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ABSTRACT

Aims. We explore the population of X-ray point sources in the bulge of M 31 to contrast properties of various subpopulations, such
as persistent and transient sources and primordial LMXBs and dynamically formed ones.

Methods. Based on the data from 26 archival Chandra observations we study the source content and properties of various subpopu-
lations of X-ray sources to a maximum distance of 12’ from the centre of M 31.

Results. To a limiting luminosity of ~103 erg s™! we find 263 X-ray point sources, with ~1/3 of these being background galaxies. A
study of the spatial distribution and the luminosity function of the X-ray sources shows that the distribution of primordial LMXBs is
consistent with the distribution of the K-band light and that their luminosity function flattens below ~10%7 ergs~! to the dN/dL oc L™
law in agreement with the behaviour found earlier for LMXBs in the Milky Way and in Cen A. Within a radius of 12, the luminosity
function is independent of distance to the centre of M 31, in contrast to earlier Chandra studies. The LMXBs located in globular
clusters and within ~1” from the centre of M 31 are presumably created via dynamical interactions. The dynamical origin of the
r < 1" sources is strongly suggested by their radial distribution which follows the p? profile rather than the K-band light distribution.
Their luminosity function shows a prominent fall-off below log(Lx) < 36.5. Although the statistics is insufficient to claim a gen-
uine low-luminosity cut-off in the luminosity function, the best fit powerlaw with a slope of —0.6 + 0.2 is significantly flatter than the
dN/dL o< L~ law. We also searched for transients and found 28 sources that varied by a factor larger than 20. Their spatial distribution

follows the distribution of the persistent LMXBs within the accuracy allowed by the limited number of transients.
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1. introduction

With the advent of Chandra, X-ray point sources in nearby
galaxies became a subject of intense study (see Fabbiano 2006,
and references therein). In spiral and starburst galaxies the X-ray
luminosity function (LF) has been shown to be a powerlaw with
a differential slope of ~1.6 (Grimm et al. 2003), whereas the LF
in elliptical galaxies seems to have a more complicated shape,
being steep at the bright end, log(Lx) > 37.5, with power law
index in the ~1.8-2.5 range, and flat below ~log(Lx) < 37.0
(Gilfanov 2004; Voss & Gilfanov 2006). There is, however, cur-
rently no consensus on the existence and position of the breaks,
and on the slope below a few times 10%7 ergs™' (Kim, D.-W.
et al. 2006).

While M 31 is not an elliptical galaxy, the population of
X-ray sources in the bulge mainly consists of low mass X-ray
binaries (LMXBs), similar to the population of X-ray sources in
elliptical galaxies. It is therefore fair to expect the X-ray LF to be
similar to that of ellipticals (and perhaps even more interesting
if differences show up). The LF can only be studied to a limiting
luminosity of 107 ergs~! in the closest large ellipticals (Kim,
D.-W. et al. 2006), except for Cen A (Voss & Gilfanov 2006)
that is both an unusual elliptical and suffers from contamination
of X-rays from other sources than binaries. In contrast to this,
the proximity of M 31 makes it possible to study the LF down to
10* ergs™!.

* Full Table 2 is only available in electronic form at
http://www.aanda.org

http://www.aanda.org

M 31 has been observed extensively both by XMM-Newton
and Chandra, and the point source population has been anal-
ysed in a number of papers, see e.g. Kong et al. (2002); Kaaret
(2002); Pietsch et al. (2005b); Williams et al. (2004a, 2006).
In the central parts of M 31 the point spread function (PSF)
of XMM-Newton causes source confusion and therefore only
Chandra observations are suited for studies of the weak sources
in this region. The LF of the inner region of M 31 has previ-
ously been studied with Chandra by Kong et al. (2002, 2003);
Williams et al. (2004a). There are several good reasons to rein-
vestigate the LF in this region. The inner bulge of M 31 has been
observed a number of times after this study, significantly increas-
ing the exposure, and also the previous study did not include
the effects of incompleteness and contamination by background
sources, which influences their conclusions significantly.

The paper is structured as follows. In Sect. 2 we describe the
data sets and the basic data preparation and analysis. The identi-
fication of sources in other wavelengths is discussed in this sec-
tion. The properties of the population of X-ray binaries in the
bulge of M 31 are analysed in Sect. 3, including the spatial dis-
tribution and analysis of incompleteness effects. The search for
and analysis of transient sources is presented in Sect. 4. The LFs
of the source populations are analysed in Sect. 5. We conclude
in Sect. 6.

2. Data analysis

The analysis in this paper is based on 26 Chandra ACIS
observations, with aimpoints within 10" from the centre of

http://dx.doi.org/10.1051/0004-6361:20066614
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Table 1. The specifications of the Chandra observations used in this paper. The corrections given in the last two columns are the corrections
applied to the aspect files to align the observations and to achieve absolute astrometry. 1 pixel equals 0.492".

Obs-ID Date Instrument  Exp. Time RA Dec Data Mode  Correction West ~ Correction North
0303 1999 Oct. 13 ACIS-1 1201ks 0042444 +411608.30 FAINT +0.72 pixel —0.29 pixel
0305 1999 Dec. 11 ACIS-I 04.18ks 0042444 +411608.30 FAINT —0.59 pixel —0.16 pixel
0306 1999 Dec. 27 ACIS-I 04.18ks 0042444 +4116 08.30 FAINT —0.51pixel —0.01 pixel
0307 2000 Jan. 29 ACIS-I 04.17ks 0042444 +411608.30 FAINT —0.34 pixel +0.19 pixel
0308 2000 Feb. 16 ACIS-I 04.06ks 0042444 +411608.30 FAINT +0.77 pixel +1.34 pixel
0309 2000 Jun. 01 ACIS-S 05.16ks 0042444 +411608.30 FAINT —0.41 pixel +0.12 pixel
0310 2000 Jul. 02 ACIS-S 05.14ks 0042444 +411608.30 FAINT —0.40 pixel +0.17 pixel
0311 2000 Jul. 29 ACIS-I 0496ks 0042444 +411608.30 FAINT —1.29 pixel —2.79 pixel
0312 2000 Aug. 27 ACIS-1 04.73ks 0042444 +4116 08.30 FAINT —0.90 pixel +1.62 pixel
1575 2001 Oct. 05 ACIS-S 38.15ks 0042444 +4116 08.30 FAINT —0.97 pixel +0.04 pixel
1577 2001 Aug. 31 ACIS-1 0498ks 0043085 +411820.00 FAINT —2.79 pixel —2.71 pixel
1581 2000 Dec. 13 ACIS-I 04.46ks 0042444 +411608.30 FAINT —0.62 pixel +2.93 pixel
1582 2001 Feb. 18 ACIS-I 0436ks 0042444 +411608.30 FAINT +1.65 pixel +2.49 pixel
1583 2001 Jun. 10 ACIS-I 05.00ks 0042444 +411608.30 FAINT —0.50 pixel —3.95 pixel
1585 2001 Nov. 19 ACIS-1 0495ks 004305.6 +411703.30 FAINT —1.28 pixel —0.81 pixel
1854 2001 Jan. 13 ACIS-S 04.75ks  004240.8 +41 1554.00 FAINT —0.74 pixel +0.19 pixel
2895 2001 Dec. 07 ACIS-1 0494ks 0043085 +411820.00 FAINT —0.49 pixel +0.22 pixel
2896 2002 Feb. 06 ACIS-1 0497ks 0043055 +411703.30 FAINT —0.20 pixel +0.83 pixel
2897 2002 Jan. 08 ACIS-I 0497ks  004309.8 +411900.72 FAINT —0.44 pixel +0.01 pixel
2898 2002 Jun. 02 ACIS-1 0496ks 004309.8 +411900.72 FAINT —0.56 pixel —0.02 pixel
4360 2002 Aug. 11 ACIS-I 0497ks 0042444 +411608.90 FAINT —0.19 pixel —0.07 pixel
4678 2003 Nov. 09 ACIS-1 04.87ks 0042444 44116 08.90 FAINT +0.06 pixel —0.35 pixel
4679 2003 Nov. 26 ACIS-I 04.77ks 0042444 +411608.90 FAINT +0.00 pixel —0.96 pixel
4680 2003 Dec. 27 ACIS-1 05.24ks 0042444 +411608.90 FAINT —0.36 pixel —0.86 pixel
4681 2004 Jan. 31 ACIS-I 05.13ks 0042444 +411608.90 FAINT —0.59 pixel —1.12 pixel
4682 2004 May 23 ACIS-I 0493ks 0042444 +411608.90 FAINT —0.64 pixel —0.07 pixel

M31 (RA 00 42 44.31, Dec +41 16 09.4). Information about
the observations is listed in Table 1. The data preparation
was done following the standard CIAO! threads (CIAO ver-
sion 3.2.1; CALDB version 3.0.3), and limiting the energy range
to 0.5-8.0 keV. The ACIS chips sometimes experience flares of
enhanced background. For point source detection and luminos-
ity estimation it is not necessary to filter out the flares, since the
increased exposure time outweighs the increased background.
We used CIAO wavdetect to detect sources. The input pa-
rameters for the detection procedure are similar to those used
in Voss & Gilfanov (2006). We detected sources within 10" of
the aimpoint in each of the individual observations. Due to lim-
itations of the absolute astrometry of Chandra, the observations
have to be aligned before they are combined. We chose to align
the observations to OBS-ID 1575, as this is the observation with
highest exposure time. For each of the observations we deter-
mined the number of sources matching sources found in OBS-
ID 1575, excluding all ambiguous matches, such as a source in
one of the source lists being close to two sources in the other list.
The source lists were shifted relative to each other, and the small-
est rms-distance between the sources were found. This method
made it possible to align the 25 observations with OBS-ID 1575
with a minimum of 40 matches. The corrections applied to the
observations are listed in Table 1. All the observations were then
reprojected into the coordinate systems of OBS-ID 1575 us-
ing CIAO reproject_events,and a merged observations were
created. Notice that the steps above were taken in order to align
and combine the observations, not to achieve good absolute as-
trometry. This will be dealt with using optical data in Sect. 2.2.
An exposure map was created for each of the observations,
assuming the energy distribution to be a powerlaw with photon
index of 1.7 and Galactic absorption of 6.68x 102° cm~2 (Dickey
& Lockman 1990). In the following we use the same spectrum

! http://cxc.harvard.edu/ciao/

to convert the observed count rates to unabsorbed source flux. To
calculate the luminosity of the sources, we assumed a distance
of 780 kpc to M 31 (Stanek & Garnavich 1998; Macri 2001).

