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ABSTRACT

We present direct constraints on how the formation of lovssn&ray binary (LMXB) populations in galactic
fields depends on stellar age. In this pilot study, we utitandraandHubble Space TelescofdST) data
to detect and characterize the X-ray point source populgid three nearby early-type galaxies: NGC 3115,
3379, and 3384. The luminosity-weighted stellar ages obauorple spar:3—10 Gyr. X-ray binary population
synthesis models predict that the field LMXBs associateth witunger stellar populations should be more
numerous and luminous per unit stellar mass than older ptipak due to the evolution of LMXB donor
star masses. Crucially, the combination of d€d@ndraandHST observations allows us to test directly this
prediction by identifying and removing counterparts to&¢point sources that are unrelated to the field LMXB
populations, including LMXBs that are formed dynamicatiyglobular clusters, Galactic stars, and background
AGN/galaxies. We find that the “young” early-type galaxy NG884 (2-5 Gyr) has an excess of luminous
field LMXBs (Lx 2 (5-10) x10%*" erg s?) per unitK-band luminosity (x; a proxy for stellar mass) than
the “old” early-type galaxies NGC 3115 and 3379810 Gyr), which results in a factor ef2—3 excess of
Lx/Lk for NGC 3384. This result is consistent with the X-ray binpopulation synthesis model predictions;
however, our small galaxy sample size does not allow us t& definitive conclusions on the evolution field
LMXBs in general. We discuss how future surveys of largeagglsamples that combine de€pandraand
HST data could provide a powerful new benchmark for calibraAy binary population synthesis models.

Subject headingsX-rays: binaries — X-rays: galaxies — galaxies: evolutiongalaxies: elliptical and
lenticular, cD — globular clusters: general — galaxiesliateontent

1. INTRODUCTION

TheChandra X-ray ObservatorChandrg has contributed
greatly to our understanding of compact objects (e.g.,roaut
stars and black holes) through the study of X-ray binary popu
lations in normal galaxies. Through correlative studiesivn- in galaxies at a variety of evolutionary stages
ing X-ray binary populations and galaxy physical propertie ; . :

(e.g., stellar mass and stellar ages), we have gained tnsigh_ !N the Milky Way, it has been observed that low mass

into the key factors that influence the formation and evoluti X'y binaries (LMXBs) are the dominant luminous accret-
ing binary population, and are collectively a factor=10

times more luminous than the high mass X-ray binaries (e.g.,

of compact objects, the stars involved in the accretingriyina
phase, and their associated remnants (e.g., millisecdsdrsu
and compact-object binaries). However, a comprehensive un
derstanding of the formation and evolution of compact disjec
will require empirical constraints on X-ray binary popudeis

1 The Johns Hopkins University, Homewood Campus, BaltimitB,

21218, USA

Grimm etal. 2002). With the advent of sub-arcsecond imag-

2NASA Goddard Space Flight Center, Code 662, Greenbelt, MD ing with Chandrg it has now been shown that LMXB pop-

20771, USA

3 Institute for Astrophysics and Computational Sciencespabenent
of Physics, The Catholic University of America, Washingt&xC 20064,
USA

4 Physics Department, University of Crete, Heraklion, Geeec

5|ESL, Foundation for Research and Technology, 71110 Hierak
Crete, Greece

6 Harvard-Smithsonian Center for Astrophysics, 60 Gardereeft
Cambridge, MA 02138, USA

7 Department of Physics, University of Durham, South RoadthBm
DH1 3LE, UK

8 Center for Space Science and Technology, University of Mad/
Baltimore County, 1000 Hilltop Circle, Baltimore, MD 21250SA

9 Pontificia Universidad Catolica de Chile, Departamento d&@xo-
mia y Astrofisica, Casilla 306, Santiago 22, Chile

10 gpace Science Institute, 4750 Walnut Street, Suite 208dBgLCol-
orado 80301, USA

11 Department of Astronomy and Astrophysics, PennsylvarageSini-
versity, University Park, PA 16802, USA

12 nstitute for Gravitation and the Cosmos, Pennsylvani&eStiver-
sity, University Park, PA 16802, USA

13 Department of Physics and Astronomy, Northwestern Uniwers
2145 Sheridan Road, Evanston, IL 60208, USA

14 Department of Physics, University of Alberta, CCIS 4-183vieah-
ton, AB T6G 2E1, Canada

ulations are prevalent in other nearby galaxies (e.g., Fab-
biano 2006 and references therei@handrastudies of X-ray
binaries in local galaxies have found that the galaxy-wide i
tegrated X-ray power from LMXBs is strongly correlated with
galaxy stellar masa\,; e.g., O'Sullivan etal. 2001; Colbert
etal. 2004; Gilfanov 2004; Kim & Fabbiano 2010; Lehmer
etal. 2010; Boroson etal. 2011; Zhang etal. 2012). How-
ever, in early-type galaxies, the RMS scatter in the-M,
relation is found to bex40%, which is a factor ofZ 3-5
times larger than typical measurement error and a factor of
~2 times larger than that expected from statistical vanntio
due to small number statistics (see Gilfanov 2004). This in-
dicates that additional factors (e.g., stellar age andujéob
cluster LMXB systems) aside fromil, alone influence the
prevalence of LMXBs in galaxies.

Population synthesis models predict that per M, for
LMXBs in galactic fields should decrease with increasing
stellar age. This is primarily due to a decline in the typical
masses of LMXB donor stars, and X-ray luminosities, with
increasing stellar age (e.g., Belczynski etal. 2002, 2608
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Table 1
Properties of Early-Type Galaxy Sample

K-BAND POSITION

32000 432000 D a b PA  Texclude logLi AGE SFR
GALAXY (hr) (deg) (Mpc) (arcmin)  (arcmin) (deg) (arcsec) Lk(®) fK exclude N (Gyr)  (Meyr?d)
1) (2 3 (G) (5) (6) (1) (8) 9 (10) (11) (12) (13)
NGC3115 100514.0 -074307 9.680.41 2.7 11 315 20 10.990.04 0.46 2305 8519  <0.004
NGC3379 104749.6 +123453 10450.55 3.2 2.7 338 10 10.890.05 0.25 1.30.7 8.63;86 <0.004
NGC3384 104816.9 +123745 1150.77 3.5 1.8 321 20 10.7480.06 0.47 1.#0.5 3.2_”%8[’ <0.009

NOTE.—Col.(1): Target name. Col.(2) and (3): Right asamntnd declination, respectively, basedroiand data from the 2MASS large galaxy atlas (Jarrett
etal. 2003). Col.(4): Distance andrlerror as determined by Tonry etal. (2001). Col.(5)—(Kyband galaxy major axis, minor axis, and position angle,
respectively. Col.(8): Radius of a small circular regioentered on the galactic nucleus, that was excluded frorhdugnalyses due to both the presence of a
bright optical background from the galactic stellar field aignificant X-ray source confusion. Col.(9): Logarithmtleé total galaxy-widé<-band luminosity
and Ir error. The I errors are dominated by the errors on the distances (seen8di)). These luminosities hav®t been corrected for the excluded region
specified in Column (8). Col.(10): Fraction of the total ggtavide K-band luminosity contained within the excluded region. Tihal Lk value used in most
calculations throughout this paper can be calculatddkasL x (1- fk excludd, WhereLy is the value provided in Column (9). For our samjple,andL; can be
converted to stellar mass usiMy./Lk = 0.66M /Lk @, appropriate for all three galaxies. Col.(11): Globularstér specific frequencsy from Harris (1991).

