
dLx klx

14 See http://space.mit.edu/ASC/MARX.

TABLE 2
Chandra OBSERVATIONS OF THE Two GALAXIES

NUMBER OF SOURCES

90% COMPLETENESS LimiT

NET EXPOSURE NUMBER OF
NAME OssID Oss. DATE (ks) S3 Dys R>10" Fx Ly BACKGROUND SOURCES SLopE AMPLITUDE
(M) @ 3) ) ® © O ®) ©) (10) (1 (12)

NGC 3379.............. 01587 2001 Feb 13 28.8 72 44 34 1.5E—15 2.1E37 8 1.8+£03 75426
07073 2006 Jan 23 80.3 86 57 45 0.9E—-15 1.3E37 12 1.8+£02 62+22

Merge 109.9 109 70 59 0.8E—15 1.0E37 13 1.9+02 56=+1.8

NGC 4278.............. 04741 2005 Feb 3 36.6 92 58 54 22E-15 6.5E37 4 19+02 229 +4.1
07077 2006 Mar 16 107.6 175 116 108 1.1IE—-15 3.3E37 7 20+0.1 232 %46

Merge 144.6 197 122 112 0.9E—-15 2.8E37 8 1.9+£0.1 231=*44

Notes.—Col. (1): Galaxy name. Col. (2): Chandra observation ID. Col. (3): Chandra observation date. Col. (4): Net exposure after removing the background.
Col. (5): Number of point sources detected in CCD S3. Col. (6): Number of point sources detected within the D5 ellipse. Col. (7): Same as col. (6), but excluding
sources at R < 10”. These sources are actually used in building the XLF. Col. (8): The 90% completeness limit in the source flux (0.3-8 keV); i.e., 10% of sources
with this flux would not be detected inside the D,s ellipse, but excluding the central 10”. Col. (9): Same as col. (8), but in the source luminosity (0.3—8 keV).
Col. (10): Number of cosmic background sources within the D,s ellipse at the flux limit given in col. (8). Col. (11): Best-fit XLF slope (in a differential form) and
error (90% confidence). Col. (12): Best-fit XLF amplitude and error (90% confidence).
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FiG. 2.—X-ray luminosity function of LMXBs determined with the merged observations of NGC 3379 (left) and NGC 4278 (right). Filled squares with error bars
indicate the bias-corrected XLF, and green circles indicate the raw data. The best-fit single-power-law model is plotted by the histogram. The dotted line indicates the
expected number of cosmic X-ray background sources determined with the ChaMP+CDF data (Kim et al. 2006a).

We note that the adopted XLF slope does not significantly affect
the results, because the correction is determined by the ratio of
the number of input sources to that of detected sources (see also
Kim & Fabbiano 2003). As shown in Kim et al. (2006a), the
radial distribution of LMXBs closely follows that of the optical
halo light, regardless of their association with globular clusters.
Therefore, we adopted an »~'# law for the radial distribution of
the LMXBs. Also, we did not use LMXBs in the central regions,
where the radial profile dependency is most significant.

We find that the 90% completeness limit (i.e., where 10% of
sources with this luminosity would not be detected inside the D55
ellipse, but excluding the central 10”) is Lx = 1 x 10%7 ergs s~!
forNGC 3379 and Lx = 3 x 1077 ergs s for NGC 4278 (Table 2,
col. [9]); we can reliably correct the XLFs to X-ray luminosities
at least a factor of 2—3 lower than the 90% limit (roughly corre-
sponding to a 50% limit).

