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ABSTRACT

Aims. Based on the archival data from tldhandra observations of nearby galaxies, we studffedient sub populations of low-
mass X-ray binaries (LMXBs) — dynamically formed systemglisbular clusters (GCs) and in the nucleus of M31 and (predlyn
primordial) X-ray binaries in the fields of galaxies. Our aignto produce accurate luminosity distributions of X-raypdsies in
different environments, suitable for quantitative comparisith each other and with the output of population syntheaisuations.
Methods. Our sample includes seven nearby galaxies (M31fféla, Centaurus A, M81, NGC 3379, NGC 4697, and NGC 4278) and
the Milky Way, which together provide relatively uniformarage down to the luminosity limit of #dergss. In total we have detected
185 LMXBs associated with GCs, 35 X-ray sources in the nictfuM31, and 998 field sources of whieh365 are expected to be
background AGN. We combine these data, taking special oaxedurately account for X-ray and optical incompletenesgections
and the removal of the contamination from the cosmic X-ragkgeound sources, to produce luminosity distributions BX binaries

in different environments to far greater accuracy than has beamebtpreviously.

Results. We found that luminosity distributions of GC and field LMXBgfeér throughout the entire luminosity range, the fraction of
faint (log(Lx) < 37) sources among the former being times less than in the field population. The X-ray luminp&inction (XLF)

of sources in the nucleus of M31 is similar to that of GC sosir@ethe faint end but ffiers at the bright end, with the M31 nucleus
hosting significantly fewer bright sources. We discuss thesible origin and potential implications of these results

Key words. X-rays: binaries — (Galaxy:) globular clusters: general

1. Introduction Although the above picture is attractive in its simplic-
It has | b K hat th | g there is a plausible alternative scenario: The entiop-p
t has long been known that there are many more low-mass giiinn of LMXBs in galaxies, including those in the field
ray binaries (LMXBE) per unit stellar mass in Gglactlc_globularmay have been produced dynamically in GCs and later ex-
clusters (GCs) thanin the field (Clark 1975). This factiswm  pejieq into the field. Although the debate is stil going on
tionally explained as a result of dynamical formation of LBX (White et al. 2002} Kundu et al. 2002, 2007; Irwin 2005; Juett
In '.[he high stellar densﬂy environment of GCs Wher.e th_e Pro5005; Humphrey & Buote 2008), several strdng argumehts have
ability of wo-body interactions, which scales P, is high oo, presented which suggest a (significant) fraction od fiel
(Eabian et L. 1975). In _tr(éhandr_a_era this picture rece|ve_d fur- | MxBs formed in situ via primordial binary formation. These
ther support from the high specific _frequency of LMXBs 'n,gcﬁwlude the diference in spatial distributions of field LMXBs and
observed in nearby external galaxies (€.9.. Angelini @0, g (e Kundu et 41. 2007) and the lack of correlation betwe
iiarazm & °L.|f'. 200?’ M|Inn|”t| eftLal\l/.|XZB(JO4, J(()jrdan E’:ja_l' iombthe specific frequency of field LMXBs and that of GCs (e.g.
ISO’ a ?lgﬂrgican.thsuhrp us-o I di _Ewgs eftecte in ¢ )? NU3ueti 2005). At the same time, Humphrey & Buote (2008) came
cleus o , With the spatia) distribution of compact X-ray, e gpposite conclusion. The recently found evidence tha
sources foII_owmg the &, _Iaw (Moss & Gilfanovi2007a). The o X-ray luminosity function (XLF) of GC-LMXBs may éier
Ste”af densﬁy is low OUtS'd? of GCs and the nyclear region Rom that of field LMXBs [Voss & Gilfano\' 20074; Voss et al.
galaxies, with a correspondingly lower probability of &ein- 5066 /\Woodley et Al. 2008; Kim et/al. 2009) adds to this debate
teraction, th_erefore primordial f°fmat'°” IS _thoug_ht to the Although some caveats are in ordefffeliences in the luminos-
main for.mat|on proces_s_for LMXBs in the main bodies of gala)ffy distributions of the GC and field binaries suggest thatttto
ies. Their volume densities follow the distribution of &demass g, populations of LMXBs may havefEérent formation aner

(Giltanov2004). evolution histories (Voss et al. 2009).
1 Throughout this paper we refer to objects that have beewehgti Differences in the luminosity distributions of LMXBs in GCs
accreting in recent times (i.e. Idg() 2 35) as X-ray binaries. and in the field may be most obvious in the low-luminosity
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Table 1. The sample of external galaxies observedimandra

Galaxy Type Distance NH Study Field M../Lk M. Exp Sensitivity dxdy Conversion Factor
(Mpc) (1° cm?) (Mo/Lko)  (10%My) (ks)  (ergsh) (pixel) (erg cm? count?)

(2) ) (3) (4) (5) (6) (7) (8) 9) (10) (11)

M31 Sab  0.780.03 6.7 r=11 0.56 2.7 ~300 4¢10%* +0.02-0.37 34x10°

— - - 158,9,-65 — 0.60 ~150 *10%4 +0.17/+0.51

CenA SO 3.404 8.6 r=10 0.76 6.4 ~800 6x10% — /- 35x10°
M81 Sab 3.620.34 4.2 10,5,-20 0.70 6.0 ~240 *10%° +0.10+0.49 32x10°
Maffeil SO 3.20.3 85.1 D25 & HST 0.73 1.1 ~55 3x10%¢ +0.01/+0.29 77 x107°
N3379 El 11.1 2.8 D25 & HST 0.83 54 ~330 4¢10%6 -/ 31x10°
N4697 E6 11.8 2.1 D25 0.77 5.8 ~200 5¢10%6 -/ 30x10°
N4278 E1-2 16.1 1.8 D25 & HST 0.79 4.2 ~480 6x10°6 —-/- 30x10°

(1) — Galaxy name. For M31, the first line is for the bulge regithe second line is for the region in the disk. (2) — Galaxpely(3) — Distance
and its uncertainty (when available). References and mdethoe: M31 — luminosity function of red clump stars (Stane&&navicn 1998);
Centaurus A — Cepheids _(Ferrarese et al. 2007); M81 — Ceplileidedman et sl. 1994); Mai 1 — galaxy fundamental plane (Fingerhut et al.
2003); NGC 3379 — luminosity function of GCs (Kundu & Whitned@2001); NGC 4697, NGC 4278 — surface brightness fluctugfionry et al.
2001). (4) — Galactic column density (Dickey & Lockman 1998) — The region used to study XLFs. When three numbers aengihey refer
to major, minor axis and position angle. (6)k-band mass-to-light ratios derived from Bell & de Jong (200dith B — V colors from the RC3
catalogl(de Vaucouleurs et/al. 1991) except forfidial, which is from Buta & McCdll[(1983). (7) — Stellar mass lretstudy field, as calculated
from theK-band magnitudes derived from 2MASS Large Galaxy Aflagéieet al| 2003). For M31 we used the IR/A&pitzer data, and the 3.6
um flux was converted ti-band following Bogdan & Gilfanov (2010). (8) — The totalmsure time oChandra observations. (9) — Point source
detection sensitivity estimated from the incompletenasstions in Fig[b. (10) — Attitude correction. (11) — Corsien factor ofChandra count
rate to unabsorbed X-ray flux in the 0.5-8 keV band.

(log(Lx) < 37) domain. Thus the reliable detection and quasensitivities achieved b€handra so far and complement this
titative study of any possible fierences in the XLF demandswith several sfficiently massive galaxies with somewhat low
special care in the treatment of incompletend&sces and the re- sensitivity in order to properly sample the high-lumingsio-
moval of the cosmic X-ray background sources (CXB). Anoth@nain. We based our selection on the list of normal galaxiag-av
difficulty, of a more fundamental nature, is the statistical @oigble in the publicChandra archive. We did not exclude late-type
caused by the small numbers of sources. Although the majorifalaxies, but in constructing the XLF of the field sources ae-c

of previous investigations seem to converge in their caichs, sidered only their bulges (to exclude possible contantnably
with a few exceptions (e.d., Voss etlal. 2009) most of thase st HMXBSs). The main selection criterion used was a detection se
ies have marginal statistical significance. However it fidilt sitivity better than log(x) ~ 36.5-37. This translates into a joint

to achieve higher quality statistics by studying indivitlgalax- constraint on the distance to the galaxy and the exposuee tim
ies that host a limited number of sources. Massive ellifgieéth  of the Chandra observation. We also decided to exclude galax-
their large GC populations could avoid thisfatiulty. But the ies with stellar mass less than'®®l, because of their smaller
long distances to the best candidates require deep X-raar-ob& MXB populations and the consequently higher contamimatio
vations, in the Msec range, to reach the required depth. Suphresolved CXB sources. Finally, we required the avaiigbil
data sets are not available in tBeandra archive. However, the of extensive GC data in order to reliably separate GC and field
potential impact of accurately determining the luminosiistri-  sources. Our final sample includes seven nearby galaxiee(Ta
butions of X-ray binaries located in fiérent environments on[I). In addition we also include the GC sources in the Milky Way
our understanding of the formation and evolution of LMXBs is _ . o
high. This motivated us to attempt to produce the most accu- M31is ghe onlly nearby gglaxy witBhandra sensitivity bet-

rate LF of GC-LMXBSs to date by combininghandra data for (€' than 16°erg s™.[Voss & Gilfanov (2007a) analysed 160 ksec
multiple galaxies. To this end we undertook a systematieesur of Chandra dat"’_‘ available at t_he time and found 12 LMXBs in

of nearby galaxies with ghicient numbers of LMXBs and GCs. confirmed GCs inthe bulge. Since this study, an add|.t|ema40