Col.(12): Stellar age estimates as providedBginchez-Blazquez etal. (2006)PdAcDermid et al. (2006). Col.(13): Integrated galaxy-widargormation rates
inferred fromSpitzerfrom Temi etal. (2009) or Shapiro etal. (2010).

gos etal. 2008, 2013a, 2013b). Initial observational tefts to form continuously as stars interact dynamically. While i
these models have yielded conflicting results. In support of galactic fields, LMXB formation and emission is expected to
the population synthesis predictions, Kim & Fabbiano (2010 be directly connected to stellar evolution timescales ef th
studied samples of seven youngd-5 Gyr) and seven old secondary stars, lagging Gyrs behind previous star-faomat
(~8-12 Gyr) nearby early-type galaxies usi@handraob- episodes.
servations that probe tHg, 2, 10 erg s* end of the X-ray Detailed studies of LMXB populations of local early-
binary luminosity function (XLF). Their observations shesv ~ type galaxies have been substantially biased towards mas-
that the fraction of LMXBs that were more luminous than sive galaxies, which tend to have rich GC systems (e.g.,
~5 x 10° erg s is a factor of~2 times higher £30) for Bekki etal. 2006) and LMXB populations dominated by GC
the young early-type galaxy sample. Further support for LMXBs and not field LMXBs (e.g., Irwin 2005). Going for-
the population synthesis expectation came from Lehmer etal ward, it will be critical to test population synthesis maslby
(2007), who utilized X-ray stacking analyses in the Extehde studying specifically théield LMXBpopulations in a sample
ChandraDeep Field-South survey to find that optically faint of passive galaxies with stellar populations that covergela
early-type galaxiesl@ ~ 10°5-10'° Lg o), a population ex- ~ range of stellar ages. The combination of d€andraand
pected to have X-ray emission dominated by LMXBs, have Hubble Space TelescogelST) imaging offers a means for
mean LMXB emission that is a factor e$3—8 times larger  identifying and separating LMXBs that are formed in gakacti
at z~ 0.4 (~4 Gyr ago) than today. More recently, how- fieldsand GCs (e.g., Voss etal. 2009). At present, such & stud
ever, Zhang etal. (2012) constructed detailed LMXB XLFs has yetto be performed, primarily because the necessapy dee
for a sample of 20 early-type galaxies spanning luminosity- Chandraand HST observations of early-type galaxies with
weighted stellar ages of 1.6-17 Gyr and foundirmerease ~ relatively young to intermediate stellar ages3{-5 Gyr) had
in theK-band luminosity normalized LMXB XLF normaliza- Nnotyet been undertaken. _
tion with increasing stellar age. The same conclusion can be To remedy the above limitation, we have conducted a pi-
drawn from the total LMXBLy/Lk versus stellar age dia- |0t program consisting of deephandraand HST observa-
grams constructed from the sample of 30 early-type galaxiestions of the nearby early-type galaxy NGC 3384, which has a
studied by Boroson et al. (2011) (S#and Figure 8). These  luminosity-weighted stellar age 3.2+ 1.5 Gyr (e.g., Mc-
studies seemingly contradict previous results and thelpepu Dermid etal. 2006; Sanchez-Blazquez etal. 2007). In this
tion synthesis expectation. paper, we utilize our nevChandraand HST data to con-
Although the above studies and theoretical expectationsstruct the field LMXB XLF for the “young” stellar popula-
seem to show apparent conflict, many of the differences be-tion in NGC 3384. We compare the field LMXB XLF of
tween studies can be explained by inhomogeneities in theNGC 3384 with those derived using deep archi@alandra
galaxy samples and LMXB populations being studied. Al- andHST data of two “old” early-type galaxies, NGC 3115
though there has been substantial efforts on dynamic modeland NGC 3379, which have luminosity-weighted stellar ages
ing of globular clusters (GCs), published population sgsts ~ 0f8.5+1.0 and 86+1.0 Gyr (Sanchez-Blazquez etal. 2006),
modeling exclusively follows the evolution of LMXBs pro- respectively. The stellar ages for the whole sample aredbase
duced in primordial binaries formed in galactic fields (here ©n results from simple stellar population model fitting tdtbo
after, field LMXBs) and does not make simultaneous pre- absorption lines and spectral energy distribution shapes.
dictions for LMXBs formed in GCs. The GC LMXBs form  this process, absorption-line strengths were all caldorao
efficiently through dynamical interactions of multiple besi ~ the Lick/IDS system (e.qg., Trager etal. 1998) and stell@sag
(e.g., Fabian etal. 1975; Hills 1976; Verbunt 1987), andrthe Wwere determined by interpolating between multidimendiona
formation is expected to be tied to the dynamical and chem-model grids of absorption line indices and ages. All three
ical properties of the host GC with little relation to the hos galaxies have been shown to have smooth spatial distritsitio

galaxy stellar population age. In GCs, LMXBs are expected Of luminosity-weighted stellar ages consistent with nogig
icant age variations across the galactic extents (Noras et
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2006; Sanchez-Blazquez etal. 2007). These galaxies have been determined to have relatively old
Throughout this paper, we make use of three X-ray band-stellar populations#£8-10 Gyr based on multiple stellar age
passes: 0.5-2keV (soft band [SB]), 2-8 keV (hard band measurements) and therefore th€smndraandHST obser-

[HB]), and 0.5-8 keV (full band [FB]). Values oHy = vations have the potential to provide key observational con
70 kms! Mpc™?, Qu = 0.3, and2, = 0.7 are adopted straints for “old” field LMXB populations.

throughout this paper (e.g., Spergel etal. 2003). Using the remaining early-type galaxy sample that did not

have deepChandradata in the archive, we searched for

2. EARLY-TYPE GALAXY SAMPLE SELECTION “young” (<5 Gyr) early-type galaxy candidates to target

Our primary goal is to measure and compare field LMXB with ChandraandHST. We found that NGC 3377 and 3384
XLFs down to a relatively faint X-ray luminosity limit for ~ were the nearest source3 & 15 Mpc) that have relatively
early-type galaxies spanning a wide range of stellar ages. W young stellar populations and satisfy our selection deter
therefore required a sample of early-type galaxies wittpdee In Cycle 13, we successfully proposed for jo@handraand
Chandraobservations that have correspondHi§ T imaging HSTobservations of NGC 3384, which we present for the first
across the whole galactic extents. time in this paper. Taken together, NGC 3115, 3379, and 3384

Using a base sample of 376 nearby early-type galaxies fromform a clean sample of passiize< 15 Mpc early-type galax-
Ellis & O’Sullivan (2006), we searched thgéhandraarchive ies with stellar ages ranging from3—-10 Gyr. TheChandra
(from Cycle 12) for observations that were sufficientto dete andHST observations of all three galaxies cover the erKire
X-ray point sources to a highly-complete 0.5-8 keV depth of band extents and reach 0.5-8 keV limits 5f10°” erg s*.