We show the bias-corrected cumulative XLFs in Figure 2,
where the corrected data are identified by squares with error bars
and the uncorrected raw data by smaller circles. It is clear that the
apparent XLF flattenings at low luminosities disappear in both
cases. Using Sherpa,'” we fit the bias-corrected XLFs (in a dif-
ferential form) with single power laws using Cash statistics (for
an unbinned distribution, but read in Sherpa as a histogram mode)
and ? statistics (for a binned distribution). The Cash statistic
utilizes a maximum likelihood function and can be applied re-
gardless of the number in each bin. For the x? statistics, we select
the minimum to be 10 sources in each bin and apply the Gehrels
variance function for the error calculation (Gehrels 1986). Both
statistics result in consistent parameters within the errors. The
solid lines in Figure 2 indicate the best-fit single-power-law mod-
els determined with the Cash statistics. We list the best-fit pa-
rameters and the corresponding errors (90% confidence level)
in Table 2. As indicated in Figure 2, the quality offitting with a
single power law is good. The x? method results in Xog = 1.19
with 4 degrees of freedom (dof ) and x2,; = 0.70 with 10 dof for
NGC 3379 and NGC 4278, respectively. To check the possible

15 See http://cxc.harvard.edu/sherpa.

XLF flattening at low luminosities, we applied a broken power
law with the break luminosity varying freely. In both galaxies, a
slightly improved total x? accompanied by a lower dof value
resulted in a worse x24. Based on the F-test, the corresponding
null hypothesis probability is 0.3 (0.5) for NGC 3379 (NGC
4278), indicating that the broken power law is not statistically
required with the given luminosity range. We also fitted the data
excluding the faint sources below the 50% completeness limit,
reaching consistent results within the statistical errors. In NGC
3379, there is an excess over the best-fit power law at Lx = (3—6) x
1037 ergs s™', but its significance is only marginal (~1.6 o).

Also plotted in Figure 2 is the expected number (dotted line)
of cosmic X-ray background sources (Kim et al. 2006b). Be-
cause background sources are not fully detected at low fluxes
(the same detection incompleteness as for the sources in the gal-
axies would apply), the dotted line would be as flattened as the
observed XLF; therefore the dotted line should be compared
with the corrected XLF. It is then clear that the contamination is
only a small fraction (20% in NGC 3379 and 7% in NGC 4278)
and that the steepening at low Ly is not due to background source
contamination. We repeated the XLF fit with an additional power-
law component for the expected background sources and obtained
best-fit parameters consistent with those listed in Table 2.

We further check whether our results (particularly for NGC
3379) might be affected by the field-to-field variation of cosmic
X-ray background sources, as expected from the large-scale struc-
ture of the universe, although the observational evidence is still
controversial (e.g., see a review by Brandt & Hasinger 2005).
Kim et al. (2004b) extensively compared field-to-field number
counts with the ChaMP data and found no statistically significant
evidence for cosmic variance at Fx > 107'% ergs s~! cm~2 with
a possible 10%—20% chip-to-chip variation among those obser-
vations with an exposure (60—130 ks). Even if a smaller region
corresponding to the D,s ellipse of NGC 3379 (N% of a single
chip area) is considered, the variation is still less than 30%.
Simultaneously analyzing CDF-N and S data, Bauer et al. (2004)
concluded, in contrast to earlier reports (e.g., Rosati et al. 2002),
that the number counts of the two CDFs are consistent with each
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Fig. 3.—XLFs determined with two individual observations are compared with that of the merged observation. The black and green histograms indicate the
corrected and uncorrected XLFs. The vertical bar indicates a 90% completeness limit ( Table 2, col. [9]). The XLFs determined in two individual observations are shifted
down vertically by A log N = —1.0 (the shallower one) and —0.5 (the deeper one). The best-fit single-power-law model (dashed blue diagonal lines) determined with
the merged observations is plotted with observed XLFs (for both individual and merged observations).

