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ABSTRACT

For the first time, we systematically explored the poputatid discrete X-ray sources in the outskirt of early-typeagas. Based
on a broad sample of 20 galaxies observed Withndra we revealed overdensity of X-ray sources in their outsKirtey appear as
halos of resolved sources around galaxies, distributinghnfoader than the stellar light, and extended out to at led$r, (re is
the efective radius). These halos are composed of sources féiraer 5 x 10° erg's, whereas the more luminous sources appear
to follow the distribution of stellar light, suggesting ththe excess source population consists of neutron stariesndividing the
galaxy sample into four groups according to their stellassnand specific frequency of globular cluster, we find thaketttended
halos are present in all groups except for the low mass gadaxith low globular cluster content. We propose that therekd halos
may be comprised of two independent components: (i) LMXBsted in blue (metal-poor) globular clusters (GCs), whics@re
known to have a broader distribution than the stellar ligiijtneutron star LMXBs kicked out of the main body of the patrgalaxy
by the supernova explosion. The available deep optical anay>data of NGC 4365 supports this conclusion. For this)galae
identified 601 + 10.8 excess sources in the (4 — d0)egion of which~ 40% are located in globular clusters, wherea0% are
field LMXBs. We interpret the latter as kicked NS LMXBs. Wedliss implications of these results for the natal kick disttions of
black holes and neutron stars.
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1. Introduction galactocentric radii. As opposed to the expectations, thgkat

. ] ] of Sombrero exhibits a significant X-ray source excess. & th
LMXBs consist of a compact object — either a black hole (BH) qfalo of this galaxy 101 sources were detected, whereas the ex
aneutron star (NS) —and a low-mass donor stat W), which - pected number of cosmic X-ray background (CXB) sources is
transfers mass via Roche-lobe overflow. The infalling magte 52411, implying a~ 4.40 excess. Although Li et al_(20/10) did
heated to X-ray temperatures and releases X-ray lumiessithot identify the origins of the excess X-ray sources, theysad
in the range of 1% — 10%° ergs. Due to their luminous na- ered that either supernova kicked binary systemgamndXBs
ture, LMXBs add a major contribution to the total X-ray emisgssociated with GCs could be responsible.

sion of galaxies, moreover they determine the X-ray appeara . o :
of relatively gas-poor early-type galaxies (€.9. Gilfa/2004; GCs have a bimodal color distribution (Forbes et al. 1997).

Bogdan & Gilfanol[ 2011). The populations of LMXBs havel he red (metal-rich) population follows the stellar lighgtdibu-

been extensively studied in early-type galaxies wilendra tion, whereas the blue (metal-poor) population has brodser
observations (e.g. Irwin et/al. 2003; Gilfanov 2004; Zhanale {ribution and traces the more extended dark matter halgs, (e.

2017;[Colbert et al. 2004) and a simple picture of the correlBassino etal. 2006). Since few percent of blue GCs host LMXBs

tion of their properties with the parameters of the hostgala (Kundu etall 2002; Jordan etial. 2004), itis likely that LEX
emerged. It has been established that LMXB population scaf$sociated with blue GCs will have a broader distributianth

with the stellar mass of the host galaxy. For luminous LMxBH€ stellar light. This fect could result in an extended popula-
(Lx > 3 x 10% ergs), it also has been shown that their sufion of LMXBs in the outskirts of galaxies. Obviously, the4m

face density closely follows the near-infrared light disation Portance of GC-LMXBs is expected to be more prominent in
(Gilfanov[2004), except for the very inner regions of gatexi 9alaxies with higher globular cluster specific frequerty)(

(Voss & Gilfanovi 2007). However, in the course of more than Neutron stars receive kicks (so called natal kicks) whey the
ten years of operation ofhandra, a large number of early- are formed in the core collapse supernova explosions. The am
type galaxies has been observed to a fairly deep sensiiivilty pjitude of the natal kick velocities can be determined, for e
(Lx ~ 10°" ergs), allowing to probe LMXB populations in un- ample, from proper motion of pulsars, the mean birth speed fo
precedented details. young pulsars is 400 kmys with the fastest neutron stars mov-
Such a detailed study of LMXB populations has been peng with the velocity in excess of 10° km/s (Hobbs et dl. 2005).
formed for Sombrero galaxy (M104) by Li etal. (2010). TheiAlthough only a relatively small fraction of binary systeen
results appear to challenge the empirical picture that MXB  survive large natal kicks (Brandt & Podsiadlowski 1995hg6
populations closely follow the stellar light distributiat all do survive, can travel to large distances producing a digion
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Table 1. The galaxy sample.

Galaxy D Scale fe b/a PA Lk M, /Lk M, Sn Age Exp Lip /Lou
(Mpc)  (pgarcsec) (arcsec) (degree) (o) (Mo/Lko) (10°°Mo) (Gyn)  (ks) (1(5[9 ergs)
(1) (2 (3) (4) (5) (6) (7) (8) 9) (10) (11) (12)
N720 27.7 134 25.2 0.55  -40.0 21.50 0.86 18.49 3.013.42 13838 5.64.1
N821 24.1 117 19.6 0.62 30.0 9.12 0.82 7.48 h.145.2%° 2129 2.02.0
N1052 19.4 94 18.6 0.70  -60.0 8.94 0.80 7.15 9.5914.5° 59.2 3.92.5
N1380 17.6 85 31.8 0.44 7.0 12.57 0.81 10.18 49.814.4° 416 3.52.9
N1404 21.0 102 18.6 0.90 -17.0 18.73 0.85 15.92 €.695.92 114.5 5.72.9
N3115 9.7 47 33.6 0.39 45.0 9.43 0.83 7.83 52284 1532 0.4%0.42
N3379  10.6 51 28.5 0.85 67.0 7.92 0.83 6.57 4.208.2° 337.0 0.3%0.33
N3585  20.0 97 29.9 0.63  -75.0 18.92 0.77 14.57 0.503.122  94.7 2.62.7
N3923 22.9 111 40.5 0.64 47.0 29.90 0.82 24.52 i3,573.3¢  102.1 3.63.4
N4125  23.9 116 31.4 0.63 82.0 23.49 0.80 18.79 M.305.0° 64.2 4.44.1
N4278  16.1 78 18.3 0.90 35.0 7.87 0.78 6.14 £.3512.8° 470.8 0.6%0.60
N4365  20.4 99 38.1 0.74 45.0 20.86 0.85 17.73 B.957.9° 19538 1.51.5
N4374 184 89 33.5 092 -57.0 24.94 0.83 20.70 5.399.8° 1155 1.72.2
N4382 185 90 54.9 0.67 12.0 27.06 0.76 20.57 4.431.62 397 2.94.1
N4472  16.3 79 56.1 0.81 -17.0 41.88 0.85 35.60 6.619.6°  89.6 3.23.7
N4552  15.3 74 22.8 0.94 -30.0 10.82 0.83 8.98 .996.0° 544 1.81.8
N4636  14.7 71 56.2 0.84 -37.0 13.24 0.81 10.72 12.383.5° 209.8 1.41.4
N4649  16.8 81 42.1 081 -72.0 32.44 0.85 27.57 5.3216.9° 108.0 2.32.3
N4697  11.7 57 39.5 0.63 67.0 8.82 0.77 6.79 3.7810.0° 193.0 0.59.59
N5866  15.3 74 28.5 042 -57.0 9.47 0.72 6.82 n.691.82 337 2.71.9