Lx ~ 10°” erg s, an important limit above which a signif- TheK-band luminosities provide good proxies for the stellar
icant number of LMXBs can be detected (see below) and amasse$/, of the galaxies in our study. Adopting the prescrip-
variety of LMXB donors and accretors are expected to con- tion outlined in Appendix 2 of Bell etal. (2003), we utilized
tribute (Fragos etal. 2008). The Ellis & O'Sullivan (2006) B-V colors to estimate tha¥l, /Lk ~ 0.66 Mg /Lk ¢ for all
sample was selected from the Lyon-Meudon Extragalacticthree galaxies in our sample. We note that this method has
Data Archive (LEDA) using morphological typd (< 1.5; an uncertainty 0f0.1-0.2 dex on the deriveld, /L for a
E—SO Hubble types), distancé € 9000 km s'), and appar- ~ givenB-V color. Itis likely the case that the younger galaxy
ent magnitudeBr < 13.5). To probe effectively the stellar- NGC 3384 has #&rue M, /Lk that is lower than those for the
age dependent LMXB activity in early-type galaxies, we iso- two older gaIaX|e$ NGC 3115 and 3379. Hereafter, we make
lated galaxies that (1) contain passive stellar populatiith use of scalings witl.x, and where appropriate, convertNi

little ongoing star-formation as measured by detafigitzer ~ using a constaril, /Lx conversion factor for the whole sam-
studies (e.g., Temi etal. 2009; Shapiro etal. 2010), (2ghav ple. In Table 1, we summarize the properties of the galaxies
small values of GC specific frequen& < 3, (WhereSy = that make up our sample andjr8 we describe ou€handra
Ngc10?4Mv+15) Ngc is the number of GCs within the galaxy, andHSTdata and analyses.

andMy is the absolut&/-band magnitude of the galaxy), to

study optimally both field and GC LMXBs, but without GC 3. DATA REDUCTION

LMXBs dominating (e.g., Kim & Fabbiano 2004; Irwin 2005;  As discussed ir§ 2, we are comparing results from new
Juett etal. 2005; Boroson etal. 2011; Zhang etal. 2012), (3)Chandraand HST observations of the “young” early-type
have distanceB < 15 Mpc, as to avoid serious confusion is- galaxy NGC 3384 with comparable-to-better quality archiva
sues, and (4) havi-band luminosities (a proxy for stellar data for “old” early-type galaxies NGC 3115 and NGC 3379.
mass) in a relatively small randec ~ 2-10x10% Ly M We note that there are published papers describing some of th
The final K-band luminosity criterion removes large varia- ChandraandHST archival data available for NGC 3115 and
tions in LMXB populations that might arise as a result of the NGC 3379 (e.g., Brassington etal. 2008, 2010, 2012; Wong
Lx—M., relation, ensures that a sufficient, statistically mean- etal. 2013); however, to limit comparison errors, we analyz
ingful number of LMXBs (2, 50—-100) per galaxy are detected the Chandraand HST data for all three galaxies using the
abovely ~ 10°7 erg s, and minimizes contributions from methodologies adopted in this paper. In the sections below,
hot X-ray gas that are prevalent in more massive early-typewe describe our data reduction methods in detail.

galaxies (David etal. 2006).

From the criteria above, we found that three galaxies, 3.1. Chandra Data Reduction and X-ray Catalog Creation
Cen A, NGC 3115, and NGC 3379 had sufficiéftandra The Chandraobservations for all three galaxies were con-

coverage to study in detail LMXB XLFs; however, Cen A g, 1e'in multiple observations (hereafter, ObsIDs) ufileg
is problematic for our program, since it has highly uncer- o a0 of the Advanced CCD Imaging Spectrometer (ACIS-
tain global stellar population ages due to large dust-lanes g."soorap1e 2 for full observation log). Theband semi-
shows signatures of recent gas-rich merger activity (e'g"m’ajor axes of the galaxies (Column 5 of Table 1) range from
Kainulainen etal. 2009), and further contains bright ed&h 5 73 5" 54’ therefore subtend an angular extent smaller
X-ray structures (shells and a jet) making it difficult todyu tHan é single ACIS-S chip~(8'5 x 8/5). As such, for all
Hl‘g g%?lgogﬁ?tlgognfg(ﬁg}é \éosésme;ﬁgéggg)HS%_yes(or:)t_rast Chandraobservations, the galactic extents were almost en-
; X S P tirely contained within the ACIS-S3 chip for all observaitio
sures and satisfy all four selection criteria posed above an For our data reduction. we made use@fAO V. 4.5 with

are therefore ideal candidates to include in our program (se CALDBV. 4.5.6. We be : P
; ) . . 4.5.6. gan by reprocessing the pipeline pro-
e.g., Kim etal. 2006, 2009; Brassington etal. 2008, 2010)'duced events lists, bringing level 1 to level 2 using thepgcri

15 K-band luminosities were computed using data from the Tworddic chandr a_repro. Thechandr a_repro scriptruns ava-

All Sky Survey (2MASS) large galaxy atlas (Jarrett et al. 208ndK-band riety Qf Cl AO tools that identify and remove events from
extended source catalogs. The 2MASS extended source gétadvailable bad pixels and columns, and filter the events list to include

online vigl hitp://tdc-www.harvard.edu/catalogs/tmkeml. only good time intervals without significant flares and non-
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Table2
ChandraAdvanced CCD Imaging Spectrometer (ACS) Observation Log
OBS. START EXPOSURETIME? FLARING?  FLARING TIMEP
GALAXY OBs. ID (UT) (ks) INTERVALS (ks) 0OBs. MODE®
NGC3115........ccoiiiiiiiiannt 2040 2001 Jun 14, 10:31 5.33 1 1.6 F
11268 2010 Jan 27, 00:42 40.6 0 VF
12095 2010 Jan 29, 14:29 75.7 0 VF
13817 2012 Jan 18, 14:08 172.0 0 VF
13819 2012 Jan 26, 22:21 70.0 2 55 VF
13820¢' 2012 Jan 31, 14:55 184.2 0 e VF
13821 2012 Feb 3,09:39 1575 1 0.5 VF
13822 2012 Jan 21, 08:54 143.0 2 17.2 VF
14383 2012 Apr 4,02:37 119.0 1 0.5 VF
14384 2012 Apr 6,17:51 69.7 0 VF
14419 2012 Apr 5,18:49 46.3 0 VF
Merged . 1113.3 7 25.3 .
NGC3379..........cooiiinnt. 1587 2001 Feb 13, 01:33 530. 2 1.0 F
7073 2006 Jan 1, 05:50 81.6 3 25 F
7074 2006 Apr 9, 10:34 69.1 0 VF
7075 2006 Jul 3,11:04 82.1 2 1.0 VF
7076 2007 Jan 10, 01:51 69.2 0 o VF
Merged .. 3335 7 4.5 .
NGC3384.............ccovinnt 4692 2004 Oct 19, 18:57 9.9 0 e VF
11782 2010 Jan 19, 11:31 28.2 1 0.5 F
1382¢9' 2012 Jun 23, 11:07 94.8 0 e VF
Merged . 132.9 1 0.5 ..

Note.—Links to the data sets in this table have been proviéte electronic edition.

a All observations were continuous. These times have beeeated for removed data that was affected by high backgroseef 3.1.

b Number of flaring intervals and their combined duration. ehimtervals were rejected from further analyses.