other down to the detection limit (a few x 10~!7 ergs s~! cm™2)
in the soft band (0.5-2.0 keV) and to Fx = 10~ ergss~! cm—2
in the hard band (2—8 keV). The statistically significant variance
is only seen for faint sources (Fx > 107! ergs s~! cm~?) in the
hard band, likely due to heavily obscured sources (see also Yang
et al. 2003). We note that Fx = 10~ ergs s~! cm~2 is close to
the 90% detection limit for NGC 3379 and corresponds to Ly =
1.4 % 10%7 ergs s—!, well below the reported XLF break. To esti-
mate quantitatively the variance on a galactic scale, we repeatedly
count the number of sources with Fx > 10713 ergs s~! ecm™
within the area of the D,5 ellipse of NGC 3379 by randomly
selecting the location within the CDF field of view. The 1 6 rms
deviation from the mean is ~30% of the mean, similar to the
ChaMP result. Unless the cosmic variance is accompanied by a
considerably steeper log N—log S slope (this is opposite to the
flatter slope for the more obscured hard-band sources found by
Bauer et al. [2004]), the 30% cosmic variation from the ~20%
background sources would not change our result (see Fig. 2). The
spatial concentration of point sources toward the galactic center
and their mostly unabsorbed spectral properties (e.g., G. Fabbiano
et al. 2006, in preparation) also confirms that the background
sources cannot dominate. Furthermore, the number of point sources
in NGC 3379 is already low for its total optical luminosity (see
§ 4); hence this galaxy would be rather unusual if a significant
fraction of point sources were background sources.

To investigate the effect of source variability on the XLFs, we
compare XLFs built from the individual observations (as well as
the merged observations) in Figure 3. The black and green histo-
grams indicate the corrected and uncorrected XLFs, respectively.
The vertical bars mark the 90% completeness limits (Table 2,
col. [9]). The XLFs from the two individual observations are
shifted downward vertically by A log N = —1.0 (the shallower
one) and —0.5 (the deeper one) for visibility. Error bars are not
plotted here to avoid overcrowding, but can be seen in Figure 2
for the merged XLFs. The best-fit single-power-law models (dashed
blue diagonal lines) determined from the merged observations are
plotted with the XLFs (both individual and merged). In general,

the XLFs (both in slope and amplitude) are consistent with each
other, within the statistical error, even though there are a number
of variable X-ray sources. A similarly robust XLF in multiple
observations of the Antennae was previously reported (Zezas 2006).
However, we caution that using merged observations spanning
a few years, we are not directly measuring the peak luminosity
or the luminosity averaged over an outburst cycle, which is more
useful for constraining the binary evolution model.

The validity of our low-luminosity bias correction is also veri-
fied by comparing the XLFs made from observations of different
depths. The corrected XLFs from the shallower observations
closely follow the XLFs from the deeper observations at low
luminosities. This is most clearly seen in NGC 4278, which
hosts a larger number of LMXBs and hence has a higher statis-
tical significance (Fig. 3, right). The predicted (corrected ) XLF
below Ly < 6.5 x 1037 ergs s—! (the 90% confidence limit) of the
37 ks observation (ObsID 04741) is well reproduced in the ob-
served (uncorrected ) XLF of 108 ks observation (ObsID 07077)
down to Lx < 3 x10%7 ergss~'.

The high-luminosity shape of the XLF of the LMXB popula-
tions of elliptical galaxies is well established with a large sample
of elliptical galaxies and can be fitted with a broken-power-law
model, with a break (at 5 x 1038 ergs s~1: Kim & Fabbiano 2004;
Gilfanov 2004) that may stem from the presence of neutron star
and black hole binary populations. In the current sample, we can-
not constrain the high-luminosity break because of a small num-
ber of luminous sources (only two sources in each galaxy with
Lx > 5x10% ergs s~!). We also note that in NGC 4278 (Fig. 3,
right), the XLF of the longer observation (ObsID 7077) looks
steeper in the high Ly range than that of the shorter observation
(ObsID 4741), but this is simply because the most luminous source
(Lx = 2 x10% ergs s 1), seen in the shorter (earlier) observation,
disappears in the longer observation taken a year later.

4. DISCUSSION

In this paper, for the first time we explore the low-luminosity
XLFs of normal elliptical galaxies. This low-luminosity XLF has
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been studied in the Galaxy, where a flattening at low luminos-
ities has been reported (Grimm et al. 2002), and in M31, where
diverse and complex behavior can be seen looking at differ-
ent stellar fields (e.g., Kong et al. 2002, 2003; Trudolyubov &
Priedhorsky 2004; see review in Fabbiano & White 2000).
Gilfanov (2004) suggested that a low-luminosity flattening of
the LMXB XLF is a general feature of LMXB populations. This
flattening is also observed in the X-ray source population of
NGC 5128 (Cen A), below Lx = 5x10%7 ergs s~! (Voss &
Gilfanov 2006).