The results of this study are reported below. The paperis-str <S€C Of data has been collected @andra (which brings the
tured as follows. We describe our selection criteria andltieg) total exposure time of the bulge to over 300 ksec;), and more ac
sample in sectiof] 2 and the data preparation and analys&in gurate GC data have bgen published (Peacopk etal 201.0)' We
tion[3. In sectioi ¥ we describe the procedure used to comb g0 analysed an additional 160 ks observation of a region in

: ; e disk. Centaurus A was the target of a recgnéndra VLP
XLFs. Results are presented and analyzed in seCtion 5 and di dis . _
cussed in sectidf 6. Sectibh 7 lists the conclusions. program. With a totaChandra exposure time 0£800 ks, a de-

tection sensitivity of &10%° erg s' has been reached in this
galaxy.| Voss et al. (2009) find 47 GC-LMXBs in this galaxy,
so we use their source lists in our analysis. A similar desact
sensitivity was reached in M81 with an exposure time-2#10

In constructing the sample our goal is to provide uniform-coks. The four other external galaxies in our sample have detec
erage over as wide a range in luminosity as possible. We aimtian sensitivities of a fewx 10°¢ erg s and are included to in-
study sources as faint as®@rg’s. On the other hand, our goalcrease the statistics of luminous sources. One of thenffeMa
is to have good enough statistics at the bright end wherepiire s1, is relatively small and marginally passed our mass thresh
cific frequencies of sources (per GC or per unit stellar misss)old. However, it appears to be particularly rich in X-ray sms.
low. Therefore our strategy is to include all galaxies wite best The X-ray populationsin NGC 3379, NGC 4697 and NGC 4278

2. The sample



Zhongli Zhang et al.: LMXB LFs in dferent environments

Table 2. The list of Chandra observations analyzed in this paper.

Galaxy Obs-ID Instrument Exp. (ks) Galaxy Obs-ID Instrument Exp. (ks) Galaxy Obs-ID  Instrument  Exp. (ks)
M31(1) 0303 ACIS-I 12.01] M31(1) 7064 ACIS-I 29.07] M81 5937 ACIS-S 12.16
M31(1) 0305 ACIS-I 4.18| M31(1) 7068 ACIS-I 9.62| M81 5938 ACIS-S 11.96
M31(1) 0306 ACIS-I 4.18| M31(1) 7136 ACIS-I 4.96| M81 5939 ACIS-S 11.96
M31(1) 0307 ACIS-I 4.17| M31(2) 7137 ACIS-I 4.91| M81 5940 ACIS-S 12.13
M31(1) 0308 ACIS-I 4.06| M31(1) 7138 ACIS-I 5.11| M81 5941 ACIS-S 11.96
M31(1) 0309 ACIS-S 5.1 M31(1) 7139 ACIS-| 4.96| M81 5942 ACIS-S 12.11
M31(1) 0310 ACIS-S 5.14 M31(1) 7140 ACIS-I 5.12| M81 5943 ACIS-S 12.17
M31(1) 0311 ACIS-I 4.96| M31(1) 8183 ACIS-| 4.95| M81 5944 ACIS-S 11.96
M31(1) 0312 ACIS-I 4.73| M31(1) 8184 ACIS-I 5.18| M81 5945 ACIS-S 11.72
M31(1) *1575 ACIS-S 38.15 M31(1) 8185 ACIS-| 4.95| M81 5946 ACIS-S 12.17
M31(1) 1577 ACIS-I 4.98| M31(1) 8191 ACIS-I 4.95| M81 5947 ACIS-S 10.84
M31(1) 1581 ACIS-| 4.46| M31(1) 8192 ACIS-| 5.09| M81 5948 ACIS-S 12.18
M31(1) 1582 ACIS-I 4.36| M31(1) 8193 ACIS-I 5.16| M81 5949 ACIS-S 12.18
M31(1) 1583 ACIS-I 5.00| M31(1) 8194 ACIS-| 5.04| M81 9122 ACIS-S 10.04
M31(1) 1585 ACIS-I 4.95 M31(1) 8195 ACIS-I 4.95| Maffei 1 5619 ACIS-S 55.75
M31(1) 1854 ACIS-S 4.75 M31(2) 0313 ACIS-S 6.05 N3379 1587 ACIS-S 31.92
M31(1) 2895 ACIS-I 4.94| M31(2) 0314 ACIS-S 5.15 N3379 *7073 ACIS-S 85.18
M31(1) 2896 ACIS-I 4.97| M31(2) 1576 ACIS-| 4.95| N3379 7074 ACIS-S 69.95
M31(1) 2897 ACIS-I 4.97| M31(2) 1580 ACIS-S 5.13 N3379 7075 ACIS-S 84.18
M31(1) 2898 ACIS-I 4.96| M31(2) 1584 ACIS-| 4.97| N3379 7076 ACIS-S 70.14
M31(1) 4360 ACIS-I 4.97| M31(2) 2049 ACIS-S 14.76 N4697 784 ACIS-S 39.76
M31(1) 4678 ACIS-I 4.87| M31(2) 2050 ACIS-S 13.21 N4697 4727 ACIS-S 40.45
M31(1) 4679 ACIS-I 4.77) M31(2) 2051 ACIS-S 13.80 N4697 4728 ACIS-S 36.16
M31(1) 4680 ACIS-I 5.24| M31(2) 2894 ACIS-| 4.72| N4697 4729 ACIS-S 38.61
M31(1) 4681 ACIS-I 5.13| M31(2) 2899 ACIS-I 4.97| N4697 4730 ACIS-S 40.58
M31(1) 4682 ACIS-I 4.93| M31(2) 2901 ACIS-I 4.68| N4278 4741 ACIS-S 37.94
M31(1) 4719 ACIS-I 5.10( M31(2) 2902 ACIS-I 4.76| N4278 *7077 ACIS-S 111.72
M31(1) 4720 ACIS-I 5.14| M31(2) *4536 ACIS-S 54.94) N4278 7078 ACIS-S 52.09
M31(1) 4721 ACIS-I 5.16| M81 *0735 ACIS-S 50.56| N4278 7079 ACIS-S 106.42
M31(1) 4722 ACIS-I 4.87| M81 5935 ACIS-S 11.12 N4278 7080 ACIS-S 56.54
M31(1) 4723 ACIS-I| 5.05| M81 5936 ACIS-S 11.55 N4278 7081 ACIS-S 112.14

M31(1) is the bulge region and M31(2) is the disk region. Theesvations marked by "*” were used as the reference wherbirong the data.

have been studied previously (elg., Kundu &t al. 2007; Kiallet set to be 1€ for all galaxies, yielding an average of 1 false
2009; Brassington et &l. 2009). For these galaxies we rédid source per 190.492<0.492 arcsecACIS pixels. In order to
data analysis and found it to be in overall agreement with tipeevent distortion of point sources due to attitude recoction
above authors. errors in the course of combining images, we used the bright-

The Milky Way hosts 150 GCs_(Harris 1996), of which 12st sources detected within arédius of the telescope axis in
are known to host bright LMXBs. As all the Milky Way GCseach observation and correctetsets between observations us-
have been surveyed in the X-rays multiple times by various ing the method described in_Voss & Gilfanav (2007a). For the
struments, we assume that our sample of GC-LMXBs is comisk region of M31, the observations are distributed in todew
plete. We used the data from the All-Sky Monitor aboard RXTEn area to make this correction possible. For M81 and NGC
to measure the luminosities of these sources. The advardage 4697, the ffsets between observations were insignificant thus
shortcomings of such an approach are discussed in sé€cfion 3this step was skipped. For NGC 3379, we usdéidais from
Brassington et all (2008). The observations were theneshiti
match the coordinate system of the reference (marked with an
asterisk in Tabl€]2) and thereafter combined together and re
3.1. Source detection analyzed.

The details of theChandra observations of external galaxies 1€ nextstep is to apply an absolute astrometry correasion t
used here are listed in Tadlé 2. These observations were g combined image. We used the 2MASS All-Sky Point Source
duced following the standard CIAO threads (CIAO version 3.4atalog|(Skrutskie et al. 2006) and correlated it with thgfiiest
CALDB version 3.4.1). Time intervals when background flare§-ray pointsources. X-ray images were shifted to give thatsh
happen were not excluded, since the benefit of the increased &St rms-distances between the X-ray sources and their 2MASS
posure time outweighs the increased background. The enefgynterparts. These corrections are listed in Table 1, avtier
range was limited to 0.5-8.0 keV. We have only used sources [§7€rS to correction in the west and dy is the correction ® th
cated in the regions whef@handra data overlaps with the GC north. In the case of three g_aIaX|es: NGC 3379, NGC 4697, and
data to construct the XLFs. The sizes of these "study fields” dNGC 4278, this step was skipped because we did not find enough
listed in TablelL, and the regions are overlaid on the X-ray ifatches.
ages shown in Fig]1. The statistics of the detected sources are summarized in
In order to detect sources we used “wavdetect” with the samables[3 and14. To estimate the count rates we followed the
parameters as Voss & Gilfanav (2006, 2007a). Thresholds wenethod described In Voss & Gilfanav (2007a). The luminesiti

3. Data analysis
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Fig. 1. X-ray images (0.5-8 keV) of external galaxies and the fiefdsea studied. For M31 and M81 we study the sources within
the ellipses with radii and position angle shown in Tabledt.Faffei 1, NGC 3379, NGC 4697, and NGC 4278 ellipses show D25
regions and squares show the HST fovs. The field of view ofésteare the overlapping regions between the two. Crosses sh
detected GC-LMXBs in each galaxy. Tdandraimage of Centaurus A can be found in Fig. 1.in Voss et al. (2009)

of point sources were calculated assuming a power-lawgpact we verified that the observed density of compact sources out-
with I'=1.7. Count rates in 0.5-8.0 keV band were converted ingide its main body is consistent, within the statisticaloesy
absorption corrected fluxes assuming Galactic absorptd. with the predicted density of CXB sources. This was possible
list the conversion factors in Tallé 1. to do directly for Mdfei 1, NGC 3379, NGC 4697, and NGC