Notes. (1) — Galaxy distance derived by Tonry et al. (2001). (2) —\&canversion. (3), (4) and (5) ks-band half-light radius, axis-ratio and
position angle from the 2MASS Large Galaxy Atlas (Jarretl2P003). (6) — TotaKs-band luminosity calculated from the total appariit
band magnitude. (7) ks-band mass-to-light ratios derived from Bell & de Jong (200dth B—V colors from RC3 catalog (de Vaucouleurs €t al.
1991). (8) — Total stellar mass calculated frtband total luminosity and thi€s-band mass-to-light ratio. (9) — Globular cluster specifgfien-
cies derived following Zhang et al. (2012). Referencestentumber of observed globular clusters in each galaxy @fessler-Patig et all (1996);
tSpitler et al.[(2008)5Forbes et a1/ (2001 YKissler-Patig et al (1997¥Forbes et al! (1998)Harri$ (1991)ERhode & Zegf((2004)Humphrely
(2009); [Sikkema et dl.[(2006)[Forbe’s[(1996){Peng et dI.[(2008)Dirsch et al. [(2005)7Dirsch (1995);ICantiello et al.[(2007). (10) — Stellar
age of the galaxy. References®Terlevich & Forbes[(2002f4Sanchez-Blazquez etlal. (2006)Annibali et al. (2007)%Thomas et al. (2005);
&Schweizer & Seitzer (1992). (11) — Total exposure time ofdbmbinedChandra observations. (12) — Limiting source detection sensitiirit
the Q5 — 8 keV band in the (0.2 — 8) (LI" ) and outer (4 — 10), (L% regions.

lim lim

much broader than that of stars. THeeet of the natal kicks on 2. The analyzed sample
binaries should be stronger in lower mass galaxies, whefe ki

velocities may exceed the escape velocity in the gravitatio

potential of the parent galaxy, and binary systems may ldave

galaxy or be displaced to very large distance from its maaybo

where binaries were formed.

In this paper, we aim to comprehensively explore the LMX
populations in a large sample of galaxy outskirts with time-li
iting sensitivity of ~ 10%” erg s*. We will address two major
points. First, we will investigate whether the existenceerf

I?n the present work we explore the LMXB populations in the
outskirts of early-type (E50) galaxies. To achieve this goal and
obtain statistically significant conclusions, a broad skergf

; - : . g galaxies must be analyzed.In Zhang etlal. (2012) we cayefull
cess LMXBs is ubiquitous in the outskirts of early-type gala puilt a sample of 20 galaxies, which also well suits the pro-

ies. Second, we will study the origin of the excess sourcés wi : :
a particular focus on GC-LMXBs and supernova kicked x_rag/osed goals of the present analysis for the following foar re

o . ; . First, the sample consists of galaxies within theadcs
binaries. To achieve our goals, we will use a sample of 2G/ear ons '

o - - ange of 97-27.7 Mpc. Therefore, adequate 6x10°” erg st
type galaxies with dee@handrac_)bservatmns. Since our galax gr]ce detection sgnsitivities can be ?’:\Chie\ge}:j with rgmellg?rra
sample covers a broad range in both stellar mass and glob@cl’;\lr| 150 ks) Chand d th I |
cluster specific frequency, we will be able to perform a ayste . eep € §) Chandra exposures, an € sample galax-

; : and their outskirts fit well within the ACIS field-of-view
223§E2ze%nﬂﬁi%rse.ss the importance of GC-LMXBs and SuPégcond, the sample includes both GC-rich and GC-poor gedaxi

(Sn= 0.50-12.38). Third, the sample covers a relatively broad

The paper is structured as follows. In S&dt. 2 we introducange of stellar masses( = (6.1 — 35.6) x 10'° M), imply-
the analyzed sample. In Sect. 3 the X-ray and near-infraaal ding vastly diferent numbers of field LMXBs, as well adfdirent
analysis is described. In Sekt. 4 and Sect. 5, we discussthedark matter halo masses. Finally, the selected galaxiestexa
dial distributions and the X-ray luminosity distribution§ the hibit ongoing or recent star-formation, hence their steltmtent
detected X-ray sources. In Sdct. 6 we describe a case studyigdairly homogeneous and the population of X-ray binarsesait
NGC 4365. Our results are discussed in 9dct. 7 and we conclpdéuted by high-mass X-ray binaries. The physical praperf
in Sect[B. the sample galaxies are listed in Table 1.
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Table 2. The statistics of X-ray point sources. The source detection sensitivity varies throughout the
Chandra images due to the varying level of theffdise X-ray
Galaxy NI' NI, NI NS NI, NS emission associated with the galaxy, the PSF deterioration
(1) ) (3) (4) (5) (6) large df-axis angles, and the non-uniform exposure of the (com-
bined) images. For the combined images, we derived the sourc
N720 50 16 317 58 168 7.9 detection sensitivities by inverting the detection methos
Ng21 34 19 436 23 165 139 ing the local PSF, background, and exposlre (Voss & Gilfanov