Our results suggest that the conclusion of a ubiquitous flat-
tening of the low-luminosity shape of the LMXB XLF may be
premature. In two normal elliptical galaxies, NGC 3379 and
NGC 4278, we found that the XLFs can be fitted with a single-
power-law differential slope 3 = 1.9 + 0.1, comparable with the
average XLF of other elliptical galaxies (Kim & Fabbiano 2004).
In NGC 4278 we find that the XLF follows this single power law
down to the 90% completeness limit of 3 x 10°7 ergs s~!, and
that this trend extends down to 1037 ergs s ™! in the bias-corrected
XLF. In NGC 3379, there could be a break at ~4 x 10%7 ergs s !
(although the discrepancy from a single-power-law fit is only
a 1.6 o effect), but the XLF becomes steep again below 2 x
1037 ergs s~! and follows this shape at least down to ~5 x
10%¢ ergs s~!. We can exclude this steep power law at low lumi-
nosities being the result of some problem with our bias cor-
rection, because it is directly observed in the complete portion of
the merged XLF (see Fig. 3). In summary, our results show that
there is no universal flattening of the XLF at low luminosities.

We note that although a flattening was reported in the XLF of
NGC 5128, there are several concerns that may affect these re-
sults, although the authors (Voss & Gilfanov 2006) tried to take
them into account. NGC 5128 is far from being a normal elliptical,
since its X-ray source population may have been rejuvenated by
amerger event, and mixing with a population of HMXBs (which
is known to have a shallower XLF; e.g., Grimm et al. 2002) is
possible; HMXB contamination may also affect the XLFs of the
Milky Way and M31. Also, the X-ray emission of NGC 5128 is
complex, with various substructures in the hot ISM as well as
strong dust lanes, optical filaments, radio/ X-ray jets, etc. (e.g.,
Karovska et al. 2002), potentially increasing the difficulty of ob-
taining a bias-free low-luminosity XLF. Moreover, the large an-
gular size (Dys = 26") of NGC 5128 makes it hard to effectively
remove contamination by foreground and background X-ray
sources, which, given the depth of the exposure, account for about
half of the detected sources (Voss & Gilfanov 2006). We note
that at the distance of NGC 5128 (3.5 Mpc), the break in the
cosmic X-ray background log N—log S relation at Fx ~ 2.5 x
10~ "% ergs s~ em~2 (Kim et al. 2006b) happens to correspond to
Lx ~ 4 x10% ergs s—!, close to the reported break.

Many models predict that the LMXB XLF should flatten at
low luminosities, although the exact break luminosity is not well
determined (see review by Fabbiano 2006). Flattening of the XLF
is found in the population synthesis of field LMXBs of Pfahl et al.
(2003, their Fig. 3), if irradiation of the donor star from the X-ray
emission of the compact companion is considered in the model.
The model of Bildsten & Deloye (2004) of formation of ultra-
compact LMXBs in GCs also predicts a flattening at lower lumi-
nosities (Lx ~ 1037 ergs s1), where these sources would become
transient and therefore disappear from the XLF, but this break
may also occur at much lower luminosities if X-ray heating sta-
bilizes the accretion disk (see also Deloye & Bildsten 2003). In
this light, we note that if the possible XLF bump, or break, at
Lx ~ 4 x10%7 ergss~! in NGC 3379 is real, this (and the absence
of the XLF break in NGC 4278) could suggest a higher fraction
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Fic. 4—Lx(LMXB)/Lg plotted against the GC specific frequency, S,. Our
two galaxies, NGC 3379 and NGC 4278, are overplotted on the scatter plot
taken from Kim & Fabbiano (2004) to indicate that the large difference in
Lx(LMXB) is consistent with the general trend between Lx(LMXB)/Lg and S,,.
Three galaxies with no S, are marked with triangles on the left side of the figure.
Also plotted are the bulges of the Milky Way (star) and M31 (asterisk).