To estimate the expected numbers of CXB sources am(ﬂ’%?S, thanks to their relatively small angular size. For M31
detected X-ray sources, we used the results of the CXB\pg( @nd Centaurus A whose angular extent exceeds or is compara-
log(S) determination by Moretti et all (2003). We used theiple to the Chandra FOV, we used the results of Voss & Gilfanov
equation (2) for the soft band counts and converted the flux &007b) and Voss et al. (2009). In Centaurus A the CXB source
the 0.5-8.0 keV band, assuming a power-law spectrum witHignsity was found to exceed the average source count byaa fact
photon index of 1.4. The predicted numbers of CXB sources 8-~ 1.5, which that was accounted for in our calculations.
count for the incompleteness are described in sefidn 4é. T
computed numbers of CXB sources are listed in Thble 3. In t%e2 Identification of GC sources
closest galaxies, background AGN account for a large fsacti
of detected X-ray sources, especially in M31 where nearlfy have correlated the lists of detected X-ray point sources thith
of the X-ray sources are CXBs. Nfai 1 is a small galaxy that is GC lists available for M31, M81, MiEei 1, NGC 3379, NGC
abundant in LMXBs, and the contamination by CXB sources #5697, and NGC 4278. For Centaurus A we used the results of
minimal. In NGC 3379 and NGC 4278 HST the WFPC2 fieldvoss et al.[(2009).
of-views (FOVs) are located in the very central region, vertee For M31, the most recent and complete GC catalog is a sys-
CXB fraction I_S less than 10% In NGC 4697 the CXB fracuorfematic survey using WECAM on the United K|ngdom Infrared
is about 15% in the D25 region. Telescope and SDSS by Peacock et al. (2010). In total there ar

The CXB estimates based on the average source counts4ité confirmed GCs, with 121 located in the t®@bandra fields
subject to uncertainties caused by angular fluctuationdef tin our study. GCs in M81 are from_Perelmuter et al. (1995),
density of background AGN. These are likely to be reduced@handar et al.| (2001), and_Schroder et al. (2002). Chandar’s
our analysis as it covers a rather large solid angle compaofedstudy is based on deep HST observations that cover 25% of our
non contiguous fields. Nevertheless, for each individubbga Chandra field. We took the 59 GCs from Chandar et al. (2001)



Zhongli Zhang et al.: LMXB LFs in dferent environments

Table 3. Statistics of compact sources |

Galaxy Nxrs Nexse  Nac Koot Nec-x KSPC{X R [\
1) (2 (3) (4) Q) (6) (7) 8 9
M31 386 194 121 1.00 26 1.00 2.0 0.2
CenA 231 64 479 ©7+0.03 47 055+019 2.0 1.2
M81 220 79 77 O/7+0.09 8 084+048 3.0 0.8
Maffei 1 38 1 20 1.00 4 1.00 10 0.3
N3379 59 4 61 @@0+0.10 9 074+039 1.0 0.6
N4697 117 17 441 85+0.04 39 093+031 08 1.1
N4278 120 6 266 9+ 0.04 40 086+029 06 1.8
MW - - 150 1.00 12 1.00 - -
Total 1171 365 1615 - 185 - - 6.7

Columns are: (1) — Galaxy name. (2) — Total number of resoKredy point sources in the study fields. (3) — Predicted nunof€XB sources
in the study fields above the corresponding sensitivitysioéd. (4) — Number of optically identified GCs. (5) — Complatss fraction of GC
lists and its & uncertainty, estimated as described in sedfioh 3.3 (6) —¢uraf LMXBs found in GCs. (7) — Completeness fraction and its

uncertainty of GC lists with respect to GCs containing LMXBse sectiofi 3]3). (8) — Search radius to match XRS to GC. EXpected number
of random coincidences of X-ray sources with GCs.

Table 4. Statistics of compact sources Il

Galaxy Ngcy Nacx Ny NEc x/Nec NE, NE, N2, N2, /M.
(1) (2 (3) (4) 5 (6 (7) (8) 9
M31 2 11 12 010+ 0.03 110 64 28 H+18
CenA 0 16 30 M6+ 0.01 6 85 29 ?+13
M81 0 4 4 005+ 0.03 - - — -
Maffei 1 0 2 2 010+ 0.07 0 6 12 148 + 4.3
N3379 0 0 8 Q3+ 0.05 0 9 24 63+ 1.3
N4697 0 2 34 M8+ 0.01 0 2 66 0+11
N4278 0 4 36 a4 + 0.02 0 3 52 174 + 2.4
MW 1 9 2 0013+ 0.009 — - — -
Total 3 48 128 M8+ 0.01 116 169 211 8+0.7

Columns are: (1) — Galaxy hame. Columns (2)—(4) and (6)—-8)rmber of GC-LMXBs Ngc_x) and field LMXBs (N_x) in different luminosity
ranges (1, 2 and 3 refer to Idg() ranges of 35-36, 36—37 an@®7) with incompleteness higher than 0.5. The source nunavensot corrected for
incompleteness, and the CXB contribution is not subtrac@eilimns (5) and (9) — The specific number of GC-LMXB (per Gayj &ield LMXBs
(per 16° M,) in the highest luminosity bin lodgk) > 37. The numbers are corrected for incompleteness of X-raycedists, the contribution
of CXB is subtracted. Note that the specific numbers of GC-Bvafe not corrected for incompleteness of the GC lists angjigem here as a
characterization of our sample, rather than of the propedf GC systems in flerent galaxies.).

and the others from the other two catalogs, which resulté&¥in the above formula. This number increases viRthnd saturates
confirmed GCs in th€handra field. For Mdfei 1, there are 20 at some value oR that depends on the typical positional error
GCs from HST observation by Buta & McCall (2003). For NG@nd angular extent of GCs. This value ®imay be chosen as
3379, we took the 61 GCs from Kundu & Whitmbore (2001)the optimal match radius. In some cases, however, it reBults
which are based on deep HST observations. The GC list for NG&b high a fraction of false matches in the sample. We thegefo
4697 is taken from Jordan et al. (2011). And the GCs in NG$§&t an additional requirement that the predicted numbealséf
4278 are from Kundu & Whitmore (2001) and Brassington et ahatches does not exceed 5% of the total number of matches.
(2009). This procedure is a simplified version of the method used in
Shtykovskiy & Gilfanov (2005). The optimal search radiusdis
The search radiuR used in cross-correlating the X-rayfor the program galaxies are listed in Talle 3. As expecheet
source lists and GC catalogs was chosen for each galaxy ingia general trend that nearby galaxies require largeriseadi.
vidually based on the following considerations. The nundfer 1o n\umbers of X-ray sources associated with GCs are listed

random matches il = 7R? x Nxrs X Nec/A, WhereNxrs iS i Table3 along with the predicted numbers of false matches
the number of X-ray point source¥gc the number of GCs, and o3 9 P '

A the area of our study field. Because of the rather high source

density, the number of random matches may be non-negligi¥&. incompleteness of GC lists

for high values of the search radi&s On the other hand, the

search radius has to be broad enough to account for positithough the availability of the high quality GC optical datias
errors and, for the closest galaxies, the finite angularssife one of the criteria in selecting our galaxy sample, the GiS ése
GCs. We therefore devised a procedure in which we vaRednot 100% complete for all of them. The incompleteness ofghes
from O to 8’ (Fig.[d). For each value dR we computed the lists can resultin incompleteness of the GC-LMXB lists aad c
number of true matches as the number of total detected ngatcbempromise the shape and (less importantly) the normadizat
minus the predicted number of false matches calculated frarfithe GC XLF.
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Fig.2. Examples of the determination of the optimal search ra-
dius for cross-correlation of X-ray source lists with GCazat
logs for two galaxies — M31 (solid lines) and NGC 4278 (dashed S e :
lines). Upper panel: the number of true matchég, computed -10 -5 -10 =
as the diference between the number of total matcNgs, the Mag Mag

numbﬁr oé_eépﬁcted randolrnhmatcms)f ahs a funtc):tionfof tze Fig. 3. The observed luminosity functions of GCs for six galax-
search radiui. Lower panel: the ratio of the number of randong iy gy sample and their best-fit models. The turnover{umi
matches to the number of total matches. The dash-dotted i} of the model in dferent bands was fixed at the values

is the 5% level. The vertical lines in the upper panel show O{ermined elsewhere (see text), the widtivas a free parame-
choice of the search radii for these two galaxies. ter of the fit ’

In order to estimate the completeness fraction of the G€ lisherefore set the completeness fraction for these thresxigal
we used the fact that optical luminosity function of GCs (GTL equal to unity.

can be described to good accuracy by log-normal distributio  * The second factor, required to correctly computing GC XLF

the form is Koy — the completeness fraction of the GC-LMXB identi-
dN 1 (M — p)? fications, caused by the incompleteness of the overall G& lis
am - oror exp[—T ) (1) If the probability of finding an LMXB in a globular was inde-

pendent of its optical luminosity, the two quantities woulat

whereM is the absolute magnitude of G@,the turnover lu- incide: KS,%’X = K§% would hold. However, it has been shown
minosity, ando- the dispersion. The turnover luminosity is rethat X-ray sources tend to be associated with brighter G@s, (e
markably constant in dierent galaxies. We used the follow:Sivakdf et al. 2007). This is illustrated by the F[g. 4 where we
ing values for dfferent bandsyd = -7.41, u° = -8.46 plot the combined LF of all GCs anq all the GCs hosting an X-
(Kundu & Whitmoré 2001) an;dg = 7.2 (Jordan et al. 2007a). ray source in the three galaxies which GC lists are complete —
The reddening corrected photometry data of GCs for eachgaldMW, M31 and Mafei 1. To determin&g; we assume that LF
(see references in sectibn13.2) was fit by this model using m&{ GCs hosting an X-ray source is the same in all galaxiesgJsi
imum likelihood method. The fitting was performed using onl{he combined LFs in Figl4 as the template, we then use tre rati
GCs above the completeness limit of the optical data for eaghthe numbers of GCs hosting X-ray sources above and below
galaxy. The width of the distributiosr and normalizations were the threshold magnitude & = -7 (V = -8 for Cen A) to esti-

free parameters of the fit. The data along with the best-fiteshodnate the number of missed X-ray sources in GCs in each galaxy.
are shown for six galaxies from our sample in Fiy. 3. The conthe threshold magnitude was chosen so that the GC lists are
pleteness fraction of the GC lisSs was then determined ascomplete above its value. The results of this calculatitona

a ratio of the total number of detected GCs (of all magnityide4ith their uncertainties are listed in Talple 3.