¢ The observing mode (F=Faint mode; VF=Very Faint mode).

d Indicates Obs. ID by which all other observations are remted to for alignment purposes. This Obs. ID was choserefmojection as it had the longest
initial exposure time, before flaring intervals were renthve

Table 3
HST Advanced Camera for Surveys (ACS) Observation Log

LINE DITHER PATTERN

EXPOSURETIME (S) Npts
FIELD OBS. START SPACING
GALAXY NUMBER (um) (FA75W) (F850LP) (F475W)  (F850LP) (arcsec)

NGC3115......cccviiiiiienn 1 2012 Mar 7, 02:49 824 7a1 2 3 3.011

2 2012 Mar 7, 04:25 824 1170 2 3 3.011

3 2012 Mar 7, 06:14 722 1137 2 4 3.011

4 2012 Mar 7, 08:06 824 1170 2 3 3.011

5 2012 Mar 9, 17:05 824 1170 2 3 3.011

6 2012 Mar 10, 00:07 824 1170 2 3 3.011
NGC3379........ccevivveein 2 2010 Mar 25, 04:08 760 5128 2 3 0.145

3 2010 Apr 01, 00:38 754 1275 2 3 0.145

4 2010 Apr 01, 02:14 754 1275 2 3 0.145

5 2010 Apr 01, 03:50 754 1275 2 3 0.145

6 2010 Apr 01, 05:26 754 1275 2 3 0.145
NGC3384.........ccccvvvvnnn. 4 2012 Apr 10, 14:30 780 5130 2 3 2.994

5 2012 Apr 18, 08:59 800 1290 2 3 2.994

6 2012 Apr 14, 03:06 780 1305 2 3 2.994

Note. — Links to the data sets in this table have been proviiléte electronic edition.
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NGC 3115 (1.1 Ms) i x > 3379 (3¢ (s NGC 3384 (130 ks)

Figurel. Three-colorChandraimages of the three early-type galaxies in our sample. Eaege was constructed from 0.5-2 ke¥d), 2—4 keV @reer),

and 4-8 keV lflue) exposure-corrected adaptively smoothed images. Dadlipses represent the tot&l-band galaxy size and orientation as described in
Columns (2)—(3) and (5)—(7) of Table 1. We note that the raxfgdhe Chandraimage depths (see annotations) is large (0.1-1.1 Ms), ffertiag comparitive
quality.

NGC 3115 FIELD 2 NGC 3379 NGC 3384

Figure2. Color HST ACS mosaics of the three early-type galaxies in our samp&ehkmage was constructed using F850k€t), (F850LP + F475W)/2
(green), and F475W §lue) image mosaics. Image sizes, orientations, and dashpdeslliare the same as in Figure 1. Each’20202’ ACS field of view has
been outlinedgolid squareyand the field name annotated. A description of our mosaickiocedure can be found §3.2.
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cosmic ray events corresponding to the stande€Agrade grounds. As a result of our inspection, we identified six addi
set ASCAgrades 0, 2, 3, 4, 6). tional candidate sources, including 3, 1, and 2 sourcesein th
Using the reprocessed level 2 events lists for each Ob-nuclear regions of NGC 3115, 3379, and 3384, respectively,
sID, we generated preliminary FB images and point-spreadwhich we added to our candidate source catalogs.
function (PSF) maps (using the toakpsf map) with a We performed detailed photometry on our candidate
monochromatic energy of 1.497 keV and an encircled countssource catalogs using th&Cl S EXTRACT (hereafter,AE;
fraction (ECF) set to 0.393. For each ObsID, we created pre-Broos etal. 2012) point-source analysis software and the
liminary source catalogs by searching the FB images withwavdet ect -based positiorl§l The & software contains al-
wavdet ect (runincluding our PSF map), which was set at gorithms that allow for appropriate computation of source
a false-positive probability threshold 0f110° and run over ~ properties when multiple observations with different -

seven wavelet scales from 1—8 pixels(/ﬁ, 2.2/2. 4,4/2, g!es anql/or aim points are being_combined and analyzed (see
and 8). To measure sensitively whether any significant flaresdiscussion below for further details). ze also uses comgex a
remained in our observations, we constructed point-seurce gorithms for accurately computing the photometry of sosirce
excluded 0.5-8 keV background light curves for each ObsID IN crowded regions like those found in the nuclear regions of
with 500 s time bins. For each galaxy, we found 1-7 inter- our early-type galaxies. The improved photometry provided
vals across all ObsIDs with flaring events af3 o above the by & allows us to evaluate clearly the significances of thetpoi
nominal background; these intervals were removed from fur- SOUrcesin each candidate source catalog and prune ouesourc
ther analyses (see Table 2). In general, this resulted in thdiSts to include reliable sources. For a source to be cormsitle
removal of short intervals; however, for NGC 31485 ks of ~ detected, it must contais counts within an aperture repre-
data were excluded. The resulting cumulative exposurestime S€NtiNg~90% of the point-source encircled-energy fraction
for NGC 3115, 3379, and 3384 were 1,113 ks, 333 ks, and(EEF) satisfying the following binomial probability crien:
133 ks, respectively. n ol

For each galaxy and ObsID, we utilized the preliminary >q) = : X(1—p)"X <
source catalogs based @avdet ect positions to register Pix=s) ;s: xI(n=x)! P(1=P)"" < Phnvesn (1)
each good-time-interval screened aspect solution and®ven
list to the frame with the longest exposure time (see Tahle 2) wheren = s+bex and p = 1/(1+ bext/bsrc). Herebey: is the
this was achieved usingl AOtoolsr epr oj ect _aspect total number of background counts extracted from a large re-
andr epr oj ect _event s, respectively. The resulting as- gion outside of the point source (while masking out regions
trometric reprojections gave nearly negligible lineamga  from other X-ray detected sources) that was used to obtain
lations (<0.38 pixels), rotations<0.1 deg), and stretches an estimate of the local background count rate. The quan-
(<0.06% of the pixel size) for all ObsIDs. We created merged tity bs is the estimated number of background counts within
events lists for each galaxy using the reprojected evestts li  the source extraction region, which was measured by rescal-
and theCl AOscriptner ge_obs. ing bex to the area of the source aperture (the inter-quartile

Using the individual ObsID and merged events lists, we range ofbe/bsic ~ 24-118). We adopted a threshold value
constructed images for each galaxy in the FB, SB, and HB.0f Pnresn= 0.004, below which we considered a source can-
For each of the three bands, we created corresponding exdidate to be a valid X-ray point source and unlikely to be
posure maps following the basic procedure outlined3r2 a fluctuation of the background. Our choice was motivated
of Hornschemeier etal. (2001); these maps were normal-by the Xue etal. (2011) analysis of the 4 \@fiandraDeep
ized to the effective exposures of sources located at the ainfField-South survey, in which the use Bfiesh= 0.004 max-
points. This procedure takes into account the effects of vi-imized the number of valid sources that had optical/near-IR
gnetting, gaps between the CCDs, bad column and pixel fil-counterparts without introducing a significant number tfda
tering, and the spatially-dependent degredation of theSACI sources.
optical blocking filter. A photon index of = 1.4, the slope For each galaxy, we constructedain catalogsby iter-
of the extragalactic cosmic X-ray background in the fulldban atively pruning our candidate source lists to include only
(e.g., Hickox & Markevitch 2006), was assumed in creating sources withP? < Pyesnin at least one of the three bandpasses.
the exposure maps. In this process, we first computddusing only the merged