N1052 28 0.9 18.8 19 7.6 6.2 N i ; i i
N1380 27 15 310 12 194 22 2006). The incompleteness functid€(L), in a certain area was

N1404 18 09 196 33 121 81 calcula’ged by accumu_latlng the sensitivities of the p_|>§e}s
cluded in the area, weighted by the assumed spatial distibu

N3115 61 2.8 86.7 54 21.6 12.9

N3379 68 6.4 86.1 58 454 125 of sources. ThusK(L) was computed separately for the CXB

N3585 49 2.9 63.6 44 21.8 8.3 sources with a flat spatial distribution, and for LMXBs assum
N3923 76 4.9 67.9 64 26.9 6.5 ing that they follow theKs-band stellar light. We used these
N4125 31 2.6 38.0 33 23.1 3.8 functions to calculate the number of predicted CXB sources

N4278 108 3.0 60.1 94 276 1238 (Geargakakis et al. 2008) and LMXBs (Talle 2), and to obtain
N4365 153 7.8 1177 116 446 113 their predicted radial source density profiles (Seci. 4 hg in-
N4374 9% 50 779 65 306 124 completeness function was also used to correct appareay X-r

N4382 37 7.2 72.9 30 18.1 24 luminosity functions (XLFs), and to produce the final XLFgpr
N4472 151 8.7 126.6 55 17.3 9.1 sented in SecE. 5.2
N4552 52 1.9 29.7 64 18.1 8.7 o

N4636 116 115 59.0 71 305 01 The contribution of CXB sources is estimated based on their
N4649 157 4.8 83.4 100 26.8 6.3 luminosity function from_Georgakakis etlal. (2008). To certv
N4697 80 6.9 74.0 69 39.4 7.7 their 05— 10 keV band lodN — log S distribution to the (b — 8
N5866 20 1.2 29.0 13 10.4 4.0 keV band, we assumed a power-law model Witk 1.4. Within

Total 1412 84.4 1217.3 1077 467.6 158.1 the central regions of the galaxies, the contribution of CXB
sources iss 10% (Table[R). Although in the outskirts of the
Notes. (1), (2) and (3) — Number of detected X-ray sources, estithateample galaxies the ratio of predicted CXB sources is signifi
CXB sources, and estimated LMXBs froks-band light in the (0.2 cantly higher (Tabl€l2), in most galaxies a statisticaltynsfi-
— 3)re region. (4), (5) and (6) — The same quantities in the (4 +e10)cant source excess is detected above the predicted CXB level
region. We stress that the excess sources cannot be attributed to the
cosmic variance, which can be responsible for variationthen
) ~ 10 - 30% level. The accuracy of CXB subtraction is further
3. Data analysis discussed in Sedf 5.1.

3.1. Chandra data

The analyzedChandra observations and the main steps of thd-2- Near-infrared data analysis

data analysis agree with those outlined in_ Zhanglet al. (012 irace the stellar light of the sample galaxies, we reliethe
The data was reduced using standard CIAO threads (CIAO VRE-band (2.16:m) images of the 2MASS Large Galaxy Atlas
sion 4.2; CALDB version 4.2.1). To detect point sources, Wgayrett et dl. 2003). The provided images are backgroubd su
applied the CIAOwavdetect task with parameters taken fromtracted, except for NGC 821 and NGC 1052, where we esti-
Voss & Gilfanov (2008, 26007): Namely, we set the threshold pgyateq the background level using nearby regions. To avdid po
rameter ggthresh) to 107, which implies 1 false detection per|ytion by bright foreground and background objects, we afisu
10° pixels or one ACIS-S CCD. The source detection was P&fentified and removed them. We converted the observed num-
formed in the (5 — 8 keV band. To increase the source detegser ofKs-hand source count$j to apparent magnitudes using
tion sensitivity, we dl_d not excludg high background p?S"Ode - KMAGZP - 2.5l0g'S, where KMAGZP is the zero point
since they are outweighed by the increased exposure time. Weqnitde for th&s-band image. The thus obtained magnitudes
produced exposure maps in thé& 0 8 keV band, assuming a,yere ysed to computés-band luminosities, assuming that the
single power-law model witli' = 1.7 and Galactic absorption. apsoluteKs-band magnitude of the Sun g« » = 3.39 mag.
Several galaxies in our sample have been observed in naultipl Based on th&s-band luminosities and' thiés-band mass-
Chandra pointings, therefore we corrected thBsets following , ;¢ ratios, we derived the stellar mass of the samplaxges
Voss & G"far.‘o" (20017) using t_he CIA@eprOJect_evgnts tool. Table1). Thé mass-to-light ratios were derived from Ehe V
After correcting the isets, the images were combined and r olor indices (RC3 catalo@; de Vaucouleurs et al. 1991) hed t
analyzed. . Iresults; of galaxy evolution modeling (Bell & de Jong 2001).

To compute the source net counts, we employed circular
apertures centered on the central coordinates of eachesdiire
radius of the aperture was defined as a circle, which includes . .
85% of the point spread function (PSF) value. For each sourfe EXCESS X-ray sources in galaxy outskirts
the PSF was determined using the ClA®psf tool. To account 4 1 pagial distributions of all galaxies
for the background components, we applied circular regions
with three times the radius of the source regions, while theg-0 To map the spatial distribution of X-ray sources in and atbun
lapping regions of adjacent sources were excluded. Thesouthe sample galaxies, we built stacked radial source depsity
net counts were derived following Voss & Gilfanov (2007) €Thfiles (Fig.[1). The profiles were extracted from concentric el
observed net counts were converted 16-08 keV band unab- lipses, whose shape and orientations were determined l§sthe
sorbed luminosities assuming a power-law spectrline: (1.7) band photometry of the galaxies (Table 1). The contributibn
with Galactic absorption. CXB sources was subtracted as described in §edt. 3.1. The ob-
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reflects the general behavior of our sample. To study ind&did
galaxies, we derived the number of detected and predictesd/X-
sources in each galaxy separately. Given the relativelynlom-

ber of detected sources in individual systems, we did netrgit

to build radial source density profiles for each galaxy.dast,

we divided the galaxies into two regions: the inner regiors wa
defined as an elliptic annulus with (0.2 +@)adius, whereas the
outer region is an elliptic annulus with (4 — t@)Note that the

i ] central 02r region was excluded to avoid the possible source
- All sources . confusion. The results are summarized in Table 2, whereswe li

g ] the numbers of detected sources, predicted LMXBs, and esti-
— : — mated CXB sources in the inner and outer regions. As before,
the predicted numbers of LMXBs were derived using the awerag
LMXB XLF (Zhang et all 20111) and the stellar mass enclosed in
-t 3 the regions. The estimated CXB level was derived as destribe

in Sect[3.].