to the total number predicted by integrating the best-fit elod

The results are listed in Tallé 3. Given the completenesislim -

of M31 and Mdfei 1 data, their GC lists are complete. The list o?'4' The Milky Way sources

GCs in the Milky Way is also believed to be reasonably congpleThe luminosities of the Milky Way sources were calculatexfrr
(Harris 2001). In agreement with this, the best-fit valugaimled the light curves measured by the All-Sky Monitor aboard RXTE
for these three galaxies are consistent, within errordy itwWe The light curves were averaged over the period from January
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1996 to June 2009. The count rates were transformed to the 0
8.0 keV band fluxes with the conversion factor obtained using
PIMMS: 1 count s = 4.3x10°° erg cm? s'L. A power-law
with T=1.7 was assumed. To compute source luminosities we —

used distances to the GCs from Harris (1996). O il el el ;

The following comments regarding the determination of the 1085 106 1%
luminosities of the Milky Way sources are in order. The ASM L, (erg s?)
fluxes are averaged over a significantly longer time scale tha
theChandra data for external galaxies. Although both the ASMrig.5. The incompleteness functions for individual galaxies
(~ years) andChandra (~ 1 — 10 days of total integration from our sample (top panel for GC-LMXBs and middle panel
time, ~ years time span of observations) integration time scalfs field LMXBs; the numbers 1, 2, 3, 4, 5, 6, and 7 by the
are much longer than the characteristic time scales of the agarves refer to M31, Centaurus A, M81, Wi 1, NGC 3379,
cretion disk in these sources the variability of the X-rayghti NGC 4697, and NGC 4278, correspondingly). The bottom panel
curves could in principle result in “clipping” of the XLF i.e shows the combined curves for GC (solid line) and field (dbtte
smoothing out the extrema of long term variability. The efline) sources. k is the unabsorbed X-ray luminosity in 0.5-8
fect of averaging ASM light curves on the XLF was studie#eV.
bylPostnov & Kuranav (2005), who came to the conclusion that
flux probability distribution functions for persistent gatic X- o : - i , )
ray binaries are such that light curve averaging does noifsnod"€dligible inl\Voss & Gilfanov|(2007a). It is also discussed i
the shape of the power-law luminosity distribution. To fietiis  SectiorL6.
further we considered variations in the XLF obtained by ager
ing ASM light curves over shorter intervals, comparablehte t . '
dugration ofgChandra observations of external galaxies. The re‘}' Combined XLFs of GC and field LMXBs
sults of this analysis are presented in seckibn 6. Howelier, in combining the data from individual galaxies twiiezts need
effect of such time averaging may be more significant for trafs be considered: correction for the incompleteness andvan
sients that, for long averaging times, will “accumulate’tie  of the contamination by background AGN. The former has to
low-luminosity bins and will lead to a steepening of the XLicompensate for the fact thatfiirent sensitivities have been
(Voss & Gilfanovi 20074a). Itis also an issue for M31, which wagchieved for dierent galaxies, as well as for variations in the
observed in several short observations distributed owetithe source detection sensitivity across the FOV in individulad o
span of a few years, and to a lesser extent for M81. This cg&rvations. On the other hand, estimation of the contobusif
potentially lead to significant distortions of the XLF, depe CXB sources in the XLF has to take into account tifects of
ing on the average time and light curve properties of trantsie incompleteness thatfact the detection of CXB sources as well.
However, as discussed in section 6.2, it is not a significartof There are a few dierent weighting schemes for combin-
in our particular case. ing the XLFs; here, we have used the one that produces the

It is also known that one of the Galactic GCs, M15, contairisest signal-to-noise ratio under the assumption that X0
two bright X-ray binaries (White & Angelini 2001). Transisn ferent galaxies have the same shape (Hds. (2)[@nd (6) below).
have been detected in two other GCs, NGC 6440 (Heinke et@bviously this assumption can only be verified to the acourac
2010) and Terzan 5 (Bordas etlal. 2010). The feiot of source allowed by the statistical quality of the individual XLFshigh
blending on the XLF of GCs was considered and shown to &by a factor of a few less than the accuracy of the combined

bined)

0.5
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XLF. Indirectly, this assumption is supported by not sedémge completeness factors, described in sedfich 3.3 and list€akle
variations in the specific frequency of GC and field sources lf& The thus computed XLF is normalized per GC.

tween galaxies (Tabld 4, but see also sedtioh 6.2). The dfective X-ray incompleteness of the GC data can be
defined as
4.1. X-ray incompleteness correction Noal \JGC K GC (|
: . ke = 2 o @ @
We calculated the X-ray incompleteness functiG(L) follow- 23 Nge

ing the method af Voss & Gilfanov (2006). For each pixel in the

study area the point source detection sensitivity was tatledi  This is the quantity plotted in F{g.5 (individukl(L) not clipped
by inverting the detection method and using the actual IB&# at the incompleteness level of 0.5 when plotting the figure).
and background_(Moss & Gilfanov 2007&x (L) is computed Thefactomfp?’x/KEp‘f in eq.[3) accounts for the incomplete-
as the fraction of pixels, weighted by the assumed spat&al dness of the optical GC data. The denominator in this expBssi

tribution of sources, in which a source with the given or leigh K¢ is rather poorly constrained by our data (TdBle 3) and is

. . . . t
luminosity would be detected. This computed quantity istee cggsistent With<GEX = KSC within the measurement uncertain-
tection dficiency as a function of source luminosity. Becau ont opt

; e AUSfas. In fact, given the amplitude of the uncertaintiesngghe

it depends on the spatial distribution of sources, we COBfiUL h ooy it yalyes would introduce additional noise into theaated

separately for dferent source populations. For CXB sources W& E \We therefore assumed th&fSX = KSC in the further cal-
. t T Topt

assume a flat spatial distribution. Field LMXBs are assumedé : . : : ; .
: . ulations. With this assumption the incompleteness of ffieal
follow the K-band light, as reported in the 2MASS Large Galax}ﬁata cancels out (see the discussion in the beginning oftte |

Atlas (Jarrett et al. 2003). For GC-LMXBs no weightingwas ap .-« .aoh'in sectidn3.3). The impact of this assumptiorhen t
plied, but only pixels containing GCs were used in the calcuﬁf}nal gLF gf GC-LMXBs i.s)i.nvestigaE[)ed in sectidn 6.2. P

tion. The incompleteness function for GC and field sources in In the case of GC sources, the contamination by background
md'}(_'ﬁuzl g}](f\lees arle_ ST:‘.)WQ |nhthe t\g]o uppe[)_par(lje_ls ”B:'%' AGN is insignificant so was ignored. Indeed, the predicted to
€ bottom panét in @. shows the combined incompletey ,mper of random matches between resolved CXB sources
ness functions for GC and field sources computed by summifigy g positions with the given search radii from Tedble 3 is
individual incompleteness functions weighted by the nunaibe 1 1" 11e final XLE of GC sources is shown in Fib.6. The

GC and stellar mass inside the study area of each galaxye S,y pleteness-corrected number of GC sources with lusaino
the distributions of GCs and stellar mass do ndiedistrongly, ity exceeding 18 erg st is ~ 244,

one may expect these two functions to be nearly identicak Th
is in fact the case throughout most of the luminosity rande T
two curves diverge nea¥ 5 x 10% erg s? because of the dif- 4.3. LF of field LMXBs
ferent areas used to study GC and field sources in Centauru
(se€l Voss et al. 2009, for details). Theéfeience below 10%°
erg st is caused by only using GC sources for the Milky Way.

6\/@ have only considered field sources in elliptical galazied
the bulges of spiral galaxies, in order to minimize the conta
ination by HMXBs. M81 was not included due to the rela-
tively small size of its bulge. Thus, the bulge regions of M31
4.2. LF of GC-LMXBs Maffei 1, NGC 3379, NGC 4278, and NGC 4697 were com-

tures in the diuse emission_(Voss etlal. 2009). In M31 we ex-

'MEded the sources located in the centrabfithe galaxy since

shown in the upper panel of Fig.5 for each galaxy to determigg,, have been demonstrated as very likely dynamically éafm
the corresponding luminosity limit. Sou_rces b?'OW thests Voss & Gilfanovi 2007a). A separate XLF was constructed for
were excluded from the XLF construction. This procedure etg

A 36 , di d in th t tion. fie
cluded source numbers 13, 39, 98, 107, 108, and 109 from T: eSCe337SOK|réES4;$8 |;gléstgC|269(; %Zxcsgt(:rali?g@re?i
[6. The XLF value in the j-th luminosity bin centeredlgtand j '

_ . _ cluded. These regions aréected by source confusion, which
having a width oA log(L ) was computed according to the €qua akes accurate luminosity estimatesidilt. We then followed

tion: a procedure similar to the GC sources by applying a luminos-
GC Nga ity threshold corresponding t§(L) = 0.5 in each galaxy. With
( dN ) __1 Z Z 1 , (2) these selection criteria we obtained 496 sources abotreet@
dlog(L) Alog(L)) = | &t NE (L) s'1, of which~177 are predicted to be CXB sources.