For a given galaxy, we createccandidate source catalog photometr{£] we then re-extracted source and background
by first searching each image (i.e., all ObsIDs and mergedcounts from the remaining sources, and repeated the process
images in all three bands) usimavdet ect at a liberal until no further sources were removed. The three galaxies re

false-positive probability threshold of 21075 over they/2 quired 1-3 iterations before converging. o
sequence (see above). We searched all ObsIDs to isolate the We note that our multi-stage procedure for identifying a
locations of transient source candidates that may havedieen highly reliable list of source candidates will not resultan
luted by background and thus not detecteshay det ect in complete selection of all real sources in each image having
the merged image. We then mergedwierdet ect catalogs b|nom_|al probabilities< Phresh Since the |n|t|aw_avdet_ ect
together by cross-matching the point-source catalogs.aFor Selection has more complex source-detection criteria (see
given galaxy, we cross-matched the catalogs using matchind~rééman et al. 2002 for details) than the simple criterivami
radii of 1’5, 2’5, and 3’5 for sources offset bys 2/, 2-6/, 16 The AQS BXIRACT software | b he WWW at
and 2 6/, respectively, from the exposure-weighted average € sottwaré 1S_avalable on_the a

- S . - . - http://www.astro.psu.edu/xray/docs/TARA/ae_usergdghtml
aim-point Iocat|pn. Wwe mspected.all the Images and candi- ~ 17 Had we chosen to considBrcomputed from both the merged observa-
date source regions by eye to see if any additional source cantions and each of the individual observations, additioailtfvariable sources
didates were missed. In particular, in the crowded nuclearwould be included in our main catalogs. However, the deditgeinclusion of
regions of the elliptical galaxies, low-flux point sourceaym such sources would result in biasing our XLFs upwards foreiasing num-

. bers of ObsIDs. To some extent, bright variable sources raag A small
not be pICked up byvanet ect due to the Complex back- effect on our results, if the sources are detected in the eddrgages.


http://www.astro.psu.edu/xray/docs/TARA/ae_users_guide.html
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in equation 1. Such a caveat is important when considering

completeness of our X-ray catalogs. §rb we discuss our Summary of X-ray Source;r?:?;es‘s‘iﬁcations in Galaxy Footgrint
methods for correcting for these completeness issues when
computing LMXB XLFs. Galaxy Not  Noue  N&®  Nokg  Nidig®
. . . 1) @2 3 4 (5) (6)

3.2. HST Data Reduction and Optical Catalog Creation NGC 31l 153 46 25 5 73

Each of the three galaxies was observed W8T using the NGC3379............. 151 17 10 18 106
Advanced Camera for Surveys (ACS) with the F475W and _NGC3384............. 65 18 3 14 30
F850LP filters; hereafter thgp7s andzgsg bands, respectively.
The ACS field of view subtends an areaR02’ x 202" NOTE.—Col.(1): Galaxy name. Col.(2) Total number of X-rayusces de-

h h ; . . tected within the galaxy footprint, including the nucleagions. Col.(3)
therefore the full mapping of each galaxy required multiple Number of nuclear sources that were excluded from XLF comtimuts (see
pointings. For a given galaxy, each ACS pointing pattern §g§ 3.2 and 5.2 for explanation and justification). After exahgithe nuclear

was carefully chosen to cover the entire optical extent ef th sources, Col.(4)(6) provide the number of X-ray detectdces classified
galaxy and achieve higher sensitivity near the galacti¢azen 25 GC unrelated background, and field LMXB candidates esfely.
High sensitivity in the central regions of the galaxies is-cr Mmaximum (FWHM); and 32 deblending sub-thresholds. The
cial for effectively identifying GCs and unrelated backgnol ~ SEXtractor catalogs include some non-negligible contri-
candidates that fall within the bright stellar emissionmtee ~ butions from background fluctuations and unrejected cosmic
galactic centers. Details regarding the ACS observatioms a ayS (€., in chip gap regions where dithering makes cosmic
logged in Table 3, and in Figure 2 we show mosaicked ACS '@y rejection difficult). For each galaxy, we constructed a
images of the three galaxies in our sample with each of themMaster optical catalog, in which we required that sources be
2027 x 202" observational fields highlighted. d_etected/ln both thgs75 andzgsg bands, using a matching ra-
For each galaxy, we first constructed a mosaicked image indius of 0'S. , _
the ga7s band by aligning each of the images to a chosen ref- _ Within the central 10-20" of the galactic centers, the
erence observation and “drizzling” (Fruchter & Hook 2002) Stellar field backgrounds are very high, particularly in the
the images to the common frame. For NGC 3115, we first Zs50 band, and ouSExt r act or searching does not yield
aligned ACS fields 3 and 4 (see annotations in Fig. 2) to cre-S0urce detections in these regions. Since we are unable to
ate a large central field that contained some overlappiragare 'dentify optical counterparts to X-ray sources (e.g., G08 a
common to the remaining ACS fields 1, 2, 5, and 6; these Packground sources) in these regions, we reject the X-ray
fields were subsequently aligned to the large central fiedd. F SOUrces in these regions from consideration when computing
NGC 3379 and NGC 3384, we aligned all observations to field LMXB XLFs. As we will describe ing5, these regions
the central images (i.e., ACS fields 2 and 5 for NGC 3379 &€ also subject to significant X-ray point source confusion
and NGC 3384, respectively). We performed field align- which supports our choice to reject these regions. The sizes
ments using th@yr af toolsTweakr eg andTweakback, of these rejected regions have been tabulated in Column (8)
which were available through ther i zzl epac v.4.3.00 of Table 1, and the fraction of thi&-band luminosity con-
software package.Tweakr eg and Tweakback identify ~ t@ined within these regions, as measured bykHgand data,
sources that are common to each ACS image and a chose@"® Provided in Column (10) in Table 1. Hereafter, we utilize
reference image (here the galactic centers) and update th&-band luminosities that have been corrected for the exclu-
image headers once an astrometric solution is found. Giversion of these regions.
the small overlaps between images, we implemented only S
small shifts in right ascension and declination to align our 3-3- Astrometric Alignment of Chandra and HST Frames and
images. In generaks4—200 bright sources per image were Catalog Summaries
used in the field alignments, and the resulting shifts and We further refined the absolute astrometry of @lran-
RMS residuals to the fits werel, 10 ACS pixels (< 07'5) dra andHST data products and catalogs by registering them
and < 0.1 pixels (< 0005), respectively. After aligning to either the Eighth Sloan Digital Sky Survey (SDSS) Data
the ACS fields, we constructegh,s mosaicked images us- Release (DR8; Aihara etal. 2011) frame (NGC 3379 and
ing theastrodri zzl e tool within dri zzl epac. The 3384) or the United States Naval Observatory CCD Astro-
astrodri zzl e procedure uses the aligned, flat-field cali- graph Catalog (UCAC2; Zacharias etal. 2000) frame when
brated and charge-transfer efficiency (CTE) corrected @sag SDSS DR8 data were unavailable (NGC 3115). SDSS DR8
to create a distortion-corrected mosaicked image with badwas astrometrically calibrated to UCAC2 frame; howeveg, th
pixels and cosmic rays removed. SDSS DRS8 reaches a much deeper limitmband magni-
We repeated the above ACS image mosaicking procedurdude ofrjm =~ 22.5 (50% complete), compared t@y, ~ 16
for the zg50 band data, with the exception that all ACS obser- for UCAC2, and is therefore our preferred optical reference
vations of a given galaxy were aligned to the fgiks mo- frame.
saicked image. The resulting two-colored mosaicked images To align ourHSTframes with reference optical frames (i.e.,
are displayed in Figure 2 with thik-band galactic extents SDSS DR8 or UCAC2), we first cross-matched H&T mas-
overlaid. ter optical catalogs of each galaxy with the reference ogtal
To construct source catalogs, we first searched each im-using a 1’5 matching radius. We then applied median astro-
age mosaic usin@Ext r act or (Bertin & Arnouts 1996).  metric shifts in right ascension and declination (totakets
We chose the followingSExt r act or parameters: mini-  ranged from 025-0’56 for the three galaxies) to thSTim-
mum detection area of 5 pixels; detection and photometryages and source catalogs to bring them into alignment wéth th
analysis thresholds ofs3 background grid of 16 16 pix- reference frame. To align tf&handracatalogs and data prod-
els with a filtering Gaussian of 2.5 pixels full width at half- ucts, we matched th€handramain catalogs of each galaxy
s _ » o to their corresponding astrometry-correct¢®T master op-
See http://drizzlepac.stsci.edu/ for detailsdon zz| epac. tical catalogs using a matching radius dfsl Again, sim-