To estimate the source counts we applied circular aperture
photometry. The output count rate for each detected source is
calculated inside a circular region centered on the source central
coordinates given by wavdetect. The radius of the circle was
determined individually for each source so that the encircled en-
ergy was 85%. To find this radius we extracted the PSF using
CIAO psfextract task for each of the 26 observations, and the
PSFs were combined using the values of the exposure maps as
weights. For the background region we used a circle with radius
3 times the radius of the source region and the source region ex-
cluded, as well as the source regions of eventual nearby sources.
The corrected source counts and errors were then found by the
equations (Harnden et al. 1984):

Ch-dyd' -Q
YT T adop M
and
- o%(b —d)d?+ O'ZQ.
IS T T (abd T - By 2

Here S is the total number of counts from the source, C is the
number of counts inside the source region and Q is the num-
ber of counts in the background region, « is the integral of the
PSF over the source region, § is the integral of the PSF over the
source and background regions, b is the area of the source and
background regions and d is the area of the source region. For
close sources the extraction regions can overlap. In this case a
second iteration was performed. In this iteration the number of
counts of the neighbouring sources, together with their PSF was
used to find the contamination from nearby sources of the source
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and background regions of a source. This contamination from
nearby sources was then subtracted from C and Q, and Eq. (1)
was repeated. In all cases the effect of the contamination was
small enough to justify the use of this method with only on iter-
ation.

2.1. 2MASS LGA

To compare the spatial distribution of the point sources with the
distribution of mass in M 31, we used a K-band image of the re-
gion from the 2MASS Large Galaxy Atlas (Jarret et al. 2003).
The image has a resolution of 1”, and it is therefore possible to
clearly see point sources. While many of the sources are objects
inherent to M 31, such as globular clusters, some of the sources
may be foreground or background objects. In order to remove
these objects, we correlate the image with the Revised Bologna
catalogue of M 31 globular clusters (Galleti et al. 2004), and
thereby find the maximum K-band luminosity of a globular clus-
ter, ~2 x 100 Lk . All point sources more luminous than this are
removed from the image (replaced with local background). This
corresponds to 14 per cent of the luminosity in the outer part of
the image (the annulus 9'—12"). Point sources with luminosities
between ~4 x 10° Lge and ~2 X 10% L o corresponds only to
2 per cent of the total luminosity, and most of these sources are
GCs in M 31. We therefore conclude that after our removal of the
most luminous sources, contamination from point sources not in
M 31 is insignificant in the outer region. In the rest of the image
the luminosity density of M 31 is higher and contamination is
therefore even less important.

2.2. Absolute astrometry

We used the 2MASS All-Sky Point Source Catalog (Skrutskie
et al. 2006) to achieve better absolute astrometry. This cata-
log was chosen, due to the high number of (true) matches with
our source list. The astrometric precision ranges from ~0.1”
for brighter sources to 0.4” for the weakest sources. The X-ray
sources were correlated with the 3132 2MASS point sources in
the observed region and the X-ray image was shifted to give the
smallest rms-distance for matches with a distance less than 1”.
This gives a correction of —0.97 pixel west and +0.04 pixel north
with 40 matches (<2 random matches expected). We note that af-
ter the corrections, our source coordinates are in good agreement
with the coordinates given by previous studies (Kong et al. 2002;
Williams et al. 2004a).

2.3. Source identifications

For the identification of the detected sources we have used a
variety of catalogues. For the identification of globular clustes
we have used the Revised Bologna Catalogue of M 31 glob-
ular clusters (Galleti et al. 2004) as well as the lists given
by Magnier (1993) and Fan et al. (2005). GCs were divided
into the categories confirmed GCs and candidate GCs, follow-
ing (Galleti et al. 2004), and the GCs in Magnier (1993) and
Fan et al. (2005) were all considered candidates. Planetary neb-
ulae have been identified using Ciardullo et al. (1989), and
supernova remnants using Magnier et al. (1995). Furthermore
we have searched for sources coincident with stellar novae in
Pietsch et al. (2005a). Stars were identified using Galleti et al.
(2004) as well as GSC 2.2 (Morrison et al. 2003) and USNO-B1
(Monet et al. 2003) (the latter two catalogues gave only sources
found in Galleti et al. (2004) as well). Finally we searched for

possible counterparts using the NASA/IPAC Extragalactic
Database (NED) and SIMBAD. A source was assumed to be
a counterpart to the X-ray source if within a distance of 2.5”,
except for supernova remnants for which the distance was 5”.

A number of objects have been excluded from the following
analysis, 4 foreground stars, 3 SNRs and one extended source
(which was detected as two sources). More sources have been
identified with objects, as can be seen from our source list, but
the number is small, and the meaning of the identifications is un-
certain, and we have therefore chosen to keep them in the sam-
ple. For example we note that a detailed study of the planetary
nebulae correlations (Williams et al. 2004b) suggested that most
are not true counterparts. Also of the four novae correlations,
only one (source 128) is a true counterpart (W. Pietsch, private
communication).

Our final source list consists of 263 sources within a radius
of 12’ from the centre of M 31 (Table 2). Of these 9 sources are
not included in the analysis below. Above 10%7 ergs™! there are
48 sources, and above 10°® erg s~! (approximately the complete-
ness limit), there are 136 sources included in the analysis. We
expect ~29 of the sources with luminosity >10% ergs~! and ~89
of all the sources to be background sources, taking into account
incompleteness, see Sects. 3.1.3 and 3.3. We find that 15 sources
are coincident with GCs (0.25 random matches expected) and 14
with GC candidates (1 random match expected).

3. Populations of sources in the bulge of M 31
3.1. Expected numbers
3.1.1. Low mass X-ray binaries

LMXBs are related to the population of old stars, and there
is therefore a correlation between their number and the stellar
mass of a galaxy (Gilfanov 2004). In order to estimate the ex-
pected number and luminosity distribution of LMXBs we used
a K-band image from 2MASS Large Galaxy Atlas (Jarret et al.
2003) and integrated the flux emitted in the parts of M 31 anal-
ysed in this paper (excluding luminous point sources not related
to the galaxy, see Sect. 2.1). This gives a K-band luminosity of
Lx = 4.4 % 10'° Lg. To convert it to the stellar mass we use the
color-dependent K-band mass-to-light ratio from Bell & De Jong
(2001). For the extinction corrected optical color of the bulge of
M31, (B-V) = 0.95 (Walterbos & Kennicutt 1987), the mass-
to-light ratio is M. /Lg ~ 0.85. This gives the stellar mass of
3.8 x 10'° M, assuming that the absolute K-band magnitude of
the sun is equal to Mk = 3.39. Using the results of Gilfanov
(2004) we predict ~55.7 LMXBs with Lx > 1037 ergs™!, and
~128.9 with Ly > 10% ergs!.

3.1.2. High mass X-ray binaries

Being young objects, HMXBs are associated with star forma-
tion and, as expected for the bulge of a spiral galaxy, are by
far a less significant contribution to the population of X-ray bi-
naries than LMXBs. Star formation is mostly associated with
the disk of M 31. An investigation of the star formation rate of
the disk has been conducted by Williams (2003), who find
that the mean SFR over the last 60 Myr for 1.4 deg? of the
M 31 disk is 0.63 + 0.07 M, yr~! (in the range 0.1-100 M)
with no drastic changes. Assuming a flat SFR density over
the galaxy gives an SFR of ~0.048 M, yr~' within the re-
gion analyzed in this paper. We used the calibration of Grimm
et al. (2003) to calculate the expected number of HMXBs
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Table 2. The list of point like X-ray sources within a distance of 12" from the centre of M 31. The full table is available in the online version of the

paper.
Number distance RA Dec cts corrected cts error luminosity  type id name
€)) @ 3 “ ) © O ® ® a0 dan

1 1.0 00424437 411608.7 2245 2580.7 58.0  7.08e+36 r1-10
22 00424438 4116074 2864 3308.2 654  1.08e+37 rl-9

3 4.0 00424438 4116054 1117 12339 413  5.32e+36 rl-21

4 4.6 00424430 411614.0 316 3449 226  1.52e+36 r1-22

5 5.4 00424386 411611.1 225 244.1  19.2  1.07e+36 rl-27

6 7.4 00424387 4116039 709 811.6  33.1  3.53e+36 r1-23

7 9.7 004244.68 4116182 906 1047.3 373  4.62e+36 rl-8

8 10.6 00424524 411611.1 456 5162 268 2.25e+36 r1-20

9 145 004245.60 411608.6 1026 1191.0 395 5.2le+36 rl-7

10 153 004245.12 411621.7 3098 36312 679 1.61e+37 RAD SIMWSTB37WI135 rl-4

11 20.8 004243.88 411629.6 1293 1463.5 445  6.54e+36 rl-11

12 21.7 004246.01 411619.6 468 531.3 272 2.33e+36 t r1-19

13 23.8 00424375 4116324 2329 2726.7 59.0 1.24e+37 rl-12

14 24.0 004242.18 4116083 4525 5353.9 81.6  2.45e+37 t rl-5

15 259 00424248 411553.7 3077 3601.1 67.6  1.62e+37 PN CIA 4 rl-14

(1) — The sequence number; (2) — Distance to the centre in arcsec; (3),(4) — Right ascension and declination of source; (5) — Source counts;
(6) — Source counts after background subtraction; (7) — Statistical error on source counts after background subtraction; (8) — X-ray luminosity,
0.5-8 keV, assuming 780 kpc distance; (9) — Source Type: GC — confirmed globular cluster, GCC — globular cluster candidate, PN — planetary
nebula, FGS — foreground star, NOVA — nova, EmO — emission line object, RAD — radio source, SNR — supernova remnant, EXT — extended
source, t — transient source; (10) — precise identification and reference: Bol — Galleti et al. (2004), Fan — Fan et al. (2005), Mita — Magnier (1993),
MLA — Meyssonnier et al. (1993), W2 — Williams et al. (2004b), CIA — Ciardullo et al. (1989), CEN - Ciardullo et al. (1987), PIE — Pietsch et al.
(2005a), SI — Shafter & Irby (2001), B68 — Borngen (1968), SIM — Simbad, GLG - Gelfand et al. (2004), B90 — Braun (1990), MG — Magnier
et al. (1995), Cra — Crampton et al. (1984); (11) — Source name in Kong et al. (2002), Williams et al. (2004a) and Williams et al. (2006); Sources
not included in these catalogues are marked with K if observed in Kaaret (2002), else with X, indicating that these are new sources.