In order to correctly subtract CXB contribution one has to
whereNCE is the dfective number of GCs involved in the cal-take into account the fierence in the incompleteness functions

culation of the XLF at the given luminosityy, corrected for for CXB sources and LMXBs:
optical and X-ray incompleteness. It depends on X-ray l@sin dN  \LMxB 1 Nga
ity because it accounts for the X-ray incompleteness, -

dlog(L;)

1
~ Alog(L; Z KLMXB (| k
Ngal K GCX g(L;) k=1 \Lkeal; ' tot ( .)

NEF(L) = )N 5 KRR @3) )
k=1 o LeAL;
]

47Dy

dL KLMXB(L)

tot

KCXB L
> dNexg K 2(L) L) ’ (5)
GC ; - -
whereN.* is theGr::umper of obseryed GCsinthe study-fleld %hereDk is the distance to thie-th galaxy,KL¥*B(L) the com-
thek-th galaxy Ky (L) is the X-ray incompleteness function foryineq incompleteness function for LMXBs computed similar

GC sources in the-th galaxy, theKgox andKSS, are optical to eq.{#), anddN“*®/dS the log(N) - log(S) distribution for
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[ ' ' ' ' 5. Results
10.0¢ t —3— 3 The background-subtracted and incompleteness-corr&tiesi
: — 1 of the GC and field LMXBs are shown in Fids. 6 dad 7. The
1 XLF of field sources is normalized to a stellar mass o°14..
— g 1 The XLF of GC sources is normalized to the same number of
: 3 sources above #dergs as the field XLF. It is obvious from the
— 1 plot that the two luminosity distributions havefidirent shapes.
— 1 Although they dffer across the entire luminosity range, the most
"%“ 1 evident diterence is at lower luminosities, below lag(~ 37.
5 Both XLFs change their slope between lbp¢ 37— 38. Due to
J their rather complicated shapes we did not attempt to doagjlob

dN/dInL, /10" Mg
o
T

©
T

fits with analytical functions. Instead, we perform powaw|
fits to the high- and low-luminosity ends. We did maximum-
likelihood fits to the background-subtracted XLFs. To actou
for the incompleteness, we multiplied the model by the respe

Fig. 6. The combined XLFs of LMXBs in GC (filled circles) andtive incompleteness function. In the ldg(> 38 range, we ob-
in the field (open circles). 4 is the unabsorbed X-ray luminositytained diferential slopes of 20322 and 206" for GC and
in 0.5-8 keV. The contribution of CXB sources was subtractdigld sources correspondingly. At the faint end, logg 37 the
and the incompleteness correction was applied. The field ¥LFSlopes are: 887351 and 11733 respectively. The slopes of the
normalized to stellar mass of ¥0M,,. The GC XLF is normal- field sources are broadly consistent with the parametergest a

ized to have the same number of sources as the field XLF ab&@ LMXB XLFs from Gilfanov|(2004). .
10%8 erg st. Differences in the incompleteness curves and in the CXB

contribution render direct application of the K-S test tanco
pare these two XLFs impossible. We have therefore congidere

10% 10% 10¥ 10% 10%
L, (erg s7")

Table 5. Comparison of XLFs of dferent populations. the ratio of the number of faint to bright sources in order to
assess the statistical significance of thedlence between the
Lin = 10° Lmin = 10°° two XLFs, the same method as used_in Voss et al. (2009). For

Rec 0.897018 071913 each population we computed the raRo= Ntint/Noright: With
Re 3.82:068 1.67:928 the boundary between faint and bright set t31€rg s*. We
Re 218+107 1.91+097 ran Monte-Carlo simulations to calculate statistical esrand
Lo , 058 the significance of our results. The details of these caticula

P(Re <Rec) <107 (>50)  36-10" (360) are described ih_Voss etlal. (2009). For each XLF we difl 10

P(Rc <Rec) 83-10° (260) 46-10° (280) Monte-Carlo runs. The results are listed in Table 5. Thesline

_ _ marked “P” give the probability of obtaining the observetles
Note —Rac, Re, and Rg are ratios of the number of faint sourcespf R due to statistical fluctuations, while their mean (trual)
b o o et o L s 1 ues obey the relation gven  parenthess. These numbeisza
the probability that the Iumino‘sity distributions of cap®nding popu- In_ter_pre'ged as the probability that the corresponding Mﬂ|¢y .
lations are drawn from the same mean (see text for details). d|str|b7u.t|ons are drawn from the same mean. The upper lifnit o
< 107" in the left column means that no such realizations were
detected in 10Monte-Carlo runs.
These calculations show that the GC and field XLHsedi
the CXB sources. In practice we implemented this by addir®j & confidence level of 1077, which corresponds to a signif-
a large number«10°) of fake sources with small negativeicance of> 5¢. To investigate the ropustness Qf th_ls conclu-
weights to each galaxy’s source list. This accounted focxkB ~ Sion we have also used a more restricted luminosity range of
log(N) — log(S) distribution and incompleteness function of théod(Lx) > 36, where the incompleteness functions vary less and
galaxy. The sum of these weights for each galaxy equals the Fﬁlff_erent gaIa_X|es from our sgimple make more uniform contri-
dicted number of CXB sources in this galaxy. These “enhahce@utions. In this case the confidence level decreasestal®*
source lists were used to produce the combined XLF accordi®fo), but the conclusion still holds.

to eq.(2):

6. Discussion

dN \Hvxe 1 @ 1 . o .
(7) = Z T Our analysis has revealed a significaritefience in the luminos-
dlog(L;) Alog(L)) & LFeaL, Kot (L) ity distributions of field and GC sources. A similar resultsva
' previously reported for a few nearby galaxies (Moss & Gitfan
wexb 2007a] Voss et al. 2009; Kim et/al. 2009), some of which are in-
- Z KLMXB( o) | - (6) cluded in our sample. However, limited numbers of sources in
Lp®eAL; tot : these galaxies (even in Centaurus A) did not permit any de-

tailed investigation of the luminosity distributions, buterely
The final XLF for field sources normalized to unit stellar massuggested a deficit of faint sources among dynamically fdrme
is shown in Fid.b. The total stellar mass involved in thizod- LMXBs. Given the sensitivity expected in a typic@handra
tion is 1.810''M,,. The specific frequency of LMXBs aboveobservation and distances to the closest massive galdkes,
10°%(10°") erg st is 25.7(9.6) per 1M, which is consistent main limitation of these studies — inicient number of sources
with the average values from Gilfanov (2004) — 33.9(14.3).  cannot be lifted when investigating a single galaxy. Thidimo
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Fig. 7. The combined XLFs of LMXBs in dferent environments L, (erg s™)

plotted in the cumulative form.)tis the unabsorbed X-ray lumi- Fig. 8. The XLFs of sources in the innet &f M31(open circles)
nosity in 0.5-8 keV. The contribution of CXB sources was sukand of GC sources (filled circles)xLis the unabsorbed X-ray
tracted and the incompleteness correction was appliedfidlde |uminosity in 0.5-8 keV. The normalization of the GC XLF is

XLF (solid) is normalized to the stellar mass of'1Mo. The arbitrary. No sources are detected in the three higheshiosityy
normalizations of GC (dashed) and M31 nucleus (dash-dottefins of the M31 XLE.

XLFs are arbitrary. The shaded areas around the curves show 1
statistical uncertainty.

6.1. Sources in the nucleus of M31

Voss & Gilfanov (2007a) demonstrate that most sources in the
inner~ 1’ of M31 are very likely to have formed dynamically,

vated us to combine data for several nearby galaxies. Theis, §jMilar to the sources in GCs. In particular, they find thairth

have produced average XLFs offérent populations of LMXBs spatial distrib_ution TOHOW.S the? law, in contrast to the X-ray
with far better statistical quality than achieved beforéhihese sources outside this region, where the density is propuatio

XLFs we confirm the general conclusion of previous studias tH© the stellar density. We updated the LMXB list in this regio
the fraction of faint sources in GCs is a factor-of4 smaller USINg an exposure approximately twice of the one presented i
than sources in the field. Moreover, the overall behaviorasan Voss & Gilfanov (2007a). We have detected three new sources,

complex and cannot be described in terms of a simple rolt-oJ¥iNging the total number to 36 (The increase in the number of

of the XLF at low luminosities. Instead, luminosity distitions sourltéeg forlg IO\%) - Iolg(dS)ddistribution WitI:] the _slo%e 8%1. h
of GC and field sources filer throughout the entire IuminosityWou e~13). We exclu ed one source that coincided with a
range. GC and computed the luminosity distribution of the detected

, . sources, performing incompleteness correction and CXB sub
It has long been debated whether the entire population fction as described before. The resulting XLF is showrign F