http://drizzlepac.stsci.edu/
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J104741.9+123331 J104746.9+123438 J104747.8+123504 J104749.6+123410 J104750.3+123506

Figure3. Sample ACS image postage stamps of X-ray detectedt@Cp@nel} and unrelated background sourt®itom panelscandidates in NGC 3379.
Our optical source counterpart classification criteriadescribed irf 4. Each postage stamp is centered on the optical sourcéopaaitd spans a/’5 x 2!'5
region. For scaling purposes, we have included a circle ¥ithadius centered on the location of the X-ray source.

ple median shifts in right ascension and declination (tdfse 4. X-RAY SOURCE CLASSIFICATION
ranged from 017-0'26 for the three galaxies) were applied  £5; each galaxy, we cross-correlated our astrometry-
to theChandradata products and catalogs to bring them into ¢, rectedchandramain catalogs with ouHST ACS optical
alignment with thedSTand reference optical frames (by ex-  master catalogs to identify likely counterparts to a subget
tension). . N the X-ray point sources. An optical source was considered
The finalHSTandChandraimage and catalog registrations 4 he 4 jikely counterpart if its position was located within
have a I error of~0!’12. Our further analyses are focused on the 95% confidence radiuss of the X-ray source. The size
sources that lie within thi-band extents of the galaxies out- ¢ . denends on both net source counts and p;ositional off-
side the crowded nuclear regions (see Table 1). Within theseget from the exposure-weighted mean aim point; these depen-
galactic footprints, our maiGhandracatalogs (se§3.1) con- gjencies were calculated following equation (12) of Kim etal
tain 107, 134, and 47 X-ray sources for NGC 3115, 3379, (5007) |n total, we found 34, 28, and 17 optical countempart
and 3384, respectively, with the faintest FE detect_ezd HAIC 10 the X-ray point sources that were within the galactic etge
reaching flux levels of 5.9, 7.9, and ¥610~"erg cm*s™,  of NGC 3115, 3379, and 3384, respectively; these represent
respectively. _ 32%, 21%, and 36% of the X-ray sources, respectively. For
The optical limits of ourHST catalogs vary substantially  each galaxy, we estimated the total number of false matches
across the galactic footprints due to large background gra-expected, given our matching criteria. To do this, we firtit es
dients from the galactic stellar fields. Within the galactic mated the optical source density as a function of angular
footprints (after excluding the inner regions specified @ T gistance from the galactic centers. The expected number of
ble 1), our o_ptlc_al catalogs contain 582, 819, and 1125 totalfa|se matches was then calculatedNage~ S popti X TjAj,
sources, which imply source densities of 64.8, 39.2, and 57. wherepopi is the density of optical sources in titd annu-
arcmirr? for NGC 3115, 3379, and 3384, respectively. As we |ys andAy; is the area enclosed by the 95% confidence posi-
will point out later, the factor ok2 times lower source den-  tional error circle of thejth source residing in thith annu-
sity for NGC 3379 is also evident in the background X-ray |us. We estimate thddse ~ 1.1, 2.4, and 1.3 for NGC 3115,
number counts and is may be due to cosmic variance on3379, and 3384, respectively. These values imply 6
the (small) size scale of the galactic footprints ($8€3).  of the X-ray sources with optical counterparts could beefals
Within the galactic footprints, we find that tigezs-band lim-  matches, which will not have a material effect on our results
iting depths of our catalogs is deepest in the innermost re- e expect that optical counterparts to the X-ray sources
gions (outside the excluded radii given in Column (8) in Ta- will fall in one of two broad categories: LMXBs in GCs (ex-
ble 1) where the overlappingST coverage generally con- pected to havegsy ~ 18-24 mag, safely above the sensitiv-
tains a factor o2 times deeper imaging than the galactic ity limits in §3.3) and unrelated background sources. Here-
outskirts. Despite the deeper imaging in the central regjion after, we define unrelated background sources to comptise al
we find that thezsso-band limiting depths are shallowest in  X-ray sources that are not intrinsically related to the gala
the inner regions of the galaxy due to the enhanced back-es being studied here. This category therefore includes fo
ground from the host galaxies in these regions. Specifically ground Galactic stars, as well as background AGN and galax-
in the inner regions of the galaxies, we find Bmiting depths  jes. Given that the most optically luminous counterparts to
of gi™ ~ (26.0,26.0,26.3) and i, ~ (24.5,24.5,24.7) for field LMXBs are expected to be normal stars wighys and
NGC 3115, 3379, and 3384, respectively. In the outer regions zgso magnitudes well below our detection thresholds (e.g., lu-
the respective & limiting depths areyj7: ~ (25.6,25.6, 26.0) minous red giants will havegsg 2 28-31 mag at the dis-
andzgg‘oz (24.9,24.9,25.1). tances to our galaxies), we do not expect to detect optical
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counterparts to individual field LMXBs. We therefore con- tifying X-ray point sources is appropriate for our earlypéy
sider X-ray sources without optical counterparts to be cand galaxy sample, since these galaxies have negligible contam
date field LMXBs. ination from hot gas (see, e.g., Fig. 1) and little absomptio
For X-ray sources with optical counterparts, we per- at <1 keV from cold interstellar gas and dust. To com-
formed basic source classifications using their opticat col pute XLFs for each of our galaxies, we made use of the FB-
ors and light-profile information. Optical sources weresela detected sources in the mahandracatalogs presented in
sified as likely GCs if they had (1) colors in the range of §3.1. Spatial variations in X-ray sensitivity, due to vaioats
0.6 < g475—2850 < 1.6; (2) absolute magnitudes (based on the in local backgrounds, PSFs, effective exposures (e.gp chi

distances to each galaxy) in the range-82.5 <M, < -6.5; gaps and bad pixels and columns), and source crowding, com-
(3) extended light profiles in either thgy;s or zgso band- bined with incompleteness can have significant effects en th
passes, characterized as havBixt r act or stellarity pa- shape of the XLFs at X-ray luminosities that are within a fac-

rametersCLASS _STAR < 0.9 or aperture magnitude differ- tor of 10 of the detection limits. These effects need to be
encean(r1) —m(ry) > 0.4, where apertures consist of circles accounted for to properly compute the XLFs. Our approach,
with radii r; = 025 andr, = 0/'5; and (4) light profiles in  described in detail below, is to fit thebservedXLFs with
both theg,7s andzgsg bands that were not too extended to be models of theintrinsic LMXB XLFs convolved with com-
GCs, defined as(r1) —m(rz) < 0.9. X-ray sources with opti-  pleteness functions derived from simulations.
cal counterparts that did not meet these criteria wereifileds
as unrelated background objects. 5.1. X-ray Background and Sensitivity Maps