In the inner region the numbers of detected and predicted
X-ray sources agree withir 50% for all galaxies, except
for NGC 4382, NGC 4636, and NGC 4649, where they agree
within factor of ~ 2. In the entire sample, the total number of

. LMXBs in the inner region after CXB subtraction is 1387
e ‘ L | A whereas the expected number is 131 Which numbers agree
0.2 0.5 1 2 5 10  within ~ 10%. The total stellar mass in the (0.2 +3)egion
r is 21 x 10*? M, implying a samplf%-averaged LMXB specific
. . ) ) frequency of 8 + 0.2 sources per 18 M, in good agreement
Fig. 1. Stacked radial source density profiles of the CXB SUQ\'/it?] Gilfgnov (2004){ Zhang e? all (20162). Ir?the oSter regio
tracted LMXBs in the sample galaxies (crosses). The upper afy gajaxies out of 20 show a notable X-ray source excess. In
lower panels correspond to all the sources and sourcesteirlgrpnostgalaxies the number of additional X-ray sources extreed
than 5<10°8 erg's, respectively. The profiles are not corrected f%’redicted number of LMXBs by factor of2— 6, and in NGC
incompleteness. The predicted distributions of LMXBs bes® 4535 and NGC 4649 this ratio is even Iarger’. In the outer re-
the Ks-band light are plotted with solid histograms. They tak@ion we detected 608 X-ray sources after subtracting the CXB

into account the source detection incompleteness, asibescr gy q| \whereas 158 sources are expected, implying a factor of
in the Sect_311, and therefore can be directly comparedatith _ 3 ey cess. The total enclosed stellar mass in the outer régjion

served profile. An excess of LMXBs beyonrdre is present for 5 1 » 1011 M, hence the sample-averaged LMXB specific fre-
all sources, butis absent for bright sources. quency is 29D + 1.2 sources per 8 Mo, which is~ 3.5 times
more than in the inner region.

served source density profiles are compared with those eghec Based on the SftUdy of ind_ividual galaxies, we obtain two ma-
based on the average XLF of LMXEs (Zhang et al. 2012). jor conclusions. First, the existence of excess X-ray sssiap-

In the upper panel of Fig]1 we show the source densiRFa'S to be a general phenomenon in the outskirts of galaxies
profile for all X-ray sources without employing a Iuminosityg’zcond’ the LMXB specific frequency is, on average, by a fac-

cut. Within the (0.2 — 3), region the observed and predictedO
radial profiles are in fairly good agreement with each othég
Contrarily, in the (4 — 10), region a highly significant source
excess is detected. At the first sight, this result appeacste
tradict the source density profile lof Gilfanov (2004), wha€o
cluded that the distribution of LMXBs closely follows theebt  , 5 144 fofe of supernova kicks and GC-LMXBs
lar light. However, at the time of writing, only relativelhal-

low Chandra observations of early-type galaxies were availablghere are at least two plausible factors which could be mspo
hence Gilfanovi(2004) considered only bright X-ray sourées siple for the observed excess in the surface density of X-ray
the lower panel of Fig.]1 we present the radial source densyjurce excess in the galaxy outskirts. They could be LMXBs
profile including only sources brighter than<5L0°® erg’s. The  residing in globular clusters afat accreting NS binaries that
Observed d|5tr|but|0n Of bl’lght sources fOIIOWS the Stelhbht were k|Cked to |arge ga|actocentric radii by the Supernm
distribution at all radii, being in good agreement with @itbv  sjon, which produced the NS. The importance of GC-LMXBs is
(2004). _ _ higher in galaxies with large globular cluster specific frency
Figure[1 clearly shows that there is an excess in the numigy), whereas supernova kicked LMXBs are more likely in mas-
of faint sources at large radii. The origin and charactesstf sjve galaxies, which have a larger number of potential X-ray
the faint excess sources are discussed throughout the paper pinaries and can bound the kicked systems due to their deeper
potential well. To probe whether GC-LMXBs afad kicked
LMXBs play a role in the galaxy outskirts, we divided the sam-
ple into four diterent groups, each of them consisting five galax-
In Fig.[1 we demonstrated the existence of an excess populaiies. We use®y= 2.0 to separate galaxies with Ighigh Sy, and
of faint sources beyond 4r.. However, the presented stackedVl, = 1.2 x 10'* Mj, to distinguish lowhigh mass galaxies. The
source density profiles were obtained for 20 galaxies, hé@ncehus obtained four groups are: 1) lafgle and largeSy, 2) large

10 100

N / arcmirt
1

100 0.1

10

1

N / arcmirk

0.01 0.1

Bright sources
> 5x108 erg/s

r of ~ 3.5 higher in the outer region than in the inner region,
dicating that the excess X-ray sources do not originaiefr
XB fluctuations, and are not directly associated with te#aat
populations in the outskirts of studied galaxies.

4.2. Source excess in individual galaxies
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Fig. 2. Stacked radial source density profiles of the CXB subtrabM¥Bs in four groups of galaxies with eierentM, andSy,
marked in the plots. The profiles are not corrected for indetepess. The predicted distributions of LMXBs based orkigdand
light are plotted with solid histograms. They take into aguiothe source detection incompleteness, as describeé i8eabt[3]1.
All groups show excess LMXBs in their outskirts, except fataxies with smalM, and smallSy.