LMXBs in galaxies, including those in the field, was formed dyg 510ng with the XLF of GC sources. It is obvious from the plot
namically in GCs|(White et al. 2002; Kundu etlal. 2002, 200 {fat the two distributions have similar shapes at lgy(s 37
Irwin' 2005; Juett 2005; Humphrey & Buote 2008). In this scayyt difer at the bright end, with the XLF of the sources in the
nario it is suggested that either field LMXBs are systems ex;31 nucleus having a deficit of bright sources. To test the sta
pelled from their GCs, or the host cluster itself was desttby yisiical significance of this conclusion we ran the samestast
leaving the LMXB to join the field population. The significBnt e did to compare XLFs of GC and field LMXBs in Sgc 5. We
different luminosity distributions of LMXBs residing in GCs andqnd that the LF of LMXBs in the M31 nucleusftbrs from
in the field argues against this scenario. As is well knowa, thhe GC XLFE with a significance2.6-2.8- (Table[B). In other
mass transfer rate in a Roche lobe-filling system is defined Rigrds, one should expect 26 sources with lgg(> 37 in the
its orbital period, mass ratio, and the evolutionary staljh® nycleus of M31, assuming that both distributions have thessa
dpnor star. The dlstrlb_utlons o_f thes_e parameters are UB_WO shape and using the number of faint sources for normalizatio
differentin the population of primordially formed binaries amd The observed number of bright sources is 11, which & less
the dynamically formed systems in GCs. It is therefore not suhan expected. Both calculations give similar resultsficoing
prising that these populations havefdient mass transfer ratespe marginal significance of our conclusion.
distributions and, correspondinglyfiirent XLF Although both populations were formed dynamically, there
is an important dterence between stellar environments in GCs
and galactic nuclei: stellar velocities in the latter arewb

2 As a caveat, we mention that the cross-section for the dyseim- 10— 20 times higher. This leads toftérent formation chan-
teraction and, therefore, the probability for a binary teefeeted from a5 iy GCs and galactic nuclgi (Voss & Gilfaiov 2007b, arid re
a GC, is a strong function of the orbital period of the bindityerefore, erences therein). Calculations of Voss & Gilfanby (200’@_3

in the GC-scenario one may also expediatent orbital period distri- - . . .
bution of the binaries retained in GCs and those ejectedtidield. gest that in the high-velocity environment of the M31 nusleu

This may lead to dferent XLFs of the two sub populations, if ejec-th€ main formation channel for X-ray binaries may be tidql-ca
tion of binaries is the main mechanism of populating the fisXBs, tures of compact objects by low-mass stars, producing sitort
rather than GC destruction. Detailed populations synshesfculations bital period binaries. In GCs, in contrast, LMXBs are predom
are required in order to see if this may explain the observeisX nantly formed in exchange reactions and collisions of regutr

10
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100 F -4 the two lowest luminosity bins. We emphasize that the exampl
E 1 shownin the plot illustrates the maximum possilfieet of the
r : e : 1 optical incompleteness, the redlext being smaller.
i ;:%: Combining XLFs necessarily involves an assumption regard-
. ._f_. ing the similarity of their shapes in individual galaxiesthugh
10F —4— 3 wedid not detect statistically significantidirences between dif-

ferent galaxies, this assumption cannot be verified dyettihe
same level of accuracy as provided by the output average XLF.
On the other hand, we do detect marginally significant varia-
4 tions in the specific frequency of X-ray sources in GCs betwee
1 galaxies, although these may be related, at least in pahtetio-
completeness of the GC lists in more distant galaxies. Hewev

, , , , , if they are real, they may be accompanied by variations in the
10% 103 10%7 10%® 10% XLF shapes. Thefeect of such variations may be further am-
plified by the fact that data for fferent luminosities come from
different galaxies. The low-luminosity domain, lby(< 36, is
Fig.9. The maximum possiblefiect of the optical incomplete- covered exclusively by the nearby M31 and Milky Way, whereas
ness on the GC LMXB XLF. The solid symbols show the XLRhe bright end is dominated by sources located in more mas-
computed assuminoc* = KS$ (our default version), open sive but more distant galaxies, such as Centaurus A and NGC
SCX _ 1 (the maximum possible correc-4697. This is another unavoidable limitation, as brightrses,

circles — assumingf; .
tion). To emphasize theffect on the shape, rather than overaftthough more easy to detect, are less frequent, and it &kes

normalization, the XLF are normalized to the total number ¢H99er galaxy to have them in large numbers. On the other,hand

detected GCs. See sectiéns 83 4.2.[and 6.2 for details. igger galaxies are more qlista_mt and the sensitivity aeloiéw
a typicalChandra observation is lower. Conversely the nearby

galaxies, where fainter sources can be studied, tend tosse le
massive and contain fewer bright sources. Luckily, the 8@tk

the distributions of binary systems over the mass accretiten V€Y LargeChandra program on Centaurus A and relatively
Detailed population synthesis calculations are requicedrt- 900d coverage of M31 allowed us to bridge faint, intermeliat

derstand what thisfeect may be and to interpret the observe@nd bright luminosity ranges.

luminosity distributions in a more quantitative and meapfih About half of the GCs with X-ray sensitivity in the lowest
manner. luminosity domain, lod() < 36 are located in the Milky Way.

The flux determination of the latter, based on the averagfng o

the ASM light curves, may be subject to systematieas. It
6.2. Caveats is different from those féectingChandra galaxies data as dis-
cussed in sectidn 3.4. Primarily, this is due to the longjragon
times of ASM light curves. To investigate itéfect on the XLF,

dN/dinL,

L, (erg s™)

stars with evolved stars. Obviously, thisfdrence will d@fect

Several caveats regarding possible systemdiigces are in or-

\c/jv(ialIr.smgo?éséi?iﬁeulzﬁiﬁﬁgzlegi,sltr: iéﬁ%ém‘tgfg\ﬁ;ﬁgﬂbj we divided the ASM light curves into 100 sub intervals with a
ple (which is the case for thye current study) there could be?uration of 50 days each (comparable to the integration tifne
- ' : longes€handraobservations) and recalculated the GC XLF
nonhtrlwall dfect on the comﬁ)uted >f(LF|S Hol}/vkever, the_d;]stanceﬁ)o tirr?es each time using the (zlata frorfielient sub intervals
to the galaxies in our sample are fairly well known, with an ag ’ .
AT ; " ano. Yo compute ASM fluxes for the Milky Way sources. The range
curacy of~ 5 — 15% (Table[ll). This translates t010-30% & ‘o o 0w 'E values is shown by shaded area in[Fiyy. 10. As

uncertainty in the luminosity and 4 — 11% in its logarithm. . ; . S
Thisis a fgctor of~4-12 smyaller that the b(i)n width ugsed in the’s obvious from the plot, the long integration time of ASMalat

XLF calculations. Thus it should nottact the measured XLFs doeli, ?hOt ﬁt‘_ect the GC );LFbS|gn|f|:_:antly_. | than the tvpi
in any significant way. e time span of observations is longer than the typi-

We used a rather inhomogeneous set of the GC lists havf@l time scale of t.ransient sources, averag_ing (.)f thein_m&; .i
varying degree of completeness. The procedure of corretﬁ'ro ity’ can also modify the shape of the luminosity distribution
incompleteness of the optical data s described in seCTBark] ?rgglggz;lteztﬁ??ﬁer (G\Q)IZit(i&c (tsrgfr?:iextzs%uzg)esghrz itr{mkiicay
[4.2. Its accurate implementation, however, was hinderethéy

T I - months range. Thus, for the Milky Way GCs, this issue is ad-
Igrgse r?;[)asttlisnt;]czlnu;i:g;a;r;tllﬁzg}gf ?Sfﬁzlseljﬁgeosfs;t;ig)f 3 dressed by the above exercise with the ASM light curves, and

pt Fig[10 demonstrates that averaging of transients doessoltr
were consistent witiSe* = KS¢ (the latter much better con-in significant modifications of XLF, given its statistical ajity.
strained), we assumed that this relation holds for all gatax This issue is also relevant for the multiple Chandra obsema
This could be the case, for example, if the probability of ffitgd of M31 and, to a less extent, M81. Indeed, Gieandra image
an LMXB did not depend on the optical luminosity of the GCof the bulge of M31 was obtained by combining more than 40
However, this is known not to be the case (€.g., Siiébal. short 5 ks) observations. As transients are bright only in a
2007) (see Fig.l4). As is obvious from Hq.(3), the opticabime  few observations and dim in many others, they will tend to ac-
pleteness would have the strongeSeet on the XLF if for all cumulate in the low-luminosity bins, making the XLF steeper
galaxiestfC’X =1 (i.e. if all LMXBs were located in the bright- InMoss & Gilfanov (2007a) 28 transients were reported, tdo o
est GCs and not subject to optical incompleteness at algiwibi  which (Src. 22 and Src. 35 in Tallé 6) are in our GC-LMXB
not true either). To illustrate its amplitude, we show inBithe source list and 21 are in the field source list. We recomptited t
XLFs computed in these two limiting cases. As is obvious fromaminosity distributions excluding these sources and dicfind
the plot, the XLF does not change by more tha@0- 30% in any significant changes (Fig.]11). The results of the skzaist
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ies. We use the Milky Way GCs to estimate its impact on XLF.
1 One of the Milky Way GCs, M15, is known to contain two
= ] persistent LMXBs (X2127119-1 and X2127119-2) with in-
$ : stantaneous luminosities of X50% erg s and 1.510% erg
s (converted to 0.5-8 keV band) (White & Angelini 2001).
1 Obviously these two sources could not be resolved by ASM,
i 1 which measured the long-term average luminosity of 2X15°
erg s'. Similarly, they would not be resolved ghandra in
any of our external galaxies with the exception of M31, where
it may be marginally possible. Two bright transients haverbe
detected recently, in NGC 6440 (Heinke et al. 2010) and Terza
5 (Bordas et &l. 2010) with the luminosities in thet 06 — 103
. . . . erg’s range. Their @ect on the "snapshot” XLF would depend
10% 10% 107 10% 10% on _their unknown duty cycle. Assuming a d_uty cycle@D.S,_ _
L, (erg s™) which seems to be a very generous upper limit, the multiglici
* fraction for the Milky Way GCs is- 1/12 - 2/12 ~ 8 — 16%.
Fig.10. The combined XLF of GC-LMXBs. k is the unab- As demonstrated in Voss & Gilfanov (2007a), the multiplict
sorbed X-ray luminosity in 0.5-8 keV. The XLF uncertaintythe level of~ 10% does not modify the luminosity distribution
shown by the shaded regions is due to the variability of G@3 any significant way. We also checked to see how the GC XLF
LMXBs in the Milky Way. is affected if the ASM M15 source is replaced by two source
with the luminosities determined yhandra and the transient
A - - - — ] source in NGC 6440 at its brightest state is added to the sam-
,:§=| ple. The overall fect on the XLF is insignificant and thesc
10.00¢ == : 3 changed from 931%t0 0.92*3-17, which is also negligible. We

I
1

dN/dinL,/GC

0.001 |

X —0,14" "1 . .
— 1 conclude that unless the multiplicity is much higher in exé

-
— —— { galaxies, it does not#ect our conclusions in any significant way.