In Figure 3, we show ten random examples of X-ray sources Our first step in computing completeness functions was to

in NGC 3379 classified as GC and unrelated background P
. : : T construct FB background and sensitivity maps for each of the
sources. We visually inspected images similar to those show three galaxies in our sample. Background maps were con-

in Figure 3 for all optical counterparts in all three galaxid/e ) . X .
foun%l that our adgpted selecti(gan criteria yielde%l reasiynab structed by first masking out all X-ray point sources witHiia t
erged FB images using circular masking regions of size 1.1

well segregated samples of GCs and unrelated backgroun : o
sources with few sources where the classifications are ob—(.%nmes the radius that encloses 99% of the PSF. These mask-

: : . -~ _ing regions were computed and utilized by & in the process of
m?#gslﬁiénscgrfr?ﬁé GFCL:Jrégiﬁgr?értgevx/lg:gr;?ldl gsg tﬁ;ﬁg lu computing local background estimates for the point sources
7% 10%8 erg st which is well within the expected range for After masking out the point sources, we filled the masked re-
G>(<3 LMXBg V\ieV\rl1()Ite t;wa\':vit isv;lilke:y i axgmall mino?ity o dions with Poisson noise that was characteristic of thel loca

sources will have incorrect source classifications (eajnt f backgrounds as computed by . The background maps en-

ith traint fal Hies): abled us to create sensitivity maps, which contain pixel-by
sou(;ces Vt‘” poc:rtr?ons rain IS on_fgpaf[}a p;or;]er ies); eﬁ? __pixel estimates of the minimum number of cousts, that a
we do not expect these misclassiticalions to have any materiay, . ,thetical source would need to be detected given the lo-
effects on our conclusions. We also note that our ability to

) . X . cal background. To compusg,, at each location in a given
identify and separate GC LMXBs from field LMXBs is de- 446 ‘itis necessary to estimate local valuebsgfandbex

?via Eqgn. (1)) that are similar to those that would be estadat
following the ae approach used for the X-ray detected sources
Unfortunately, the ae procedure for extracting these vadties
within the galactic footprints. For all three galaxies, werhd gi\;i:rg S'%E?gg r;)rllr(;ttor}ﬁeltrpyaigsepgrfg?mggtggoannal%sperfvrggg:%y_
steadily rsing number counts with decreasig down o ;hqervation basis using computationally intensive ragitrg
limits of M;™ ~ —5.0 to —5.5 before incompleteness began 5\gorithms to generate local PSFs and approximations to the
to affect source detection. As discussed above, GCs were segny, EEF PSF contours. To overcome this issue, we estimated
lected to to have'12.5 < M, < -6.5, boundaries that are well 1, py extracting background counts from the background
above the highly-complete limits. Our observed GC optical maps using circular apertures with sizes that encompass the
luminosity functions are consistent with those of the Milky 9o, EEF for a point source. Appropriate valuesg§ were
Way, which to first order can be described as a Gaussian withestimated at each location (pixel) by extracting the maximu
peak luminosity aM, ~ -7.9 mag andr ~ 1.3 mag (Harris  yajye ofo., from the mainChandracatalogs for sources with
1991). We therefore expect our GC selections to be highly off_axis angles =0, 0/25, wherd), is the pixel off-axis an-
complete. . . _gle. Given values obs,c andbey, we numerically solved the

In Table 4, we summarize our optical source categorizationsye|ation P(x > snin) = 0.004 (i.e., Eqn. (1)) to obtaigmn at

for the X-ray sources. As discussed above, we have excludegiach image location. In this manner, we constructed a $patia
from consideration sources that were within small regidns o sensitivity map consisting afain values.

the galactic centers due to the very bright stellar fielda@sé
regions (se§3.2). The number of excluded sources has been
provided in Column (3) of Table 4. Within the acceptable re- . i
gions of the galaxy extents, we find 30—106 field LMXBs and ~ The above maps allow us to determine spatially whether a
3-25 GC LMXBs per galaxy. In the sections below, we de- source would have been detected for a given number of total
scribe our procedure for generating LMXB XLF populations counts. However, these maps alone cannot directly be used to
and present our resulting XLFs. assess source completeness and encapsulate subtletied rel
to our complex selection process (i.eavdet ect plus s
5. X-RAY LUMINOSITY FUNCTION COMPUTATION AND FITTING pruning) and source confusion in crowded regions. To as-
We chose to compute XLFs in the FB (0.5-8 keV) to make sess better source detection completeness as a functiem of n
direct comparisons with recent XLF studies of early-type source counts for eacbhandradata set, we made use of sim-
galaxies (e.g., Zhang etal. 2012). Use of the FB for iden- ulated data sets and a Monte Carlo procedure that replicated

full HST catalogs, we constructed observed optical luminos-
ity functions (i.e., number of detected sources per magdgitu
as a function of absolute magnitulie) for sources detected

5.2. X-ray Completeness Functions
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Figure4. Fraction of recovered simulated sources as a function osoetce counts for our three early-type galaxies (filledlesravith 1o error bars). A
simulated source was considered “recovered” if (1) thd todanber of on-source counts satisfied the binomial proltglsielection criterion of equation 1, (2)
the source was detected bvdet ect using a false-positive probablity threshold of30and (3) the source had net counts that were withiroBthe input
counts (required to identify confused sources). Each a@lpresents a different offset range from the nuclear posiths annotated in each plot. Our best-fit
models have been plotted as dashed curves. For a completipten of our simulations, se4.2.

non-negligible effect on the source confusion propertfes®
T T T original images and allows for 35 times more efficient execu-
FOS 3 tion of the simulation process. For each X-ray source added
- RS - to a given mock image, we assigned random right ascension
o and declination values that were probabilistically offsem
: the galaxy nucleus in accordance with the offset distrdyuti
of the mainChandracatalog. Each X-ray source was given
a random number of counts betweerdl—100 counts. The
counts from each source were added to the simulated image
canvases using thear x[& (version 4.5) ray-tracing code. In
this procedure, the PSF of each source was modeled assum-
ing a roll angle and aim point that were selected from one of
the galaxy ObsIDs (Table 2). Selection of the roll angle and
aim point for each source was done probabilistically with th
probability of selection being directly proportional taetex-
=== Georgakakis et al. (2008) 7 posure time of each of the observations.
10 Ll Cocvrala b B For each galaxy, we performed circular aperture photome-
1016 10715 1071 1013  tryonthe 28,000 mock X-ray sources (i.e., 35 sources in each
S = 0.5-8 keV Flux (ergs cm™2 s7") of the 800 mock images) using a circular aperture with a ra-