M, and smallSy, 3) smallM, and largeSy, and 4) smallM, Since our study is focused on galaxy outskirts with rela-
and smallSy. tively low source density, it is crucial to accurately acabfor

For each group, we derived stacked radial profiles of ttiée CXB level. In the inner regions the estimated average con
detected X-ray sources and computed the predicted numbefrdution of CXB sources is only- 6%, whereas it is- 43%
LMXBs as described in Sedf_4.1. The obtained profiles are dé-the outer regions (Tabld 2). Given that the CXB source den-
picted in Fig.[2. A common property of the four groups is tat iSity exhibits 10-30% fleld-to-fleld. variations due to the cosmic
the inner region the observed and estimated profiles arérip fa variance, the inaccurate subtraction of the CXB level ceigel
good agreement. However, in the outer region the first thr@iicantly influence our study. Therefore, in Fig. 3 we show th
groups show a significant source excess, with the only exc&@mbined cumulative luminosity distributions of the desecX-
tion being low-mass galaxies with lo®y. Thus, we conclude ray sources in the inner and outer regions, which are cordpare
that the X-ray source excess cannot be only associated withwith the predicted, incompleteness-corrected CXB souise d

ther GC-LMXBs or supernova kicked LMXBs, but both types offibutions. The upper panel of Figl 3 demonstrates that é th
sources play a role. inner region the contribution of CXB sources is fairly lowat

minosities below 1% erg s. Above this threshold we detected

ultra-luminous X-ray sources, which are most likely stetfeass

black holes accreting from a low or intermediate mass compan
5. Combined XLFs of LMXBs ion. For a comprehensive discussion of these ultra-lungntu

. ray sources we refer to Zhang et al. (2012).
5.1. Accuracy of the CXB subtraction ) ) .
The lower panel of Fid.]3 shows that in the outer region the

To further explore the properties of LMXBs in the sample gala luminosity distribution of sources above&10*® ergs is in ex-

ies, we built combined XLFs of all the sources residing in theellent agreement with the predicted CXB level. Indeedyabo
inner (0.2 — 3)e and outer (4 — 10) regions. In total, we re- this luminosity 71-8.4 X-ray sources are detected, whereas 65.1
solved 1412 and 1077 point sources in the inner and outer &XB sources are predicted. Note that in the bright end the XLF
gions (TabléR), allowing us to build accurate XLFs. is not afected by incompletenesfects. Below 5< 10* erg's
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Fig. 3. Cumulative luminosity distributions of all resolved pointFig. 4. XLFs of LMXBs in the inner and the outer regions in cu-
sources in the inner (upper) and outer (lower) regions af#ime- mulative (upper panel) andft&rential (lower panel) forms. The
ple galaxies. The distributions are not corrected for inplate- data for the outer regions is marked by circles in the lowaepa
ness or the contribution of CXB sources. The shaded aress-coand is surrounded by the shaded area showingdhedissonian
sponds to & Poissonian uncertainties. The solid lines show thencertainty in the upper panel. The statistical unceiitsnfor
predicted CXB luminosity distributions from Georgakakise the inner regions have a smaller amplitude.
(2008), modified by the incompleteness function, as desdiiit
the Secf311.
source excess in the luminosity range belovs x 10* ergs.
This threshold luminosity is fairly close to the Eddingtomi-

the number of detected sources is more than a factor of tworstsity of an accreting NS. Therefore, it is reasonable tarass
the expected number of CXB sources. Thus, in agreement witat the bulk of faint excess sources are NS binaries. This co
the radial source density profiles (FIg. 1), the XLF also showlusion is consistent with the proposed origin of excesscmu
the presence of an excess source population with lumiessitindeed, both GC-LMXBs| (Portegies Zwart & McMillean 2000)
< 5x 10 erg's in the outer region. The good agreement betwe@id supernova kicked binaries (Brandt & Podsiadlowski 1995
the observed source and predicted CXB luminosity distismst are predominantly NS binaries.

in the bright end demonstrates the accuracy of our CXB sobtra  In principle, it would be beneficial to compare the XLFs of
tion procedure. Moreover, the largdfdrence between the XLFsthe four groups of galaxies with lghigh M, andSy. The shape

in the faint end excludes the possibility that the observedes of the XLFs could help to constrain the origin of the excess
is due to the cosmic variance. sources, since field and GC-LMXBs exhibit markedIffetient

XLFs at luminosities below few times $0ergs (Zhang et dl.
] ) 2011). However, the studied sample is not suitable for such a
5.2. Source XLFs of the inner and outer regions comparison since the source detection sensitivity of mast-s

: : e le galaxies is comparable to this luminosity limit. Abowavf
We directly compare the combined XLFs of all galaxies in thg 7 , g
inner and outer regions in Fifl 4. To build the XLFs, we onl?mes 167 erg’s the XLFs of field and GC-LMXBs are virtually

considered detected X-ray sources above tifeiicomplete- ndistinguishable, hence we do not attempt a more detdiletys

ness level. The sources observed in individual galaxiesew@j luminosity distributions.

combined and weighted with the enclosed stellar mass within

the regions following Zhang et al. (2011). We subtracted t

CXB level and applied incompleteness correction as de&mtritl)?' A case study for NGC 4365

in Sect[3L. In the upper and lower panels of Flg. 4 we show tie stacked source density profiles (. 2) indicate thabt

final cumulative and dierential forms of the XLFs, respectively.served X-ray source excess in the galaxy outskirts cannexbe
Although statistical uncertainties at high luminositieg a plained only by the population of GC-LMXBs, but most likely

rather large, the XLFs of the inner and outer regions appearsupernova kicked accreting NSs also play a notable role. To

be consistent with each other in the bright end. This commtus separate the population of GC-LMXBs and supernova kicked

is further supported by the luminosity distributions shawthe sources, GC-LMXBs must be identified at large galactocentri

Fig.[3 and the shape of the radial profile of bright sourcekén tradii. However, for most galaxies in our sample this is natfe

Fig.[d. On the other hand, the outer region shows a significailble due to the limitations of the available globular chustata.
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Although several galaxies in our sample have been observed b
the Hubble Space Telescope (HST), these images do not cover
their outskirts. Ground based observatories have largdrdie
view, but these images usuallyfBr from major incompleteness
and foreground star contamination. An exception from tieiad

is NGC 4365, for which deep optical data is available, alfyvi T
to detect GCs even in its outskirts. Additionally, degandra i
data is also available with a limiting luminosity ef10°’ erg’s.
Therefore, we probe the X-ray populations of NGC 4365 as
case study.