—

o
o
T
1

7. Summary

The aim of this study was to produce accurate luminosity dis-
tributions of LMXBs in diferent environments — dynamically
formed systems in GCs, in the nucleus of M31 and field sources
L { of presumably primordial origin — in order to facilitate the
0.01 Liews - . . . guantitative comparison and to provide input for verifyjap-
10% 10% 10%7 10% 10% ulation synthesis models. This goal required a broad lusiino
L, (erg s7") ity coverage with a point source detection sensitivity heag
, _ _ , _ 10 ergs and, on the other hand, good sampling of the high-
Fig.11. The cqmbmgd XLFs of f|¢|d sources V\_/lth (open C'rde%minosity end, where the specific frequency of sources@&r
and without (filled C|rc_les) transient sources in M3 Is the o per unit stellar mass) is low. As this combination of prepe
unabsorbed X-ray luminosity in 0.5-8 keV. Due to multipleeh jieq cannot be achieved with a single galaxy, we combined the
observations averaging the luminosities of transientsqware 4aia from a number of galaxies. To this end, we assembled a
bright in only a few observations and faint in many others) thyample of galaxies from the publ@handra archive which is
number of faint sources is aruﬂua}ly increased, makirgXh.F  past suited to our study. It included seven nearby galaMéd
appear steeper. See text for details. Maffei 1, Centaurus A, M81, NGC 3379, NGC 4697, and NGC
4278) and the Milky Way. We detected 185 X-ray sources in
1615 GCs, 36 sources in the nucleus of M31, and 998 sources in
tests reported in Tablé 5 are not changed significantly eithe the fields of galaxies (of whick 365 are expected to be back-
probability P(Re < Rgc) for the full luminosity range remains ground AGN). These sources were used to produce the average
< 1077 (although this may beftected somewhat by the incom-luminosity distributions of dferent populations. In doing so we
pleteness of the transient list at the faint end) for souvdéls took special care to accurately subtract resolved CXB ssurc
log(Lx) > 36 it changes from.8-10*to 2- 10-3 (from 360 to  and correct for incompletenes8ects. As a result, we produced
3.10). This proves that the contamination by transient sourtesXLFs of LMXBs with a statistical accuracy that far exceedsaivh
M31 does not significantly bias our results. It is much legs sihas been achieved in previous studies.
nificant for other galaxies, as they were observe@bgndrain We demonstrate that, although the luminosity distribugion
much fewer longer observations. Thus, averaging of pergistof LMXBs in different environments are similar in a broad
and transient sources does not lead to significant (as cemipagense (e.g., when compared with XLF of HMXBs), their de-
to statistical errors) distortions of the XLFs derived irstpaper tailed shapes areffierent. Although the fraction of faint LMXBs
and does notféect our results in any significant way. This conflog(Lx) < 37) in GCs is~ 4 times smaller than in the field, in
clusion should not be taken out of the context though. In aemasigreement with a suggesteflieet found in previous studies, the
general case, thetects discussed above may be important amtifference in their XLFs cannot be described merely in terms of
may need a more elaborate treatment. a roll over of the XLF of GC sources. Rather, the luminosig-di
Another factor that can modify the apparent XLF of GG@ributions of these two populations of LMXBs appear to be dif
LMXBs is the multiplicity of X-ray sources in GCs, which canferent throughout the entire luminosity range. This mayspn
affect both Milky Way data an@handra data for external galax- a challenge for the models suggesting that the entire LMXB po

dN/dInL,/10" Mg

o
o
T
wil i
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ulation was formed dynamically in GCs and then expelled ¢o tlschroder, L. L., Brodie, J. P., Kissler-Patig, M., Huchrap.J & Phillips, A. C.
field due to kicks, dynamical interactions, or GC destructio 2002, AJ, 123, 2473

We also compare luminosity distributions of LMXBs in thegir\‘,tgll(‘g%’sé'yhp'i%gﬁ”ﬁ“é’;ﬁgﬁy[ﬂgﬂl3265657372‘) 3, 6606124

nucleus of M31 (its inner’} and in GCs. We find that althoughsyryiskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, A31, 1163
their shapes at the low-luminosity end are similar (arffiedi Stanek, K. Z. & Garnavich, P. M. 1998, ApJ, 503, L%31
ent from the field sources), the M31 nuclear population afgpedonty. J. L., Dressler, A., Blakeslee, J. P., et al. 2001, A¢8, 681

; . ss, R. & Gilfanov, M. 2006, A&A, 447, 71
:E_o havls far fewerIIuThlnous stolurc_es than GCs (_ant?]fleld p?gp YOSS’ R. & Gilfanov. M. 20074, A&, 468, 49
ion). For example, the most luminous source in the nucléus\}<s' R’ & Gilfanov. M. 2007b. MNRAS. 380, 1685

M31 has the luminosity of Z x 10%” ergss. If the XLFs were voss R., Gilfanov, M., Sivak, G. R., et al. 2009, ApJ, 701, 471
drawn from the same parent distribution, we would expect tghite, N. E. & Angelini, L. 2001, ApJ, 561, L101

see 11 sources above this luminosity, whereas we found noygite. lll, R. E., Sarazin, C. L., & Kulkarni, S. R. 2002, AfJ1, L23
Different estimates of the statistical significance of thigedi '/oodley: K- A., Raychaudhury, S., Kraft, R. P., etal. 2008,)A682, 199
ence between the two XLFs give results in th2.5 — 30 range.

The diterence between the XLFs is likely caused by the factor

of ~ 10— 20 difference in stellar velocities in GCs and galactic

nuclei, which leads to dlierent dynamical formation channels.