(see comment in Shtykovskiy & Gilfanov 2005, regarding
the normalization). From this we get the expectation of ~0.3
HMXBs brighter than 1037 ergs™!, and ~1.2 sources brighter
than 103 ergs™.

Alternatively we have estimated upper limits for the num-
bers of HMXBs from the Ha and FIR luminosities reported
by Devereux et al. (1994). For Ha the combined luminosity
from the nuclear region and from diffuse emission inside the
star forming ring (which is at a radius of ~50’, much larger
than the maximum distance of 12’ analysed in this paper) is
4.3 x 10*® ergs™' (corrected to our distance of 780 kpc). From
Grimm et al. (2003) we find that this corresponds to 1.1 HMXBs
with a luminosity above 10%” ergs~!, and 4.4 HMXBs with a lu-
minosity above 100 ergs~!. The FIR luminosity in this region is
5.25x108 L, which corresponds to 2.0 HMXBs with a luminos-
ity above 10%7 ergs~!, and 8.0 HMXBs with a luminosity above
10% ergs~!. It should be noted, however, that the region these
luminosities are found from is much larger than the region con-
taining our X-ray data, and that it is very likely that the main part
of the light is not produced by star formation, as Devereux et al.
(1994) found that for the central region the number of O-type
stars is a factor of ~200 lower than what would be expected if the
luminosities were due to star formation. We can therefore safely
ignore the contribution of HMXBs in the following analysis.

3.1.3. Background X-ray sources

To estimate the number of background sources, we use results
of the CXB log(N) — log(S) determination by Moretti et al.
(2003). We use the source counts in the soft and hard bands
(their Eq. (2)) and convert the fluxes to the 0.5-8.0 keV band,
assuming a powerlaw spectrum with a photon index of 1.4. For
the total area of our survey of 0.126 deg? we obtain from the
source counts in the soft band ~1.8 CXB sources above the
flux corresponding to 1037 ergs™!, and ~29 above 1036 ergs™.

From the hard band counts the predicted numbers are ~1.2
and ~30.5 sources. The predictions based on the soft and hard
log(N)—log(S) differ slightly because of the well recognized fact
that source counts in different energy bands and flux regimes are
dominated by different types of sources, see Voss & Gilfanov
(2006). To find the total number of background sources in our
source list, we multiply the CXB LF by the incompleteness func-
tion found in Sect. 3.3, and integrate over the observed luminos-
ity range. We find the total number of CXB sources to be 89.

3.2. The spatial distribution of the point sources

We studied the azimuthally averaged radial distribution of the
X-ray point sources. As the two main contributions of sources
are the LMXBs and CXBs, we model the distribution as a super-
position of two functions, representing these contributions. As
the spatial distribution of the globular clusters in M 31 is sig-
nificantly different from the mass distribution in the inner parts
of the bulge, we have accounted for the globular cluster sources
separately. The distribution of LMXBs is assumed to follow the
K-band light, and for this the image from the 2MASS LGA was
used, whereas the density of CXBs can be assumed to be flat on
the angular scales under consideration here. The only free pa-
rameter of the model is the ratio of normalizations of the LMXB
and CXB fraction.

The model was compared to the observations for sources
more luminous than 103 ergs™! (Fig. 1), as sources of such lu-
minosity could be observed in the entire image without it being
necessary to consider incompleteness effects. This analysis was
presented in Voss & Gilfanov (2007), where the data was shown
to deviate significantly from the model in the inner » < 1. It was
also shown that the discrepancy could be succesfully modelled
by binaries created through dynamical interactions.

In this paper we adopt the normalizations of the primordial
LMXBS and CXBs found in Voss & Gilfanov (2007). Above
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Fig. 1. The spatial distribution of the point sources (crosses), compared
to a model consisting of primordial LMXBs, CXB sources and LMXBs
in GCs. The GC LMXB normalization was determined from the ob-
served number of matches, and the primordial LMXB and CXB nor-
malizations were found from a fit to the observed source distribution
outside 1’. In the inner 1’ the sources follow the expected distribution
of LMXBs formed through dynamical interactions, p? (Voss & Gilfanov
2007).

a luminosity of 10% ergs™! this corresponds to 29 CXBs and
64 primordial LMXBs, as well as ~20 LMXBs created via dy-
namical interactions in the inner bulge and ~20 LMXBs in GCs.
The normalization of CXBs is consistent with the expectations.
From this we find that the ratio of primordial LMXBs with lumi-
nosity above 10°® ergs™! (10%7 ergs™!) to stellar mass is N, /M.
is 17.0+ 1.8 (8.9 + 1.6) sources per 10'° My, and the ratio of pri-
mordial LMXBs to the K-band luminosity is N,/Lg is 19.7 +2.1
(10.3 = 1.9) sources per 1010 Lok.

The normalization of the primordial LMXBs is about two
times smaller than the number obtained by Gilfanov (2004).
There are two reasons for this. 1) We removed LMXBs in GCs
and in the inner bulge from the analysis, to only account for
LMXBs thought to be primordial. This was not done by Gilfanov
(2004). 2) We assumed the K-band mass to light ratio of the
bulge of M 31 to be 0.85, as compared to the ratio of 0.56 used
in Gilfanov (2004).

3.3. Incompleteness

The variations of the diffuse background level and deteriora-
tion of the PSF at large off-axis angles lead to variations of
the point-source sensitivity across the Chandra images. An im-
age in which observations with different pointings are combined
has very non-uniform exposure. As a result there are strong in-
completeness effects at the faint end of the luminosity func-
tion. We calculate the incompleteness function for each analysed
area, using the method described in Voss & Gilfanov (2006), in
which the incompleteness function is calculated separately for
LMXBs and for CXBs. A completeness limit is calculated for
each pixel and weighted by the expected distribution of sources
(using the same distributions as in Sect. 3.2). In Fig. 2 the in-
completeness function is shown for both LMXBs and CXBs in
3 regions. As in Voss & Gilfanov (2006) we verified our calcu-
lated incompleteness functions by simulations of the type used
by Kim & Fabbiano (2004). In each of the simulations we used
Monte Carlo techniques to simulate 10000 point sources. Each
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Fig. 2. The incompleteness as a function of source luminosity for 4 re-
gions of the bulge of M 31. The red lines show the function for LMXBs,
while the black lines show the functions for CXBs.
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Fig. 3. The results of incompleteness simulations compared to the cal-
culated incompleteness functions of LMXBs. The black line and data
points (circles) corresponds to the annulus with 3’—6" distance from
the centre of M 31, while the grey line and data points (squares) cor-
responds to the region within 12’. In both simulations 10 000 sources
were simulated.

of the sources was placed on the real image of M 31, according to
the expected spatial distribution of the source type (LMXBs or
CXBs), and our observation pipeline was applied to the image
to test if the source is detected, and if so, with what luminos-
ity. This way, the observed number of sources in a luminosity
range was compared to the simulated number to determine the
detection efficiency. For more details on the method, see Voss
& Gilfanov (2006). The results of the simulations are compared
to the calculated functions for two regions in Fig. 3. We calcu-
lated the incompleteness function for GCs and GC candidates by
finding the detection limit at the position of each of the GCs, and
assuming the probability of containing an LMXB to be the same
for all the GCs. The incompleteness functions calculated in this
section will be used in the analysis of the LF of the LMXBs in
Sect. 5.
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4. Transient sources

A large fraction of the sources in our sample are variable. For
most of the sources, the luminosity varies within a factor of a
few. In the combined image the luminosity is the average of the
luminosities of the single observations, weighted by the expo-
sure. For the sources with a low amplitude of the variability, this
weighted average is adequate for the analysis carried out in this
paper.

However, the study of Williams et al. (2006) has shown
that, on average, there is ~one transient source per observation.
In an image combined from many observations the effects of
these sources on the normalization and shape of the LF are non-
negligible. As the luminosity of a source is weighted by the ex-
posure, it is straightforward that the more observations that are
combined, the more transients there are, and the lower the av-
erage luminosity of each of them will seem to be. To find and
investigate transient sources, we analysed each observation indi-
vidually in the same way as the combined observation.

For each source it was noted for which observations it was
found and with what luminosity. If the source was not found
with wavdetect (and if the source region had any exposure) we
put the source into one of two categories. The number of pho-
tons from the source region, Nps (85 per cent of PSF centered on
the observed coordinates of the full image), and background re-
gion Ny, (annulus with radius 1-3 times the source region) were
counted. 95 per cent confidence limits Ciow and Cpign Were cal-
culated on the source counts (Gehrels 1986). If C,,, was larger
than the number of expected background photons in the source
region, scaled by exposure and numbers of pixels from the back-
ground region, we labelled it a low-significance source and used
Nps — Npb as source photons to find the luminosity. If Cjoy was
lower than the expectation of background photons, we calculated
an upper limit to the luminosity from Chign — Npp. Based on the
considerations above we divided the sources into three types for
each observation. Type 0 is a source observed with wavdetect,
type 1 is a low-significance source, and type 2 is a source not ob-
served, for which an upper limit is given. In Table 3 the source
type is given for the observation with lowest luminosity for each
source.

The ratio between the highest and the lowest luminosity (or
upper limit) was then noted for each of the sources. We chose
to label sources with a ratio >20 as transients. This gave the
28 sources listed in Table 3. Out of these, only one was actually
observed at the lowest luminosity, indicating that the majority
of these sources are real transients. For many of our sources, the
ratio limit is set so high that if they are transients, they would not
be labeled as such, due to lack of exposure. If the limit was set
to be lower, however, there would be a large number of sources
that are variable, but not transients, that would be included. The
amplitude of the variability of a source is artificially enhanced
by statistics when the number of observations is large.