of ultracompact, X-ray-heating-stabilized, low-luminosity sources
in NGC 4278, consistent with the higher GC specific frequency
(S,) of this galaxy (see Table 2). More recently, Postnov & Kuranov
(2005) argue that a low-luminosity break would be related to dif-
ferent accretion driving mechanisms in LMXBs: in the lower
luminosity sources (Lx < a few x 10°” ergs s~!) accretion may be
driven by angular momentum removal by gravitational waves,
while at higher luminosities (a few x 1037 ergs s™! < Ly < 5 x
1038 ergs s~!) magnetic stellar winds may be responsible. Op-
tical identification of X-ray sources with GCs and an estimate of
the transient fraction at different luminosities (which we will
attempt once the full body of observations of NGC 3379 and
NGC 4278 are completed) may help discriminate among pos-
sible scenarios.

It cannot be excluded that there are differences in the XLFs of
different LMXB populations, possibly reflecting different ori-
gins of these LM XBs. Even ignoring the possible bump in NGC
3379, while the XLF slopes of our two galaxies are similar, their
amplitudes (i.e., total LMXB X-ray luminosity or total number
of LMXBs) differ by a factor of 4 (Table 2). This in turn results in
a factor of 4 difference in Lyx(LMXB)/Lg. Because their optical
luminosities are similar ( Table 1), this discrepancy is not related
to the total stellar mass, which has been suggested as the main
driver of the normalization of the LMXB XLF (Gilfanov 2004).
This discrepancy is of the order of the maximum amount of the
scatter observed in the relation between the X-ray luminosity of
LMXBs and the optical luminosity in 14 early-type galaxies by
Kim & Fabbiano (2004). In our two galaxies, the GC specific fre-
quency (S,) is different, NGC 4278 having a considerably higher
S, than NGC 3379 (Fig. 4; Table 1, col. [8]). This is then in a
good agreement with the general trend of a positive correlation
between Ly(LMXB)/Lg and S, found with a larger sample in
Kim & Fabbiano (2004), indicating that a significant number
of LMXBs have originated predominantly in globular clusters,
particularly in NGC 4278. The LMXB-GC connection and the
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comparison between field and GC LMXBs will be explored in a
future paper.

5. CONCLUSIONS

We have derived and analyzed the deepest XLF of LMXBs in
two normal old-stellar-population elliptical galaxies: NGC 3379
and NGC 4278. The XLF of NGC 4278 reaches down to 1 x
1037 ergs s~! and follows closely a straight, unbroken power law
of differential slope 1.9 £ 0.1, with high statistical significance.
This result shows that the ““universal” break of the LMXB XLF
at ~5 x 10%7 ergs s~ !, suggested by Gilfanov (2004), is not uni-
versal. The XLF of NGC 3379 is also well fitted by a similar
power law, although there is a possible (1.6 o) excess above this
power law at ~4 x 1037 ergs s—!. Even if this excess is real, it may
not represent a break, because the power law resumes at lower
luminosities, below ~2 x 1037 ergs s~!.

Comparison of the normalizations of the XLFs (i.e., the in-
tegrated LMXB luminosities of the galaxies) shows that for the
same integrated stellar luminosity, NGC 4278 is ~4 times over-

luminous in X-rays. This results confirms the conclusion of Kim
& Fabbiano (2004; see also White et al. 2002) that although
stellar luminosity/mass is an important driver of XLF normali-
zation, as suggested by Gilfanov (2004), it is not the sole driver.
The specific frequency of globular clusters in a galaxy is also im-
portant: while NGC 3379 has few GCs, NGC 4278 is GC-rich.

This paper is the first report on the deep XLF study of LMXB
populations that is being currently performed with a Chandra
very large program. Future work will push these XLFs to even
lower luminosities and will explore separately the contributions
of field and GC LMXBs to the XLF.
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