However detailed population synthesis calculations aszied

in order to understand the particular mechanisms resplerfsib

forming the observed luminosity distributions.
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Number  Galaxy RA(J2000) DEC(J2000) Luminosity Number @®&ala RA(J2000) DEC(J2000)  Luminosity
1) 2 3 Q) 5 @ 2 3 4 (5)
1 MW +17:35:47.64  -30:28:55.70 0.14 74 Cen A +13:26:00.72  -43:09:40.32 46.48
2 MW +18:53:04.89 -08:42:19.70 1.14 75 Cen A +13:25:46.56 -42:57:02.88 55.91
3 MW +17:48:53.54 -20:22:02.00 1.31 76 Cen A +13:25:35.52 -42:59:34.80 57.54
4 MW +18:35:44.00 -32:58:55.40 1.68 77 Cen A +13:25:09.12  -42:58:58.80 58.10
5 MW +17:50:45.54 -31:17:32.50 1.76 78 Cen A +13:25:10.32 -42:53:32.64 69.64
6 MW +17:48:55.73  -24:53:40.10 1.78 79 Cen A +13:25:12.96 -43:01:14.16 79.97
7 MW +05:14:06.59  -40:02:37.00 2.34 80 Cen A +13:25:31.68 -43:00:02.88 87.42
8 MW +21:29:58.33 +12:10:02.80 4.05 81 Cen A +13:25:35.28 -42:53:00.96 97.94
9 MW +17:33:24.06  -33:23:16.20 5.00 82 Cen A +13:25:54.48  -42:59:25.44 105.59
10 MW +17:27:33.25  -30:48:07.40 6.79 83 Cen A +13:25:07.68 -43:01:14.88 199.09
11 MW +17:50:12.66  -37:03:08.20 14.70 84 Cen A +13:25:02.64  -43:02:43.08 255.53
12 MW +18:23:40.57  -30:21:40.60 66.12 85 Cen A +13:25:42.00 -43:10:41.52 315.01
13 M31 +00:42:29.64 +41:17:57.27 0.04 86 M81 +09:56:05.30 +69:06:43.53 2.01
14 M31 +00:42:50.86 +41:10:33.72 0.41 87 M81 +09:55:37.26 +69:02:07.57 2.36
15 M31 +00:43:14.65 +41:25:13.32 0.84 88 M81 +09:55:51.97 +69:07:39.18 4.83
16 M31 +00:42:27.43 +40:59:35.63 1.05 89 M81 +09:55:22.05 +69:05:18.93 6.68
17 M31 +00:42:34.40 +40:57:09.31 1.07 90 M81 +09:55:54.93 +69:00:56.03 35.33
18 M31 +00:43:15.48 +41:11:25.69 1.17 91 M81 +09:55:47.00 +69:05:51.09 67.26
19 M31 +00:42:40.60 +41:10:33.60 1.39 92 M81 +09:55:58.54 +69:05:26.04 70.40
20 M31 +00:42:25.04 +40:57:18.78 209 93 M81 +09:55:49.80 +69:05:31.93 434.56
21 M31 +00:42:41.43 +41:15:23.71 253 94 Meeil +02:36:37.26 +59:39:15.50 5.41
22 M31 +00:42:47.81 +41:11:13.66 256 95 Meeil +02:36:30.84 +59:39:34.70 9.11
23 M31 +00:43:07.51 +41:20:19.44 3.24 96 Meeil +02:36:26.03 +59:39:06.91 16.22
24 M31 +00:42:33.10 +41:03:29.86 423 97 Meeil +02:36:36.50 +59:38:42.03 42.07
25 M31 +00:42:09.51 +41:17:45.42 9.31 98 N3379 +10:47:50.47 +12:34:23.11 4.14
26 M31 +00:42:26.05 +41:19:14.81 9.94 99 N3379 +10:47:51.57 +12:35:36.01 14.18
27 M31 +00:42:12.17 +41:17:58.62 11.51 100 N3379 +10:47:54.20 +12:35:29.49 39.83
28 M31 +00:43:03.31 +41:21:21.60 12.02 101 N3379 +10:47:50.47 +12:34:36.94 53.20
29 M31 +00:42:31.25 +41:19:38.78 18.50 102 N3379 +10:47:50.33 +12:35:06.59 58.00
30 M31 +00:43:02.93 +41:15:22.47 22.50 103 N3379 +10:47:51.08 +12:35:49.25 87.35
31 M31 +00:43:03.86 +41:18:04.79 28.37 104 N3379 +10:47:52.77 +12:35:08.58 242.70
32 M31 +00:42:59.86 +41:16:05.64 33.75 105 N3379 +10:47:50.19 +12:34:55.34 333.36
33 M31 +00:42:59.65 +41:19:19.18 34.19 106 N3379 +10:47:52.65 +12:33:38.01 680.58
34 M31 +00:42:18.64 +41:14:01.74 36.23 107 N4697 +12:48:32.94  -05:47:04.04 7.23
35 M31 +00:43:14.31 +41:07:19.68 46.14 108 N4697 +12:48:33.63  -05:48:49.20 8.22
36 M31 +00:43:37.29 +41:14:43.63 47.94 109 N4697 +12:48:29.13  -05:48:22.15 8.26
37 M31 +00:43:10.61 +41:14:51.24 77.93 110 N4697 +12:48:34.64  -05:47:27.55 9.39
38 M31 +00:42:15.84 +41:01:14.32 123.26 111 N4697 +12:48:26.52 -05:47:24.91 9.53
39 Cen A +13:25:41.76 -42:57:00.00 0.90 112 N4697 +12:48:35.80 -05:47:41.90 10.13
40 CenA +13:25:11.04  -43:01:31.80 1.79 113 N4697 +12:48:37.60  -05:47:49.79 10.26
41 Cen A +13:25:29.28 -42:57:46.80 1.90 114 N4697 +12:48:34.68 -05:48:14.82 11.08
42 Cen A +13:25:14.88  -43:00:48.96 1.92 115 N4697 +12:48:37.16  -05:48:30.34 11.76
43 Cen A +13:25:42.00 -43:03:19.44 215 116 N4697 +12:48:28.04  -05:48:32.66 13.69
44 Cen A +13:25:58.32 -43:08:06.72 3.15 117 N4697 +12:48:40.86 -05:48:23.12 14.88
45 Cen A +13:25:43.20 -42:58:37.20 3.57 118 N4697 +12:48:41.66  -05:48:47.04 15.00
46 Cen A +13:25:35.28  -43:05:29.40 445 119 N4697 +12:48:37.71  -05:47:29.32 16.78
47 Cen A +13:24:49.20 -43:05:12.12 481 120 N4697 +12:48:35.80 -05:46:40.69 17.44
48 Cen A +13:25:27.60 -43:05:24.72 5.19 121 N4697 +12:48:31.84  -05:48:38.70 23.44
49 Cen A +13:25:32.40 -43:04:40.44 6.25 122 N4697 +12:48:36.97  -05:47:32.61 23.97
50 Cen A +13:24:58.08 -42:56:10.32 6.84 123 N4697 +12:48:33.95  -05:48:34.46 25.58
51 Cen A +13:25:14.16  -43:02:42.72 7.01 124 N4697 +12:48:26.16  -05:47:29.50 26.29
52 Cen A +13:25:22.08 -43:02:45.24 7.68 125 N4697 +12:48:36.95  -05:48:10.80 30.36
53 Cen A +13:25:30.24  -42:59:34.80 7.83 126 N4697 +12:48:33.19  -05:49:12.85 40.98
54 Cen A +13:25:32.88  -42:56:24.36 8.54 127 N4697 +12:48:37.87 -05:46:52.81 42.12
55 Cen A +13:24:50.40 -43:04:50.88 9.16 128 N4697 +12:48:40.92 -05:47:31.44 42.31
56 Cen A +13:25:38.40 -42:57:19.80 10.12 129 N4697 +12:48:31.05  -05:48:28.66 46.15
57 Cen A +13:25:12.00 -42:57:12.96 10.27 130 N4697 +12:48:41.50 -05:47:37.25 46.82
58 Cen A +13:26:07.68 -42:52:01.56 1040 131 N4697 +12:48:36.10  -05:48:33.61 60.54
59 Cen A +13:26:05.28  -42:56:32.64 10.71 132 N4697 +12:48:46.55 -05:48:12.02 75.50
60 Cen A +13:26:10.56 -42:53:43.08 11.14 133 N4697 +12:48:38.67 -05:47:46.88 91.24
61 Cen A +13:25:05.76  -43:10:30.36 11.57 134 N4697 +12:48:35.95  -05:45:51.79 91.79
62 Cen A +13:25:28.08 -43:04:01.92 13.71 135 N4697 +12:48:31.73  -05:48:46.73 97.43
63 Cen A +13:25:03.12 -42:56:24.72 13.84 136 N4697 +12:48:36.97  -05:48:01.04 110.29
64 Cen A +13:25:32.88 -43:04:28.92 15.85 137 N4697 +12:48:32.65 -05:48:51.11 125.21
65 Cen A +13:25:52.80 -43:05:46.32 20.97 138 N4697 +12:48:35.97 -05:47:56.56 150.11
66 Cen A +13:25:05.04  -43:01:32.88 22.37 139 N4697 +12:48:39.35  -05:47:30.48 168.46
67 Cen A +13:25:39.84  -43:05:01.68 23.62 140 N4697 +12:48:36.72  -05:47:31.89 178.73
68 Cen A +13:25:32.40 -42:58:49.80 23.69 141 N4697 +12:48:37.51  -05:47:43.40 192.56
69 Cen A +13:25:18.48 -43:01:15.96 24.05 142 N4697 +12:48:27.03  -05:49:25.25 206.76
70 Cen A +13:25:10.56  -43:06:24.12 27.47 143 N4697 +12:48:30.83  -05:48:36.93 308.63
71 CenA +13:26:19.68  -43:03:19.08 30.51 144 N4697 +12:48:33.21  -05:47:41.90 455.00
72 Cen A +13:25:19.92  -43:03:09.72 31.62 145 N4697 +12:48:39.32  -05:48:07.22 474.28
73 Cen A +13:25:10.32  -42:55:09.48 37.62 146 N4278 +12:20:04.55 +29:18:19.33 7.97
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Table 6. continued.

Number  Galaxy RA(J2000) DEC(J2000) Luminosity Number ®ala RA(J2000) DEC(J2000)  Luminosity

1) 2 3 (G) G @ (2 3 () (5)
147 N4278 +12:20:00.39 +29:17:46.37 8.53 167 N4278 +12:20:07.16 +29:17:38.74 50.30
148 N4278 +12:20:04.70 +29:16:07.46 9.19 168 N4278 +12:20:04.53 +29:16:12.19 50.37
149 N4278 +12:20:02.98 +29:18:14.97 9.78 169 N4278 +12:20:00.32 +29:17:05.11 52.01
150 N4278 +12:20:00.37 +29:17:22.08 11.84 170 N4278 +12:20:03.77 +29:16:09.66 58.85
151 N4278 +12:20:05.24 +29:16:01.51 12.03 171 N4278 +12:20:08.04 +29:16:42.13 61.23
152 N4278 +12:20:04.87 +29:16:01.73 15.23 172 N4278 +12:20:09.15 +29:17:57.95 66.65
153 N4278 +12:20:03.54 +29:16:17.50 17.76 173 N4278 +12:20:04.11 +29:16:15.34 66.84
154 N4278 +12:20:02.49 +29:16:24.65 18.28 174 N4278 +12:20:08.07 +29:16:43.61 71.32
155 N4278 +12:20:05.89 +29:18:21.35 18.72 175 N4278 +12:20:08.85 +29:17:28.92 90.19
156 N4278 +12:20:01.08 +29:17:23.52 21.70 176 N4278 +12:20:08.39 +29:17:16.85 113.49
157 N4278 +12:20:04.59 +29:16:15.51 22.01 177 N4278 +12:20:05.70 +29:16:49.98 119.54
158 N4278 +12:20:09.95 +29:17:40.59 24.65 178 N4278 +12:20:08.15 +29:17:16.97 125.36
159 N4278 +12:20:05.07 +29:17:15.46 26.87 179 N4278 +12:20:05.95 +29:17:08.94 138.53
160 N4278 +12:20:06.33 +29:17:10.05 28.26 180 N4278 +12:20:07.71 +29:16:44.05 144.98
161 N4278 +12:20:08.14 +29:16:59.83 28.32 181 N4278 +12:20:06.82 +29:16:36.65 145.01
162 N4278 +12:20:00.28 +29:18:12.18 29.04 182 N4278 +12:20:05.24 +29:16:39.97 265.89
163 N4278 +12:20:01.85 +29:17:58.35 30.38 183 N4278 +12:20:04.23 +29:16:51.47 269.32
164 N4278 +12:20:05.24 +29:16:52.84 37.40 184 N4278 +12:20:03.44 +29:16:39.55 292.63
165 N4278 +12:20:02.00 +29:17:29.78 46.63 185 N4278 +12:20:07.76 +29:17:20.46 388.68
166 N4278 +12:20:03.73 +29:16:29.81 48.82

(1) — the sequence number. (2) — the galaxy where sourcedstddt (3),(4) — Right ascension and declination of soff)e- X-ray luminosity in 0.5-8 keV,
in unit of 1% erg s,
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