A catalogue of transients in M 31 was published by Williams
et al. (2006), and 5 further transients were found in a series of
papers by the same group (e.g. Williams et al. 2005). From their
lists, 36 of the sources are within the region analysed in this
paper. Of these, 18 coincide with sources in our transient list.
We have therefore identified 10 new sources. Of the 18 sources
remaining in their source list, 5 of them were detected in our
observations, but did not fulfil our criteria for being transients
(they also had high/low ratios lower than 20 in Williams et al.
2006). One source (source 214 in Table 2) was labelled a tran-
sient in their paper with a high/low ratio of 96 but only varied
by a factor of <10 in our observations. The last 12 sources from

Table 3. Highly variable sources with Ly.x/Lmin > 20. Given here are
(1) the source number from Table 1, (2) the ratio of highest observed
luminosity to the lowest observed luminosity (or upper limit), (3) the
highest observed luminosity, (4) the observation in which the luminosity
was highest, (5) the observation in which the luminosity was lowest,
and (6) the observational type at lowest luminosity, see description in
text. It is also noted in this column if the source belongs to a GC or
GC candidate.

Source  high/low  maxlum highobs low obs type
€)) @) 3 @ (&) (©)
12 22.0 7.6le+36 1585 310 2
14 468.8  7.28e+37 308 1575 2
23 503 1.26e+37 4682 305 1
29 126.2  4.42e+37 1575 310 2
32 652 1.37e+37 4681 1575 2
38 99.5 2.28e+37 4679 303 2
41 28.3 3.18e+36 303 1575 1
44 357  3.22e+36 303 1575 GCC,1
47 64.6 1.99e+37 4682 1575 2
51 87.1 1.1le+37 306 1575 2
59 589.0 4.75e+37 4682 1575 2
68 370.5 1.93e+37 310 1575 2
72 212 1.34e+37 309 4679 1
84 54.5 7.68e+36 1854 1575 2
85 79.0 2.56e+37 303 1585 1
90 58.6  5.36e+37 311 312 1
105 9542 3.27e+38 1575 303 2
118 108.4  3.86e+37 4681 303 2
128 46.1  1.50e+37 2896 1575 2
130 1044 1.49e+37 311 1575 2
136 922  4.55e+37 4682 305 GCC,2
146 2124 3.77e+37 4681 1575 2
155 96.3  4.48e+37 1585 1575 GCC,0
212 652  2.68e+37 4682 1575 2
216 20.8  1.04e+37 1854 1575 2
234 66.9 1.18e+37 4682 2898 1
237 37.5 7.48e+37 2897 307 1
250 534  7.00e+37 2896 305 GC,2

their source list are not active in our observations. Trudolyubov
et al. (2006) detected 4 transients with XMM-Newton. 3 of these
are not active in our observations, while the fourth (source 234
in Table 2) was found to be transient in our observations, as well
as by Williams et al. (2005).

We investigated the spatial distribution of the transient
sources. In Fig. 4 we compare their radial distribution with two
models: 1) the distribution of the K-band light, representing the
primordial LMXBs, and 2) the distribution of all the observed
LMXBs (all sources with CXBs subtracted). It can be seen that
with the current set of observations, both models can explain
the distribution. With more observations it might be possible
to distinguish between the models, and thereby learn if the ra-
tio of transient to persistent sources is different for primordial
LMXBs and dynamically formed LMXBs. The number of in-
dividual observations and length of these varies strongly from
region to region, and this can have significant effects on the ob-
served distribution. Also inside 5" the source density is so high
that transients could easily be missed.

5. The luminosity function of the point sources

The LF in the bulge of M 31 has previously been studied with
Chandra by Kong et al. (2002, 2003); Williams et al. (2004a),
but for several reasons it is interesting to do further work on
this. The exposure of the inner region has increased significantly
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Fig. 4. The spatial distribution of the transient sources, compared to two
models, the distribution of primordial LMXBs (thick grey line) and
the combined distribution of primordial LMXBs and LMXBs created
through dynamical interactions in the inner bulge (thin grey line). The
error bars are 1o

since the previous studies, and methods for incompleteness cor-
rection have been developed. It is therefore possible to probe the
LF at much lower luminosities. Furthermore the previous stud-
ies neglected the contribution of background sources. This can
be important for the outer parts of the bulge, where the density
of LMXBs is comparable to the density of background objects,
see Fig. 1.

Here we study the LF of the LMXBs in detail, statistically
taking into account the CXBs, and correcting for incomplete-
ness as described in Sect. 3.3. The LMXB LFs presented in this
section are corrected by subtracting the LF of CXBs multiplied
by the incompleteness function of the CXBs. The normalization
of the LF of CXBs was chosen as in 3.2. The LFs of the LMXBs
were then corrected by dividing by the incompleteness function
of the LMXBs. From Fig. 2 it can be seen that there is a factor
of ~10 difference between the sensitivity in the regions inside 6’
and the regions outside. At the same time the density of X-ray
sources is much higher in the inner region than in the outside
region, making the CXB contribution less important. In the in-
ner regions the LF can therefore be determined directly down to
a few times 10% ergs~!. We choose to present the functions as
differential LFs, as opposed to the cumulative LFs often used in
the literature. The advantage of this is that bins are independent,
and features in the LF are therefore more visible, and easier to
interpret. The disadvantage is that it is necessary to bin the data.
The LFs presented below are cut off at a lower luminosity. This
luminosity corresponds to the limit at which the incompleteness
correction is >2.5 for either the CXB LF or the LMXB LF. For
this reason the LFs of the individual regions begin at different lu-
minosities in Figs. 5—10. For each of the LFs, we give the num-
ber of sources included in the calculations. However it should be
noted that due to the corrections for incompleteness and CXB
sources applied to the LFs, the error bars in the figures provide
better estimates for the precision of the functions.

In Fig. 5 we show the LF of the entire region within a dis-
tance of 12’ from the centre of M 31. The squares correspond
to all the sources, whereas to produce the crosses, the tran-
sient sources (Table 3) were excluded. There is a clear break at
~2 % 10% ergs™!, consistent with previous results obtained with
Chandra (Kong et al. 2002, 2003; Williams et al. 2004a) as well
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Fig. 5. The LF of LMXBs within 12’ of the centre of M 31. Squares are
obtained from all the observed sources (207 sources), whereas for the
crosses, the transient sources are excluded (179 sources). Note that in
the latter case the relative contribution of sources thought to have dy-
namical origin is increased, see the discussion in the text. The solid line
is the average LF of LMXBs in nearby galaxies from Gilfanov (2004).
The normalization is arbitrary, but the same as Figs. 5-10.
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Fig. 6. The LF of the sources in the inner 1’ (crosses, 27 sources), the
LF of the X-ray sources in confirmed GCs (squares, 12 sources) and
the LF of the X-ray sources in GC candidates (triangles, 9 sources).
The normalization of the LFs from GCs and GC candidates is arbitrary.
The solid line is the average LMXB LF, with the same normalization in
Figs. 5-10.

as other X-ray telescopes (Primini et al. 1993; Shirey et al. 2001;
Gilfanov 2004).

As it can be seen in Fig. 5 the effect of transients is to ar-
tificially steepen the slope of the LF below ~10%7 ergs™'. A
maximum likelihood (ML) fit by a single powerlaw in the range
2x10%°-10%" ergs~! gives a slope of —0.85+0.12 and —0.7+0.16
with and without transients, respectively. While the difference is
not statistically significant in our sample, it is a systematic effect
that should not be ignored in general when studying a large num-
ber of observations combined. To avoid distortion of the LF due
to transient sources, they should be excluded from the analysis,
and we have done so in the rest of the analyses presented in this
paper.

After the transient sources have been excluded, the faint end
(2% 10*-10% ergs™!) of the LF appears to be significantly flat-
ter than L~ powerlaw. This is caused by the sources located in
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Fig.7. The LF of the LMXBs in Galactic GCs (crosses, 12 sources)
compared to the LF of the LMXBs in confirmed GCs in M 31 (squares,
12 sources). The solid line is the average LMXB LF, with the same
normalization in Figs. 5-10.
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Fig. 8. The LF of sources with a radial distance of 1’9’ from the cen-
tre of M 31, excluding sources in GCs and GC candidates (crosses,
130 sources), compared to the LF of sources from the inner 1’ and
sources in confirmed GCs (squares, 40 sources). The normalization of
the latter is arbitrary. The solid line is the average LMXB LF, with the
same normalization in Figs. 5—10.

globular clusters and in the inner bulge, thought to have dynam-
ical origin, as the LF of these sources has a prominent fall-off at
low luminosities (Fig. 6). Their relative contribution to the LF
increases when the transient sources are excluded. As will be
shown below, the LF of the primordial sources is consistent with
the general shape found by Gilfanov (2004).

In Fig. 6 the LFs of the LMXBs thought to be created
through dynamical interactions are presented. The LMXBs from
the inner 1’ of the M 31 bulge are shown (crosses), compared to
the LFs of LMXBs in confirmed GCs (squares) and GC candi-
dates (triangles). The three LFs are consistent with each other,
and for all three populations the number of LMXBs falls off at
luminosities below log Ly < 36.0—-36.5. This is most significant
in the bulge population, which can also be observed to the low-
est luminosity level. For the GC candidate sources, the falling
off at low luminosities is hardly significant, but it is known that
the GC candidate list is contaminated by background galax-
ies (Galleti et al. 2004), and with the LF of CXB sources, the
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Fig.9. The LF of sources with a radial distance of 1’—3’ (crosses,
28 sources), 3'—6" (squares, 56 sources) and 6'—12" from the cen-
tre of M 31, excluding sources in GCs and GC candidates (triangles,
58 sources). The solid line is the average LMXB LF, with the same
normalization if Figs. 5-10.
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Fig. 10. The LF of the maximum luminosity of the transients observed
(28 sources). Note, that below ~10%" erg/s it is subject to strong se-
lection effects. The solid line is the average LMXB LF, with the same
normalization in Figs. 5-10.

effect of such a contamination would be to raise the lower end of
the LF.

In the inner 1’ of M 31, as well as in the GCs, the source
density is so high that source blending can become a factor. We
performed Monte Carlo simulations of the source population in
the inner 1’ of M 31, similar to the ones performed to estimate in-
completeness (see Sect. 3.3). We assumed the average luminos-
ity function of Gilfanov (2004), with the normalization accord-
ing to our observed number of sources in the region, and with a
lower cut-off at 103® ergs~! as observed, and the spatial distribu-
tion of all sources in Fig. 1. From this we find that the fraction
of blended sources (parameter b in Appendix A) is ~3—4%. For
an alternative luminosity function in which the lower cut-off is
set at 1034 erg sl b ~9-10%.