NGC 4365 is a large elliptical galaxy witM,= 1.8 x I
10* My, andSy= 3.95, which exhibits a notable source excess Line: Ks—band prediction i -
in the (4 — 10)e region. The GC population of NGC 4365 has | Square: field LMXBs ]
been studied as part of the SAGES Legacy Unifying Globulars [ e cc-Lmxgs ]
and Galaxies Survey (SLUGGS). The galaxy and its outskirts _ |
have been observed in 8 pointings with the Advanced Camerag,; o5 1 2 s o
for Surveys (ACS) onboarHST, which data has been comple- r
mented withSubaru/S-Cam observations. Based on this com- ) ) )
bined data sef, Blom etlal. (2012) reported more th&900 Fig.5. Stacked rfadlal profiles of sources in NGC 4365. The
GC candidates in and around NGC 4365. Beyond the centfafB subtracted field LMXBs are marked with squares. The GC-
0.5 (~1re) the obtained list of GC candidates is complete tpMXBs are marked Wl_th circles. The pr_edlc_ted distribution o
the turnover magnitude, additionally not significantijeated LMXBs from Ks-band light are plotted with histograms.
by contamination (Blom et al. 2012).

To build the list of GC candidates around NGC 4365, we
relied on the publicly available SLUG@Siata set, combining
the HST and Subaru identifications together. If a GC candidateEeldmeier et al. 2004; Gonzalez etlal. 2005; Zibetti et 2850
has been observed by both telescopes, we prioriti#sl We Due to its faint surface density, the ICL can only be detected
identified GC-LMXBs by cross-correlating the coordinatds ovith deep optical observations (Mihos etlal. 2005), and iema
GC candidates with the coordinates of detected X-ray ssuressentially undetected in 2MASS images. Similarly to tedeat
following the method described in_Zhang et al. (2011). The apodies of galaxies, LMXBs can evolve in the ICL, which in prin
plied match radius was.®’, which results in a total number of ciple could contribute to the observed source excess irelayg
104 X-ray sources residing in GCs within the study field. Theutskirts. Since part of the studied galaxies reside ingalaxy
estimated number of random matches i8. The 104 identified cluster environment, we investigate the importance of LMXB
sources are designated as GC-LMXBs, whereas all the otteersassociated with the ICL.

field sources. To estimate the average surface density of the ICL, we relied

In Fig.[§ we separately show the radial source density pron the analysis of Zibetti et al. (2005), who stacked the Sloa
files of GC-LMXBs and CXB subtracted field sources, whiclbigital Sky Survey imaging data of 683 clusters in the refishi
are compared with the expected number of LMXBs based on tfihge ofz = 0.2 — 0.3. We used their stackddband ICL sur-
enclosed stellar mass and the average LMXB XLF ($edt. 52).face brightness distribution and assumed-and mass-to-light
the (4 — 10)e region 116 X-ray sources are detected (Table 2gtio of M, /L, = 1.50 to deduce the stellar mass. The aver-
which significantly exceed both the CXB prediction (44.6)lanage ICL mass density profile extending to 1000 kpc is shown
the expected number of LMXBs associated with the stelldatligin the upper panel of Fid.]6. To convert the stellar mass den-
(11.3). Among the 116 sources, 25 sources are identified as Gy profiles to the predicted LMXB source density profile, we
LMXBs, implying that 464 + 9.5 field X-ray sources are associ-assumed a galaxy cluster at a distance of 15 Mpc, adequate for
ated with the galaxy, which is 3 times higher than the predictedvirgo cluster, and aChandra exposure time of 100 ks, which
LMXB number. Thus, we estimate that.35 9.5 sources could corresponds to a detection sensitivity -of 103" ergs. Using
be associated with supernova kicked LMXBs. these parameters and the average ICL mass profile, we com-

Based on the above interpretation we conclude that 1) thaeted the number densities of the predicted LMXBs using thei
source excess in the outskirts of NGC 4365 cannot be only atrerage XLF|(Zhang et 2l. 2012). The obtained source density
tributed to GC-LMXBs, but presumably supernova kicked Nrofile reveals an LMXB density ot 102 — 10~ arcmirr?
binaries also contribute; and 2) the importance of supernaw the radial range of 1006 1000 kpc (lower panel of Fid.] 6).
kicked NS binaries is comparable to that of GC-LMXBs in &ote that several galaxies in our sample lie at even largéi ra
massive galaxy even with relatively hi@. from the cluster center, implying an even lower LMXB density

Assuming the same distance a@tandra exposure time, we

] ) estimated the CXB source density from their average log(N)—
7. Discussion log(S) (Georgakakis et al. 2008). We obtained an averag# lev
of ~ 1 arcmirr?, which is 2— 3 orders of magnitude higher than
the expected LMXB number associated with the ICL. Since the
In galaxy clusters the stellar light is not only associatdthw expected LMXB density from the ICL is only a minor fraction
luminous galaxies, but certain fractior & — 50%) of the to- of the CXB level, and the CXB level exhibits 2030% field-to-
tal optical cluster luminosity is associated with the iotws- field variations, intracluster LMXBs are nearly impossitiiebe
ter light (ICL), which is bound to the cluster potential (¢.gdetected and identified. Thus, LMXBs associated with the ICL
will not add a notable contribution to the source excessatiete
1 http:/sluggs.swin.edu.aydata.html in the galaxy outskirts.
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7.1. LMXBs associated with intracluster light
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Fig. 6. Upper panel: stellar mass density profile of the ICL calcurig. 7. Stacked radial profiles of the CXB subtracted LMXBs in
lated from Zibetti et al..(2005). Lower panel: estimated ivem the 10 younger (upper panel) and 10 older (lower panel) galax
density of LMXBs associated with the ICL (triangles) and CXBes. The estimated numbers of LMXBs froa-band light are
sources (solid line), assuming a cluster at a distance of A& Mplotted with solid histograms. The excess LMXB populations
and a detection sensitivity of $0erg’s. the outer regions are present for both younger and oldexigala