As only ~20% of the GCs host LMXBs, the fraction of
blended sources is also likely to be low here (b ~ 4 per
cent, assuming that all GCs are identical, but the exact num-
ber depends on the distribution of GC properties relevant for
the formation of LMXBs). For comparison one out of 12 GCs
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hosting LMXBs in the Galaxy has been shown to host two
LMXBs (White & Angelini 2001), corresponding to b ~ 8-9
per cent. In Appendix A we consider the effects of source blend-
ing on the observed LF, and we show that for the values of b in
this range, the effect of blending is not important.

Given the Chandra angular resolution, at the distance of
M 31, all X-ray sources in a GC will be blended into one point-
like source. As there are numerous sources of low luminos-
ity Lx < 10* ergs™!, this could affect our analysis. This is
not the case, however, as the luminosities of these sources are
too low. For example the combined luminosity of the ~300 ob-
served sources in the massive Galactic GC 47 Tucanae is ~5 X
10* ergs™! (Heinke et al. 2005), i.e. less than 1% of the lumi-
nosity of a typical GC source observed in M 31.

From a comparison of Figs. 5 and 6, it appears that the LF
of the LMXBs of presumably dynamical origin is different from
the average LF of all the LMXBs. We investigate this difference
further in Fig. 8 where we compare the LF of the dynamically
formed LMXBs (sources located in the inner 1’ and in confirmed
GCs) with the LF of all other sources in the 1’—9” annulus.
These are, presumably, of primordial origin. This figure con-
firms qualitatively the difference between the two populations.
Due to rather limited numbers of sources the LFs are not very
tightly constrained. In particular, the statistics is insufficient to
discriminate between a genuine low-luminosity cut-off in the LF
of dynamically formed sources and its moderate flattening. To
estimate the statistical significance we consider the numbers of
sources in different sub-populations in the 1.5x103°~10%¢ ergs~!
luminosity range (the lower boundary is defined by the low
bound of the primordial LF, see discussion earlier in this sec-
tion). There are two sources in this luminosity range in the pop-
ulation of the dynamically formed LMXBs, whereas 17.4 + 4
would be expected if the source counts in the 10°°—10%7 ergs™!
range were extrapolated with a dN/dL o L™! law. Due to nearly
identical normalizations of the two LFs above log(Lx) = 36 (cf.
Fig. 8), these numbers can be directly compared with 32+ 11 pri-
mordial sources (CXB contribution subtracted and incomplete-
ness corrected) observed in the same luminosity range (20 +
5.6 sources expected for L™! extrapolation). In order to further
quantify the difference between the two luminosity distributions
we fit them with a single powerlaw in the 1.5x 10*°~10%7 ergs™!
luminosity range, using ML fits. For the primordial sources we
obtained a differential slope of —1.11 +0.18, while the LF of dy-
namicaly formed LMXBs has a slope of —0.6+0.2. Although the
difference between these two numbers is only marginally signif-
icant, the LF slope of the dynamically formed LMXBs is incon-
sistent with the value of —1 obtained for the average LMXB LF.

It is interesting to compare the results with the bright (L >
10* ergs™') LMXBs in Galactic GCs. Currently 13 of such
LMXBs have been observed in 12 GCs, and due to the proximity
the sample is believed to be complete, except for possible future
transients. While all of these sources have been observed with
Chandpra, there are not published luminosities for all of them,
and analysis of the observations are beyond the scope of this pa-
per. Instead we find the luminosities by averaging the lightcurves
for each of the sources from RXTE ASM, over all of the observed
time (until January 1st, 2007). The count rates were converted to
fluxes in the 0.5—-8.0 keV band, assuming a powerlaw spectrum
with photon index 1.7, using PIMMS?. This gives a conversion
factor of 1 count s™' = 4.3 x 10710 erg cm™2 s7!. In Fig. 7 the
LF of the LMXBs in Galactic GCs is compared to the LF of

2 http://cxc.harvard.edu/toolkit/pimms.jsp

LMXBs in confirmed GCs in M 31, and it is shown that in the
Galaxy there is a clear cut-off at ~10% ergs™.

The difference between the LF of primordial and dynami-
cally formed LMXBs is interesting for several reasons. It has
recently been discussed whether most of the field LMXBs were
actually formed in GCs (e.g. White et al. 2002; Juett 2005). If
the LFs of the field and GC LMXBs are different, it is a strong
indication that their origin is different as well. Moreover, the fact
that the LF of the sources in the inner 1’ is consistent with the LF
of the GC sources and different from the LF of the field LMXBs
reinforces the conclusion of Voss & Gilfanov (2007) that the sur-
plus X-ray sources in the center of M 31 are LMXBs created
through dynamical interactions in high stellar density environ-
ment of the inner bulge.

Differences between the LFs of dynamically formed LMXBs
in the globular clusters and field LMXBs have previously been
reported (Kong et al. 2002; Trudolyubov & Priedhorsky 2004)
but at larger luminosities, above 10%” ergs™!. These have been
disputed in a recent thorough study of six elliptical galaxies by
Kim, E. et al. (2006), who concluded that the LFs of the two
populations are consistent. We note that the differences found in
the analysis of this paper occur at luminosities below the sensi-
tivity threshold of Kim, E. et al. (2006), and our results therefore
do not contradict theirs.

Various models for LMXB evolution exist, from which the
shape of their luminosity distribution can be predicted. For a
population of LMXBs with non-degenerate donors, the differ-
ential powerlaw slope of —1 at luminosities below ~1037 can be
naturally obtained if the mass transfer is driven by gravitational
radiation, as opposed to the steeper slope above ~10°7 ergs~!,
which can be explained by the magnetic braking driven systems
(Postnov & Kuranov 2005; Pfahl et al. 2003). Ultra-compact
X-ray binaries (UCXB) have degenerate donor stars and the
mass transfer is driven by gravitational radiation alone. In this
case the reaction of the WD donor to mass loss is important for
the mass transfer rates and therefore also for slope of the LF,
and models have been succesful in explaining the bright end of
the LMXB LF, near and above ~10% ergs~! (Bildsten & Deloye
2004). No modeling of the fainter end of luminosity distribution
for the UCXB population has been reported so far. Intuitively,
one might expect that the luminosity distribution of these sys-
tems should fall off at low luminosities. Although the UCXB
systems are very unlikely to contribute significantly to the bulk
of fainter primordial LMXBs in the log(Lx) < 37 luminosity
domain, their importance increases dramatically in the entire lu-
minosity range when considering the LMXBs of dynamical ori-
gin, especially those formed in the high velocity environment
of the inner bulge (Voss & Gilfanov 2007). This offers a plau-
sible explanation for the rather peculiar shape of the luminosity
distribution of the globular cluster sources and of the sources in
the inner 1’ of M 31. As the reaction of the WD donor to mass
loss depends on the chemical composition of the WD, modeling
the luminosity function at low luminosities and comparing with
observations of LMXB in the inner bulge and in globular clus-
ters in M 31 and other galaxies might reveal new information on
the progenitors of the UCXBs and advance our understanding
of binary evolution and dynamical interactions in dense stellar
environments in general.

Another factor, potentially important at low mass transfer
rates, is the thermal-viscous instability, which causes transient
behaviour in LMXBs below some critical value of the mass
accretion rate (van Paradijs 1996). Consequently, the LF of
persistent sources should be expected to have a break around
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this luminosity. The critical luminosity is somewhere in the
$10%73¢ erg s~! domain, and depends, among other parameters,
on the physical size of the accretion disk around the compact ob-
ject (King & Ritter 1998). In this picture, if the disk instability
was the reason for the observed low luminosity cut-off observed
in Fig. 6, the critical luminosity for UCXBs would be expected
to be lower than for LMXBs with non-degenerate donors. This
prediction seems to be in contrast to the result of this paper, that
the LF of the dynamically formed LMXBs (presumably having
a significantly higher fraction of UCXBs) appears to be flatter
(i.e. fewer faint systems) than the LF of the primordial LMXBs.

In the previous study of LMXBs in the bulge of M 31 (Kong
et al. 2002), it was found that their LF varied significantly with
the distance from the centre, becoming progressively steeper
with radius. We searched for the radial trend by comparing the
LFs of the primordial LMXBs (that is, with LMXBs in GCs ex-
cluded) of the annuli 1’-3’,3’—6" and 6’—12’ (Fig. 9), and found
no statistically significant variations. We suggest that the differ-
ence in the LF reported by them, especially between their re-
gions 2 and 3, was caused by the contribution of CXB sources
which becomes more larger in the outer parts of the bulge (cf.
Fig. 1). Note that this possibility was also considered by Kong
et al. (2002).

In Fig. 10, we show the LF of transient sources. As the aver-
age luminosity is meaningless, due to its dependence on the ex-
posure time and pattern of the observations in which the sources
were found, we have chosen to use the maximum of the observed
luminosities in the individual observations for each source. The
LF of these sources follows the average LF of LMXBs to a min-
imum luminosity of 107 ergs™!. Below this the observed dis-
tribution falls off quickly, but this is likely an artifact of the our
selection criterion for transient sources, Fiax/Fmin > 20. For
most sources with peak luminosities below 10%7 ergs™!, it is not
possible to constrain the quiescent luminosity well enough to
classify the sources as transients.

6. Conclusions

We have studied the X-ray point sources in the bulge of M 31
(r < 12’) based on archival Chandra data. Our study concen-
trated on statistical properties of the population, with emphasis
on the spatial distribution and LFs of the various subpopulations.
One of our primary goals was to contrast properties of differ-
ent sub-populations of X-ray point sources, namely transient and
persistent sources, primordial LMXBs and dynamically formed
ones. To achieve this we combined 26 Chandra observations to
obtain as much exposure as was possible and implemented an
adequate correction for incompleteness effects, as well as for
contamination from background sources.

With a total exposure time of 201 ks, we detected 263 X-ray
point sources within a distance of 12’ from the centre of M 31. Of
these sources 64 were not observed previously. This allowed us
to study the sources to a minimum luminosity of ~10% ergs~!,
whereas the sample is complete above ~10°¢ ergs~'. We found
good agreement between the observed number of sources and
the expected number, predicted based on the K-band luminosity
and average X-ray mass to light ratio for nearby galaxies. The ra-
dial distribution of the M 31 sources (Fig. 1) can be interpreted
as superposition of the following three components: (i) primor-
dial LMXBs following the K-band light profile, (i) LMXBs cre-
ated through dynamical interactions in the inner bulge of the
galaxy, with a distribution that follows the square of the stellar
density p? and (iii) LMXBs dynamically created in the globu-
lar clusters, with a radial profile that follows the distribution of

globular clusters in M 31. Superimposed on these are the CXB
sources, the distribution of which is flat on the angular scales
under consideration.

After applying the incompleteness correction and subtract-
ing the contribution of CXB sources, we were able to recover
the LF of M 31 sources down to the luminosity of ~few X
10* ergs~!, which is a factor of ~3 better than previous studies.
The luminosity distribution of all X-ray sources in the bulge of
M 31 (Fig. 5) is consistent with the average LMXB LF obtained
by Gilfanov (2004), in particular, it follows the dN/dL o L~}
law in the faint luminosity limit, in agreement with the behaviour
found earlier for LMXBs in the Milky Way and in Cen A. It was
furthermore possible to divide the LMXBs into two subpopu-
lations — primordial LMXBs and dynamically formed ones, in
order to study the differences in their luminosity distributions
(Fig. 8). We found that the LF of the primordial LMXBs is con-
sistent with the average LMXB LF, and is independent of the
radial distance from the centre of M 31, within the accuracy al-
lowed by the statistics of our sample. The LMXBs thought to
be of dynamical origin have a significantly different luminosity
distribution — below log(Lx) < 36.5 their LF shows a promi-
nent decrease towards low luminosities (Fig. 6). The statistics is
not sufficient to tightly constrain the shape of the LF, in partic-
ular to distinguish between a true low luminosity cut-off and a
more moderate flattening of the luminosity function. It is how-
ever sufficient to claim that the low luminosity, log(Lx) < 37,
slope of the LF of these sources, —0.6 + 0.2, is inconsistent with
the dN/dL o< L™ law.

We identified the population of transient sources and found
that their radial distribution is consistent with the distribution of
persistent sources. However the current statistics is insufficient
to investigate differences between the fractions of transients in
primordial and dynamically formed LMXBs, especially in the
inner 30”, where the radial distribution of these two popula-
tions differ the most. Above ~10%7 ergs™! the LF of the maxi-
mum luminosity of the transients follows the average LMXB LF
(Fig. 10).
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Appendix A: The effects of source blending
on the luminosity function

In densely populated regions of X-ray point sources, such as GCs
or the very inner parts of a galaxy, a fraction of the observed
point sources will be a blend of two or more sources. Here we
present a brief investigation of the effects of such source blend-
ing on the observed LF. If the distribution of luminosities of sin-
gle sources is given by P;(L), then the distribution of luminosi-
ties P»(L) of a blend of two sources is given by

L

Py(L) = f Pi(OPI(L - )dE. (A.D
0

Ignoring blends of three or more sources, the observed luminos-

ity distribution is then given by

Py(L) = (1 = b)Pi(L) + bP>(L) (A2)

where b is the fraction of observed sources that are blends of two
sources. In Fig. A.1 we show the effects of source blending on
the LMXB LF of Gilfanov (2004). The two models shown have
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Fig. A.1. The effects of blending on the LMXB LF of Gilfanov (2004).
The solid lines are the LFs without blending, whereas the dashed and
dotted lines are the LFs assuming b = 1 and b = 0.1, respectively.

different lower cut-off luminosities, below which the functions
are set to zero, 103 ergs™! for the lower model and 10°¢ ergs~!
for the upper model (the assumed LFs are therefore equal to the
LFs for which b was calculated in Sect. 5). The solid lines give
Pi(L), whereas the dashed lines gives P,(L). The dotted lines
gives P4(L), for b = 0.10. It is clear that for sources samples
with b < 0.10 the effects on the observed LF are negligible, and
even for samples with higher values of b, the effects are relatively
small.
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Table 2. The list of point like X-ray sources within a distance of 12" from the centre of M 31.

Number distance RA Dec cts correctedcts  error luminosity type id name
€)) &) 3 @ (&) O) Q) ® &) o) at
1 1.0 00424437 411608.7 2245 2580.7 58.0 7.08e+36 rl-10
2 2.2 00424438 4116074 2864 33082 654  1.08e+37 rl-9
3 4.0 00424438 4116054 1117 1233.9 413  5.32e+36 r1-21
4 4.6 00424430 4116 14.0 316 3449 226  1.52e+36 rl-22
5 54 00424386 411611.1 225 244.1 192 1.07e+36 r1-27
6 7.4 00424387 411603.9 709 811.6 33.1  3.53e+36 r1-23
7 9.7 004244.68 411618.2 906 1047.3 373 4.62e+36 rl-8
8 10.6 00424524 411611.1 456 5162 268  2.25e+36 r1-20
9 14.5 004245.60 4116 08.6 1026 1191.0 39.5 5.21e+36 rl-7
10 153 004245.12 411621.7 3098 36312 679 1.6le+37 RAD SIM WSTB37W135 rl-4
11 20.8 004243.88 411629.6 1293 1463.5 445 6.54e+36 rl-11
12 21.7 004246.01 411619.6 468 531.3 272  2.33e+36 t rl-19
13 23.8 004243.75 4116324 2329 2726.7 59.0  1.24e+37 r1-12
14 24.0 004242.18 4116083 4525 53539 81.6  2.45e+37 t rl-5
15 259 00424248 4115537 3077 3601.1 67.6  1.62e+37 PN CIA 4 rl-14
16 30.1 004243.00 4115432 2424 28394  60.1  1.29e+37 rl-13
17 30.6 00424697 4116156 4037 4736.5 773 2.07e+37 rl-3
18 333 004243.20 4116403 413 4732 256  2.20e+36 rl-24
19 335 004246.16 4115432 372 4270 243 191e+36 rl-18
20 37.5 004247.17 4116284 10653 12498.5 1246  5.59e+37 PN CIA 11 rl-2
21 41.0 004242.65 4116459 38 33.6 88  1.58e+35 X
22 424 004247.87 4116229 370 425.5 242 1.92e+36 r1-17
23 44.8 00424788 411549.8 264 304.3 20.7  1.40e+36 t rl-25
24 45.0 004242.08 411532.0 366 4174 242  2.14e+36 r1-31
25 45.1 00424554 4116523 27 23.4 7.6 1.09e+35 X
26 47.0 004245.09 4115232 386 441.1 24.8  2.05e+36 PN CIA 18 rl-26
27 52.0 004248.72 4116245 523 606.0  28.6  2.72e+36 rl-16
28 53.3 004240.00 4115475 4068 4772.3 775 2.32e+37 RNova SI 1997-06 r1-15
29 535 004239.59 4116143 2967 3500.0 664  1.73e+37 t rl-34
30 539 00424253 4116594 210 240.8 18.6  1.11e+36 r1-30
31 54.5 00424790 4115329 3265 3834.7 69.6  1.84e+37 rl-6
32 55.7 004243.79 4115 14.1 110 117.5 13.8  5.69e+35 t rl-28
33 55.8 00424145 4115238 471 540.7 27.2  2.93e+36 GC Bol B124 rl-32
34 64.7 004238.59 411603.7 27143 31287.2  198.7  1.54e+38 r2-26
35 67.8 00424853 411521.2 12231 14353.6  133.8  6.74e+37 rl-1
36 72.2 004250.62 411557.1 35 23.7 85 1.15e+35 SNR B90 101 r2-56
37 73.4 004239.65 411700.7 35 335 84  1.71e+35 K
38 73.6 00424522 4117223 675 783.9 322 3.63e+36 t r2-16
39 75.5 004250.82 411551.6 25 22.1 7.4  1.08e+35 RNova B68 27 X
40 75.7 004238.80 411526.2 35 29.8 85  1.50e+35 r2-54
41 76.0 00424273 4114555 46 472 9.4  2.55e+35 t r2-20
42 81.9 004246.14 411728.6 21 20.7 6.8 9.45e+34 X
43 86.8 00424234 4114455 1868 2198.5 53.0 1.18e+37 r2-21
44 89.2 004246.09 411736.3 67 74.8 11.1  34le+35 GCCt Bol BH16 r2-15
45 90.5 00424491 411739.7 771 901.5 344  4.13e+36 r2-18
46 97.2 00425253 4115400 2740 3237.8 63.9  1.51e+37 r2-12
47 99.7 00425244 411648.7 140 158.6 154 7.52e+35 t X
48 107.5 004249.15 4117420 90 103.4 126 4.75e+35 r2-41
49 1135 004244.63 411802.8 21 19.9 6.8  9.00e+34 X
50 114.3 004239.54 4114285 1169 1370.6  42.1  6.79e+36 r2-25
51 1169 00423478 4115233 149 167.8 159  8.27e+35 t 12-28
52 117.8 00423390 411619.8 1217 14262 429  7.25e+36 r2-30
53 119.1 004239.27 4114247 48 40.9 9.7  2.50e+35 12-62
54 120.0 00425494 411603.2 11609 13667.2 130.1  6.21e+37 r2-11
55 1226 004245.10 411407.1 618 720.8 31.0  3.48e+36 r2-17
56 124.3 00425230 411735.0 122 137.6 145  6.37e+35 r2-50
57 1262 004242.63 4114046 24 20.3 7.3 1.04e+35 X
58 130.6  004236.05 411741.0 15 13.0 6.0 6.04e+34 GCC Bol B261 X
59 1343 00423341 4117035 196 225.7 18.0  I.1le+36 t r2-70
60 1349 00423253 411545.7 93 104.1 12.8  4.91e+35 r2-55
61 1382 00424924 411816.0 1627 19152 495  8.74e+36 r2-14
62 140.6  004250.25 411813.1 24 23.5 7.2 1.10e+35 r2-40
63 140.6 004240.56 4113553 21 15.6 6.9  7.59%+34 r2-23
64 1489 004231.14 411621.7 7403 8689.1 104.2  5.2le+37 r2-34
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Number distance RA Dec cts corrected cts  error  luminosity type id name
@ @ ©)) “ 5 6 O] ® &) 10 an
65 161.5 004258.12 4116525 21 18.6 6.9 8.64e+34 GCC Bol AUO10 X
66 162.5 004240.22 4118452 1090 12784  40.8  6.15e+36 12-24
67 163.0 00425832 411529.2 1537 1807.0 482  8.39%e+36 12-7
68 163.9 00423445 411809.8 94 105.3 129  5.01e+35 t 12-29
69 163.9 004236.61 4113503 130 144.9 149  7.06e+35 12-42
70 164.1 004230.28 4116532 71 75.4 114 4.64e+35 r2-44
71 167.1 0042 40.67 4113274 1530 1803.7 48.1  8.75e+36 12-22
72 170.2 00424331 411319.6 844 991.6  36.0 5.02e+36 t 12-19
73 1724 004252.53 41183438 59 63.8 10.5  3.06e+35 r2-49
74 175.5 0042 59.87 411605.8 6988 8269.1 101.4  3.76e+37 GC Bol B144 12-5
75 177.1 004250.72 411327.8 20 18.4 6.7  9.03e+34 X
76 185.8 00424224 411913.8 37 38.7 8.6  1.83e+35 RAD B90 86 12-53
77 186.3 004252.64 4113285 60 61.4 10.6  2.98e+35 r2-38
78 189.2 00425253 4118544 13139 15495.8 138.6  7.47e+37 12-13
79 1912 004255.19 41 1836.1 635 744.8 31.5 3.58e+36 r2-10
80 1924 00425436 4113339 30 28.1 79  1.36e+35 X
81 193.6  004255.62 411835.1 628 735.7 31.3  3.54e+36 FGS Bol B138 r2-9
82 195.7 004229.84 4117575 19 16.7 6.6 1.0le+35 GC Bol B103 X
83 204.1 004251.66 4113029 260 297.7 20.6  1.51e+36 r2-39
84 204.5 00422749 411453.0 76 81.3 11.7  4.54e+35 t X
85 2100 00425693 4118439 494 579.8 27.9  2.73e+36 t r2-8
86 2114  004301.78 4117264 44 46.1 9.3  2.3%+35 12-46
87 211.5 004242.82 4119403 21 19.7 6.9  9.46e+34 X
88 215.2 00430294 411522.6 4541 5335.8 822  2.52e+37 GC Bol B146 r2-4
89 216.1 004226.57 4117315 6 1.1 44 5.89%+33 X
90 217.3 004303.22 4115278 6398 7511.3 97.2  3.57e+37 t 12-3
91 217.5 0042 58.09 4113373 39 36.6 89  1.72e+35 X
92 221.0 00423275 4113109 1005 1131.2 393  6.11e+36 r2-31
93 222.8 004232.09 4113144 5162 6067.4 87.3  3.18e+37 r2-32
94 222.8 004249.03 4119458 31 28.6 8.0 1.4le+35 RAD  SIM WSTB 37W138  12-66
95 224.9 004304.25 411601.3 969 1139.6 38.6  5.62e+36 GCC Fan 42 12-1
96 2292 004224.19 4115369 35 26.1 85  1.50e+35 12-52
97 229.6 004232.09 411913.1 37 35.0 8.7  1.70e+35 X
98 230.3 004258.10 411319.6 34 31.8 84  1.50e+35 X
99 232.6  004301.71 4118145 31 26.6 8.0  1.33e+35 r2-47
100 2344  004301.12 411351.6 242 270.6 199  1.27e+36 r2-37
101 235.1 0042 30.96 411910.1 104 117.9 13,5  6.95e+35 12-43
102 240.7 004224.24 4117315 44 389 93  2.19e+35 r2-57
103 243.2 00422296 4115353 13877 16254.1 1424  9.59e+37 r3-39
104 2446 004301.72 4118355 28 24.1 7.7 1.24e+35 X
105 246.8 0043 05.68 4117027 18818 218923  166.0  1.05e+38 t 12-67
106 248.9 004303.87 4118049 4658 5511.9 83.1  2.8le+37 GC Bol B148 2-2
107 251.0 00424440 4111584 488 5712 277  4.36e+36 r3-30
108 253.7 00424724 4111579 159 181.2 164  1.34e+36 r3-27
109 254.3 004224.16 4114153 22 19.9 7.0 1.21e+35 X
110 2559 004231.26 4119389 2884 3395.5 65.6  2.0le+37 GC Bol B107 r2-33
111 256.9 0042 59.66 411919.3 6646 7851.7 98.9  3.94e+37 GC Bol B143 12-6
112 2574 00422149 411601.3 4270 5026.6  79.5  3.20e+37 r3-42
113 257.6 00423522 412005.7 1496 1753.5 47.6  9.10e+36 12-27
114 259.1 0043 02.92 4118415 22 14.3 7.1 7.30e+34 X
115 260.3 004221.29 411548.8 21 15.5 6.9  1.09+35 RAD B90 65 X
116 262.3 004225.15 4113 40.6 614 712.8 31.0  4.44e+36 12-45
117 262.5 004221.80 411502.7 32 29.1 8.1 1.8%+35 X
118 266.2  004256.04 4112184 537 634.5 29.0  4.53e+36 t r2-71
119 267.5 004248.29 412033.1 24 22.6 72 1.11e+35 X
120 267.9 004223.16 4114075 1223 14352 432  8.95e+36 r3-38
121 269.0 004259.52 4112423 173 191.7 17.1  9.62e+35 12-48
122 270.0 00425479 4120122 21 17.9 6.9 8.95e+34 X
123 271.5 004244.85 411138.0 2955 3465.1 66.5  2.53e+37 r3-29
124 271.9 004257.17 4119595 24 19.7 73 9.79%+34 X
125 277.1 004226.05 411915.0 1447 1697.3 46.9  9.40e+36 GC Bol B096 12-36
126 278.9 004221.57 411419.7 684 800.4 32,6 5.30e+36 r3-41
127 279.8 004231.32 4120079 111 121.3 139  7.27e+35 r2-51
128 2840 004307.12 4118102 166 184.7 16.8  991e+35 Novat PIE RJC 99 Jul 98 r3-115
129 2854 004220.85 411756.7 33 314 82  1.85e+35 X
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Table 2. continued.