7.2. Stellar age dependence populations of primordially formed LMXBs, there would alse
IniZhang et al.[(2012) we demonstrated that a correlatiostexif€Wer kicked sources in the outskirts. Note that the medéltas

between the LMXB population and the stellar age of the ho®tass of the young and old sample is comparable {@18% Mo,
galaxy. Namely, the specific frequency of LMXBs s 50% and 1.47><_1O1 Mo, respectively), hence the importance of su-
higher in older galaxies than in younger ones. We demoestraP&rnova kicks should be comparable.

that this excess could not be explained by only the fact tiatro However, due to the correlation between the stellar age and
galaxies have larger GC-LMXBs populations, but also imsiin Sn. and the lack of complete GC catalogs (SEt. 6), the popula-

evolution of the LMXB population with time is likely to play a tion of GC-LMXBs cannot be directly separated from supeenov
role. In the view of these findings we investigate whetheiotire kicked neutron stars. Therefore, based on the present sainpl

served source excess in the outskirts of galaxies corsafgita 1S NOt feasible to comprehensively study the frequency pésu
the stellar age. nova kicked sources as a function of the stellar age.

Following Zhang et al! (2012), the sample of 20 galaxies was
divided to younger and older galaxies using median age of/63 Quantifying the number of excess sources
Gyrs, which resulted in 10 younger and 10 older systems. We
built stacked radial source density profiles for both suiyslas To statistically probe the origin of excess X-ray sourcethan(4
as described in Se€t 4.1, and depicted them inFig. 7. Cardpar 10Ye region, we characterized the LMXB specific frequency
to the predicted LMXB level, both young and old galaxies haJg each galaxy using:
a significant excess of X-ray sources in the (4 —rd@ggion.
In young galaxies 199.8 sources are observed above the CXB
level in the outer region, which is twice larger than the el f, - = ,
number of LMXBs from theKs-band light (66.8). For the old M, X [ F(L)KLmxs (L)dL
sub-sample we detect 409.6 sources above the CXB level bein
a factor of 35 times more than th&s-band prediction (91.3). whereNx andNcxg are the numbers of resolved X-ray sources
Thus, the source excess appears to be somewhat more sigaifid the predicted CXB sources. For each galaxy, these values
cant in old galaxies than in young ones. This result can be iagree with those listed for the outer regions in TADI&R. is
terpreted as the result of two combineffieets. First, a strong the stellar mass in units of 1M, F(L) is the average dier-
correlation exists between the stellar age and the spedific fential XLF normalized to 18 Mo, andKuxg (L) is the incom-
guency of GCs|(Zhang etlal. 2012). Indeed, in our sample thketeness function for LMXBs in each galaxy. Note that tiois f
medianSy is significantly higher for old galaxiesSg= 4.64) mula is essentially identical with that introduced by Zhanal.
than for younger onesS(= 1.56), implying that the frequency (2012).
of GC-LMXBs is also notably higher for older galaxies in the According to equation{1), if the number of X-ray sources
outer regions. Second, if younger galaxies indeed haveleamahgrees with that predicted from the average XLF, we expect to

Nx — Nexs

1)
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observefy = 1. However, for the studied 20 galaxies, we obmass galaxies it will remain bound but would be (much) broade
tained the median value df r = 3.31 in the outer region, in- distributed than stars, due to much larger average ve|dbitg
dicating a significant source excess. Assuming that theyX-rgiving rise to the excess of X-ray sources in the galactie out
source excess originates from supernova kicked binarids akirts. In the case of the lower mass galaxies, with the escap
GC-LMXBs, we fit the data with a two parameter linear modelvelocity < 500 km's, the majority of the high velocity systems

will escape the galaxy and no extended halo of LMXBs will ap-
fx|_|: =ax M, + b x SN (2) pear.

. ) ) ) The escaping binaries will travel to large distances in a rel
whereM, is the stellar mass in units of ¥0M, andSy is the  atively short time scale. Assuming a system velocityg =
globular czlust_e_r specific frequency. To find the best-fit ealu 545 km s and a radial trajectory, we estimate that in 1 Gyr the
we usedy minimization andzobtamed = 0.081+ 0.025 and binary will move from the host galaxy to a distance~0f200
b = 060+ 0.12. The larger®/d.o.f = 1049/18 implies no- e "This value significantly exceeds the field-of-view o€ th
table scatter in the relatlorlL Taking into account the mestel- resently studiecChandra observations+ 30 — 60 kpc), im-
lar mass {4, = 13 x 10" M) and the median specific GC lying that such kicked X-ray sources cannot be detectedin o

p
frequency Ey = 2.0) of our sample, we find that (on averagegam :
y ON . D ple. On another note, due to the expected low surfacéylens
the contr_lbut|on of kicked binariesa (x M*_) and GC-LMXBs ¢ supernova kicked sources at large radii, they will beusilty
(b x Sy) is comparable. Thus, our statistical analysis Conf'rmﬁ‘ldistinguishable from the CXB level.

that the excess X-ray sources have twelent origins, namely ~ Aq the exact cause of the natal kick is not understood, ittis no

from GC-LMXBs and supernova kicked binaries. known what birth velocities of black holes are. Unlike neutr

stars, they cannot be measured directly from proper motibns
7.4. The role of supernova kicks isolated black holes, while attempts to derive them fronsttee

tial distribution of black hole binaries so far produced égub
The fate of the kicked binary depends on the amplitude of tigs results. Among ffierent models, a momentum-conserving
kick velocity with respect to the orbital velocity in the bty model is often considered, which assumes that during the su-
system Yorn) and the escape velocity in the gravitational poterpernova explosion, black holes and neutron stars receive sa
tial of the parent galaxyvtsg. If the final velocity attained by momentum (rather than same kick velocity). In this moded, th
the binary systemv,o exceeds the escape velocity, the binarkick velocities of black holes are by a factor-e — 10 smaller
will become unbound to its parent galaxy. On the other hénd that those received by the neutron stars, in accord with thass
the kick velocity is too large with respect to the orbitala@l  ratios. Therefore black holes kicks would be iffiient to drive
ity in the binary system, it will be destroyed by the kick (e.gthem out of even the lowest mass galaxies in our sample. This
Brandt & Podsiadlowski 1995). Due to this selectidteet, the agrees with the fact, that the threshold luminosity abovikwh
average system velocities of LMXBs are expected to be smalige extended halo of X-ray sources vanisheg3 — 5) - 10°”
than for isolated neutron stars. ergs, is close to the Eddington luminosity limit for the neutron

Brandt & Podsiadlowskil (1995) studied thefext of the star. It also suggests that the excess sources in the gatatti

supernova kick on the binary system. Assuming that thgirts with supernova kicked origins are neutron star bésar
birth velocities of neutron stars are distributed accaydin Above, we outlined a qualitative picture which may become
Lyne & Lorimer (1994) with the mean value of 450 Jsnthey a framework for a quantitative analysis. In order for this-pi
concluded that LMXBs that remain bound after the supernouge to be proven or falsified, realistic calculations nemdyé
explosion have an average system velocityvgk = 180+ done, similar to the ones performed|by Brandt & Podsiadldwsk
80 km s*. The typical escape velocities of our sample galaxi€$995); Repetto et all (2012). Results of such calculatizars
are in the range ofesc ~ 250— 1000 km s (Scott et al. 2009), be compared with the observed radial source density prafiles
larger than the average system velocity, therefore we ghmatl galaxies of diferent masses. Such a comparison would also re-
expect that a significant fraction of LMXBs escape the pareqtire detailed globular cluster information in order to mm@
galaxy, especially the more massive ones. Nevertheless, syontribution of globular cluster LMXBs. This, however, is-b
tem velocities are comparable to the escape velocitiegestg yond the scope of this paper.
ing that natal kicks of the compact objects can significantly
modify the spatial distribution of LMXBs in the galaxy, lead )
ing to its broadening as compared to the distribution ofssta- Conclusion
(Brandt & Podsiadlowski 1995). However, this does not eixplaln_ this paper, for the first time, we systematically explotiee
the observed dependence on the stellar mass. Indeed, agsuppylation of LMXBs in the outskirts of early-type galaxies
that the stellar mass is a proxy to the total gravitating mass \ye stydied a sample of 20 early-type galaxies based on aichiv
should expect that theffect of kicks is stronger in the lower changra data, which allowed us to perform a statistically signif-
mass galaxies, opposite to what is observed. icant study of the X-ray populations with a limiting lumiritys

However, it has been suggested that the birth velocityidistpf . 1037 erg s1. Our results can be summarized as follows.
bution of Galactic radio pulsar population has a bimodalcstr

ture, with the low velocity peak at 90 knys and the high ve- 1. We demonstrated the existence of an excess X-ray source
locity peak at+ 500 kny's and the population roughly equally di-  population in the outskirts of early-type galaxies. These
vided between the two components (Arzoumanianlet al.|2002). sources form a halo of compact X-ray sources around galax-
The bimodal distribution of the natal kicks will result in ies extending out to at least 10r, and probably much fur-

the similarly bimodal velocity distribution of LMXBs (e.g. ther. Their radial distribution is much broader that theriis
Repetto et al. 2012). Thus, one may expect that the lower ve- bution of the stellar light. The extended halo is compriskd o
locity component remains bound in galaxies of any mass from sources with luminositg 5-10°8 erg's, while the more lumi-

our sample. The fate of the high velocity component, however nous sources appear to follow the distribution of the stella
depends on the gravitational mass of the galaxy. In the highe light without any notable excess at large radii. This sutges
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that the majority of the excess sources are neutron star biRartegies Zwart, S. F. & McMillan, S. L. W. 2000, ApJ, 528, L17
ries. Repetto, S., Davies, M. B., & Sigurdsson, S. 2012, MNRAS,, 2799

" . : Rhode, K. L. & Zepf, S. E. 2004, AJ, 127, 302
’ D'V'd”?g the sample galaxies Ir.]t.o fourfiéirent groups based Sanchez-Blazquez, P., Gorgas, J., Cardiel, N., & Gezzdl J. 2006, A&A, 457,
on their stellar mass and specific frequency of globular-clus ggq
ters, we found that the extended halo of compact sourcessisweizer, F. & Seitzer, P. 1992, AJ, 104, 1039
present in all groups except for the low-mass galaxies wifgott, N., Cappellari, M., Davies, R. L., et al. 2009, MNRAS3, 1835
low globular cluster content (smeﬁl\,). Sikkema, G., Peletier, R. F., Carter, D., Valentijn, E. A.Ba&lcells, M. 2006,

; A&A, 458, 53
- We performed a case study of NGC 4365, for which galaxy e\ "R’ Forbes, D. A., Strader, J., Brodie, J. P., &i@gher, J. S. 2008,
deep optical KIST and Subaru) and X-ray data Chandra) MNRAS, 385, 361
is available, allowing the identification of GC-LMXBs. InTerlevich, A. I. & Forbes, D. A. 2002, MNRAS, 330, 547
the (4 — 10). region we detected 6D+ 10.8 excess X-ray Thomas, D., Maraston, C., Bender, R., & Mendes de Oliveira2@5, ApJ,
sources, out of which 25 are GC-LMXBs and.8% 9.5 are _ 521,673

. . . JTonry, J. L., Dressler, A., Blakeslee, J. P., et al. 2001,,Ag6, 681
field sources which are presumably supernova kicked NS kg—ssyR. & Gilfanov. M. 2006. AGA. 447 71

naries. —. 2007, A&A, 468, 49
. Interpreting our findings, we proposed that the exce&sang, Z., Gilfanov, M., & Bogdan, A. 2012, ArXiv e-prints

sources are comprised of two independent components;ﬁ?”gy Z., Gilfanov, M., Voss, R., et al. 2011, A&A, 533, A33

dynamically formed sources in blue (metal poor) globuldr-;¢ ‘o, o
clusters, which are known to be distributed broader than the
stellar light; (ii) primordial (field) neutron star LMXBs ex

pelled from the main body of the galaxy due to kicks re-

ceived during the supernova explosion.
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