Number distance RA Dec cts  corrected cts error  luminosity type id name
(H 2 3 @ ) (6) @) (3 ) (10) (11)
130 287.6 004221.09 411808.6 81 87.7 12.1  5.13e+35 t r3-43
131 289.5 0042 28.30 411223.1 6286 7379.4 96.2  5.72e+37 r2-35
132 2901.5 00422244 41 1334.1 2253 2642.2 582  1.70e+37 r3-40
133 294.7 0042 33.82 412039.3 27 25.3 7.6  1.33e+35 X
134 297.5 0042 58.61 411159.5 28 26.5 7.7  1.72e+35 r2-59
135 297.6 0042 41.65 412105.5 450 522.2 26.7 3.64e+36 r3-31
136 208.2 004247.83 411113.9 168 189.4 16.8 1.50e+36 GCCt Bol B128 X
137 300.6 004259.02 411158.8 33 32.8 8.2  2.14e+35 r2-58
138 301.6 004220.85 4113445 27 23.2 7.6  1.62e+35 X
139 306.8 0043 10.62 4114514 14308 16890.8 144.8  8.99¢+37 GC Bol B153 r3-15
140 307.1 004250.02 411109.1 93 98.7 129  7.51e+35 r3-24
141 308.9 004241.12 411102.6 30 25.9 8.0 2.07e+35 r3-32
142 311.2 00424694 412119.2 214 243.8 18.8  1.71e+36 r3-28
143 311.9 0042 18.43 411759.6 8 0.8 49  5.37e+33 X
144 312.2 0043 06.80 411911.6 89 83.8 12.7  3.98e+35 EXT Source 231  r3-67
145 312.9 0042 16.55 41 1610.7 30 27.5 7.9  1.90e+35 r3-75
146 313.5 0042 17.04 411508.2 261 299.0 20.6  2.19e+36 t r3-46
147 314.6 0043 06.75 4119 16.6 100 97.3 13.3  4.73e+35 EXT Source 160  r3-67
148 316.2 0042 18.65 411401.9 5388 6324.4 89.2  4.69e+37 GC Bol BO86  r3-44
149 318.6 0042 16.09 41 1553.3 37 36.6 8.6  2.80e+35 r3-76
150 318.9 0042 47.88 411053.1 54 56.4 10.1  4.71e+35 r3-26
151 320.1 00430244 411203.1 54 55.6 10.1  4.05e+35 r3-68
152 321.4 00422048 4113132 34 27.6 84  2.03e+35 r3-89
153 327.9 0043 11.37 411809.9 317 360.6 227  1.93e+36 r3-14
154 330.4 0042 15.69 411721.0 2105 2476.8 56.2  1.69e+37 r3-47
155 335.1 0043 09.85 41 1900.9 1328 1559.0 450 8.29%+36 GCCt Fan 44 r3-16
156 335.6 004227.71 412048.1 68 68.7 11.2  4.54e+35 r3-37
157 338.5 0042 40.68 411033.4 154 167.0 16.2  1.35e+36 GC Bol B123 r3-34
158 339.3 0043 13.88 4117122 70 64.0 114 3.59e+35 r3-12
159 340.2 0043 08.64 411248.4 1109 1292.5 41.2  6.86e+36 r3-17
160 341.1 00425791 4111048 4128 4861.9 784  3.65e+37 r3-22
161 341.5 0043 14.38 41 1650.2 119 121.6 145 6.6le+35 r3-11
162 343.1 004250.76 4110 34.1 48 46.0 9.7  3.58e+35 GCC Bol BH18  r3-71
163 344.5 0043 03.02 412042.0 302 344.7 22.1 1.96e+36 PN CIA 165 r3-21
164 344.7 00425226 4121423 27 23.7 7.6 1.75e+35 X
165 346.2 00421524 411801.3 190 2104 17.8  1.48e+36 r3-49
166 348.8 0043 13.23 411813.5 418 473.5 258 2.67e+36  RNova CFN 26 r3-13
167 350.4 00421698 41 1856.4 54 51.6 10.2  3.24e+35 r3-91
168 350.6 00423346 412138.0 49 45.2 9.8  3.83e+35 FGS Bol B113 X
169 352.7 0042 13.07 411627.9 79 80.3 120  5.72e+35 r3-53
170 358.9 0042 34.17 412149.7 267 302.6 209  2.38e+36 r3-35
171 361.8 0043 16.35 41 16 30.5 30 20.4 8.0 1.39e+35 X
172 362.0 0043 07.50 412019.9 550 632.5 294  3.51e+36 GCC Bol B150  r3-18
173 366.3 0042 40.73 411005.3 33 25.8 8.3  2.24e+35 X
174 366.5 0042 11.99 41 1648.7 402 458.1 253  3.31e+36 r3-55
175 368.7 004240.92 412216.1 52 48.9 10.0  3.51e+35 r3-33
176 369.4 0042 19.01 412004.3 63 58.3 10.9  3.53e+35 r3-90
177 369.5 0042 18.37 411223.8 3119 3651.3 68.2  3.50e+37 r3-45
178 372.3 0043 01.70 4110529 48 43.8 9.7  3.55e+35 r3-96
179 378.3 0042 12.18 4117 58.7 1554 1800.7 48.5  1.20e+37 GCC Bol BO78  r3-54
180 378.6 0043 03.31 412121.7 1486 1745.3 47.5 1.34e+37 FGS Bol B147  r3-19
181 380.7 0042 13.16 41 18 36.5 6027 7031.2 943  49le+37 FGS Cra 13 r3-52
182 383.1 0043 15.06 41 1326.6 44 31.8 9.4  1.82e+35 X
183 385.5 0043 14.18 4113 02.0 51 35.7 10.0  2.04e+35 X
184 388.1 0042 10.29 411509.9 555 640.8 29.5  4.99¢+36 r3-58
185 389.2 0043 16.10 41 1841.3 411 469.3 25.6  3.35e+36 r3-9
186 390.0 004249.36 4122352 45 38.4 9.4  2.99e+35 X
187 392.9 0042 15.14 411234.6 2746 3194.3 642  2.67e+37 r3-50
188 393.2 00422535 4110394 33 16.3 8.4  1.59e+35 X
189 396.2 0043 14.60 41 19 30.5 61 49.2 10.8  2.82e+35 X
190 403.9 0042 09.51 411745.6 1077 1244.1 40.6  8.92e+36 GCC Mita 140 r3-59
191 404.3 00425426 410941.0 29 22.5 7.9 191e+35 X
192 411.3 004228.22 411000.4 1989 2316.9 54.8  2.45e+37 r3-36
193 411.5 0042 12.69 41 1244.1 62 51.9 109  4.14e+35 r3-92
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Number distance RA Dec cts corrected cts error luminosity  type id name
€] @ ©)) “ &) ©® @D (® ® a0 an
194 411.8 0043 12.35 4120335 51 31.7  10.1  1.85e+35 X
195 412.7 004303.13 411015.6 561 643.6 29.7 5.25e+36 GCC Fan 37 r3-20
196 4172 0042 15.51 4120315 570 6556 299 4.67e+36 GCC Fan 16 r3-48
197 420.2 004321.57 4115574 52 37.0  10.1  2.37e+35 r3-104
198 4254  004207.10 411720.1 140 145.1 155  1.10e+36 r3-79
199 426.1 0042 11.00 4112483 270 2963  21.0  2.34e+36 r3-57
200 426.6  004321.08 4117505 724 826.5 336 5.02e+36 r3-7
201 430.6  004207.77 4118149 4275 4995.6  79.7  3.72e+37 r3-61
202 4322 0043 17.06 411225.1 28 19.9 7.8  1.75e+35 X
203 438.5 004232.04 4123055 68 66.5 11.3  5.82e+35 r3-86
204 441.7 0042 19.73 4121535 93 90.4 13.0 85le+35 GCC Mita 166 r3-74
205 4434  004320.92 411851.7 97 87.1 132  5.20e+35 13-66
206 448.6  004259.00 4109 12.6 43 323 93  2.76e+35 X
207 448.9 0043 19.98 411250.2 50 323 10.  2.18e+35 X
208 4516 00431542 4111253 167 182.8 16.8  1.57e+36 GC Bol B161 r3-10
209 453.6 004208.21 411249.6 90 82.6 12.8  6.90e+35 r3-93
210 453.8 0042 15.06 4121214 55 462 103  5.13e+35 GCC Fan 15 r3-51
211 4544  004204.14 411532.6 164 1742 167  1.42e+36 r3-62
212 4572 00423390 4123313 160 1689 165  1.34e+36 t X
213 458.9 0042 09.62 412009.8 76 68.7 119 5.43e+35 RAD B90 34 r3-102
214 461.6 0043 18.89 412017.0 170 169.1 17.0  1.07e+36 r3-8
215 463.3 004324.82 4117273 308 3355 224  2.1le+36 r3-6
216 463.5 004205.72 4113299 64 456 11.1  3.86e+35 t r3-125
217 464.3 0043 19.54 412010.1 94 80.2 13.1 4.93e+35 X
218 468.0 0043 06.65 4122439 87 873 126 7.83e+35 EmO  MLA 686 r3-83
219 4684 0043 18.39 4111418 38 293 8.8  2.69e+35 X
220 469.6  004322.34 4112583 61 425 10.8  2.76e+35 r3-82
221 479.9 0043 00.24 4108 44.4 48 41.6 9.7  4.33e+35 X
222 480.5 00431795 4111147 42 33.0 9.2  3.33e+35 X
223 480.7 004248.95 4124073 109 106.5 139  6.95e+35 r3-84
224 482.1 004324.13 4113143 79 60.5 12.1  4.02e+35 13-65
225 482.6 0042 16.13 4122129 41 28.6 9.1 3.88e+35 X
226 484.8 0042 09.10 412048.0 698 799.3  33.0 7.81e+36 1r3-60
227 4872  004211.78 411049.0 386 4309 249  6.10e+36 r3-56
228 493.0 004318.73 412113.8 48 41.3 9.7 4.07e+35 X
229 5040 00424580 412433.1 96 919 13.1  6.76e+35 r3-72
230 507.5 004326.34 411911.6 151 1525 16.1  1.25e+36 RAD  GLGO005 r3-64
231 5112 004327.92 4118299 583 6542 303 539%+36 SNR B90 142 r3-63
232 513.6 00420590 4111337 85 75.6 12,5  1.10e+36 r3-80
233 521.7 004224.51 412401.1 58 436 10.6  4.12e+35 X
234 529.2 0043 10.00 4123325 62 51.3  10.8 5.8%9e+35 PNt CIA 350 r3-127
235 537.6  004207.58 411027.1 104 93.0 137 1.45e+36 r3-94
236 548.6 00424098 4107 02.0 59 495  10.6  7.54e+35 r3-85
237 5544 00424850 412521.8 4302 5020.8  80.1  3.9le+37 t r3-25
238 565.0  004223.00 4107382 135 122.1 154  2.06e+36 r3-73
239 571.6  004333.83 4114073 70 462 115 4.29e+35 X
240 575.9 00424941 410636.3 54 425 102 7.28e+35 r3-98
241 5852 004308.890 4107342 38 349 88  8.72e+35 X
242 587.9 00433432 4113235 2185 2554.7 574  2.41e+37 r3-2
243 589.9 00433592 4114328 446 431.6  27.0 2.54e+36 X
244 590.7 0042 53.68 412550.6 313 3220 22,6 3.66e+36 SNR MG BAS521 13-69
245 600.3 00425540 4125565 1483 1696.3  47.6  1.84e+37 r3-23
246 600.7 004151.65 411438.7 385 426.6 249  5.60e+36 r3-81
247 603.5 004337.28 4114434 5112 59927 87.0  5.65e+37 GC Bol B185 r3-1
248 617.2 004226.26 4125522 581 660.6 30.2 9.26e+36 EmO w2 r3-87
249 627.5 004150.35 4113363 209 2084 187  3.21e+36 r3-110
250 627.5 0043 14.38 410721.6 1405 1650.1 462 6.12e+37 GCt  BolBI158  r3-112
251 6304  004251.60 4126345 95 100.0 13.0 147e+36 RAD GLGOl11 r3-70
252 634.1 00433238 411041.0 1298 1503.3 445  3.12e+37 r3-3
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Number distance RA Dec cts corrected cts error luminosity  type id name
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253 642.2 0043 14.59 4125135 94 79.2 13.1 8.89¢+35 GC Bol B159  r3-105
254 645.6 0043 33.58 412139.1 70 733 114 1.38e+36 X
255 646.9 00423797 410526.5 60 36.4 10.8  1.32e+36 r3-100
256 660.4 004341.75 4114 00.9 79 50.7 122 5.81e+35 X
257 669.7 004232.82 412706.5 26 18.0 7.5  3.02e+35 X
258 676.4 00421090 410647.8 151 103.2 164  1.95e+36 r3-78
259 685.1 004220.57 4126402 170 182.6 17.0 3.49e+36 EmO W2 K
260 691.1 004155.15 412302.8 87 572 12.8  2.40e+36 r3-108
261 706.9 00434394 4112319 120 108.7 146 1.70e+36 RAD B90 166 X
262 715.3 00422898 4104354 785 807.6  35.1  2.45e+37 r3-111
263 718.2 00424429 412807.6 84 715 124 1.17e+36 X

(1) — The sequence number; (2) — Distance to the centre in arcsec; (3),(4) — Right ascension and declination of source; (5) — Source counts;
(6) — Source counts after background subtraction; (7) — Statistical error on source counts after background subtraction; (8) — X-ray luminosity,
0.5-8 keV, assuming 780 kpc distance; (9) — Source Type: GC — confirmed globular cluster, GCC — globular cluster candidate, PN — planetary
nebula, FGS — foreground star, Nova — nova, Rnova — Nova (random match), EmO — emission line object, RAD — radio source, SNR — supernova
remnant, EXT — extended source, t — transient source; (10) — precise identification and reference: Bol — Galleti et al. (2004), Fan — Fan et al.
(2005), Mita — Magnier (1993), MLA — Meyssonnier et al. (1993), W2 — Williams et al. (2004b), CIA — Ciardullo et al. (1989), CEN - Ciardullo
et al. (1987), PIE — Pietsch et al. (2005a), SI — Shafter & Irby (2001), B68 — Borngen (1968), SIM — Simbad, GLG — Gelfand et al. (2004), B90 —
Braun (1990), MG — Magnier et al. (1995), Cra — Crampton et al. (1984); (11) — Source name in Kong et al. (2002), Williams et al. (2004a) and
Williams et al. (2006); Sources not included in these catalogues are marked with K if observed in Kaaret (2002), else with X, indicating that these
are new sources.