’ dius encompassing90% of the encircled energy. The num-
Figure5. 0.5-8 keV number counts measurement for X-ray sourcesrwithi ber of counts measured for each source was then C-ompared
the galactic footprints of our early-type galaxies that eveptically classi- with the f‘!”.nber of counts r.]e.edeq fc.)r asource de_tectl_o_n from
fied as unrelated background objecied annotation)s For comparison, we  the sensitivity maps to see if it satisfied the detectioredon
show the expected number counts of unrelated backgrourettsbfiotted adopted in equation (1). We then searched each of the 800

curve, and b error envelopedrey region), based on number counts from  mock images usingavdet ect at a false-positive probabil-
extragalactic X-ray surveys (Georgakakis etal. 2008)s Ebimparison indi- . o5
cates that we are able to identify the majority of unrelatackiground X-ray ity threshold of 10° and maderavdet ect source catalogs

sources using our methods. The deficit of number counts in may for each image. We considered a simulated source to be “re-
be due to cosmic variance (see discussiobir3). covered” if (1) it was detected in theavdet ect runs, (2)

the total number of counts exceeded the value required for a
the source detection and pruning processes that were used tdetection based on the sensitivity maps, and (3) the netsoun
create our source catalogs. derived were within 3 of the known input counts. Crite-

We began by generating 800 mock FB images for eachrion 3 was adopted to account for source confusion, since

galaxy with 35 X-ray sources artificially added to the origi- sources that are significantly confused with brighter sesirc
nal FB images. Ideally, we would have generated more mockin the original image will have an excess of source counts due
images with only 1 X-ray source implanted in each mock im- to the unrelated source. We consider such sources to not be
age, so that the confusion properties would not be changed byecovered.
the addition of sources. However, we found empirically that » _ _
the addition of 35 sources per image both avoids having any 19 See http://space.mit.edu/cxc/marx/ faar x simulator details
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Figure6. Cumulative observed X-ray luminosity functions(¢ Lx); thick black curvesfor the GC plus field LMXB populations of the three early-¢yp
galaxies in our sample. Each observed XgFaf circles with I Poisson error barsincludes X-ray detected point sources within the exterthefgalaxy after
excluding unrelated background sources and sources withigentral nuclear regions (see text). The XLFs were fitguaimintrinsic XLF model convolved
with our completeness functions following the procedurecdéed in§5.4.

Our simulations revealed that the centdl0’—15’ of the point sources that are associated with unrelated backdroun
three early-type galaxies suffer catastrophic sourceusioif objects. Direct optical identification of background X-ray
due to a high density of bright X-ray sources in the nuclear sources is preferred over statistical methods, in whichci-ba
regions. As discussed i§3.2, these regions were consid- ground component is simply subtracted from the total XLFs,
ered problematic from an optical perspective, since thghbri  since the galaxies subtend only small solid angles on the sky
emission associated with the stellar fields made it impéssib ( < 0.01 ded) and are subject to large variations in their back-
to identify potential GC and unrelated background canéiglat  ground populations due to cosmic variance (e.g., Moredi et
These regions are problematic from the X-ray perspective be 2009). To test the efficacy of our background identifica-
cause (1) itis not possible to recover accurately the trueyX-  tions, we constructed the X-ray number counts HelpgS;
luminosity distributions of the sources in these regio?3; (  the number of X-ray sources per unit afdavith X-ray flux
the X-ray point sources may be formed via dynamical inter- prighter thanS) relations for each of the three galaxies (and
actions in the high stellar density environments (e.g.s\®s  the combined sample) using the X-ray sources classified as
Gilfanov 2007; Zhang etal. 2011), which are a different for- unrelated background objects (sg8. For a given galaxy,
mation channel from théeld LMXBs that we are interested  we limited this calculation to a flux regime in which we could
in studying here; and (3) among the X-ray point sources of ahave detected sources acresg5% of the galactic extent.
given galaxy may be a low-luminosity AGN that could con-  Figure 5 shows the lag-logS for the unrelated back-
taminate the LMXB XLFs at the high-luminosity ends. These ground sources in the early-type galaxy footprints (as well
considerations further support our choice to exclude these  as the total galaxy sample) compared with expectation based
gions from our XLF computations below. on extragalactic blank-field X-ray surveys (e.g., Georgaka

In Figure 4, we show the recovery fraction as a function of etal. 2008). It is apparent that the number counts for un-
net source counts in radial bins for our three early-typexgal  related background sources for NGC 3115 and 3384 are in
ies. This plot was generated using circular annuli inclgdin  good agreement with the expectation, while the NGC 3379
only sources that were within the elliptical regions defimed  number counts fall a factor o&2.5-3 times below the
Table 1, for the reasons discussed above, the exclusion reexpectation across the full X-ray flux range. We ex-
gion defined in Column (8) of Table 1 has not been shown. pect that our optical identification and classification pro-
For NGC 3115 and 3379, we find that source recovery be-cess will be most complete and accurate at bright fluxes
comes more complete moving from.th.e innermost annylus t0(fo5-g kev < few x 10725 erg cn? s71) where unrelated back-
the second innermost annulus. This is due to confusion beground counterparts are likely to be relatively unobscured
coming less severe at larger radii. The completeness agailAGN with bright optical counterparts (e.g., Steffen etal.
deteriorates going to even larger radii as the size of the PSF2006; Xue etal. 2011). Since the deficit of X-ray sources
increases somewhat with radial distance (N.B., the expesur in NGC 3379 is apparent at these high fluxes, it is likely that
weightedChandraaimpoints are all withine5” of the galaxy  the deficit is real. As noted i§3.3, NGC 3379 also has a
centers). For NGC 3384, confusion is not a strong issue forfactor of ~2 deficit in the source density of detected optical
the innermost annulus; therefore, the completeness sideply  sources, lending strong support to this conclusion. Gitien t

clines with radius. areal coverage of NGC 3379, we would expect cosmic vari-
5 3 Unrelated Back dx S ance at a level 0£30-35% (see Moretti etal. 2009). There-
-3. Unrefaied background A-ray sources fore the factor of 2, 2 deficit for NGC 3379, if due to cosmic

One of the key strategies in our XLF computations is variance, would representa 3o deviation from the expected
to identify directly and eliminate from consideration Xyra
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value (assuming the area-dependent cosmic variancebdistri  For a given subsample of sources, we constructed the ob-

tion is symmetric and Gaussian). serveddN/dLx(observed) using a very small constant bin
The above number counts analysis suggests that the maef dLx spanning the minimum luminosity of the subsample

jority of unrelated X-ray background sources are likely & b to 10 times the maxmimum luminosity. Therefore the vast

classified as such by our procedure. In our computations ofmajority of bins contained zero sources up to a maximum

LMXB XLFs, described below, we remove unrelated back- of three sources. We evaluated the goodness of fit for our

ground X-ray sources and do not try to correct for remaining
contributions from unrecovered background X-ray sourtres.
the faint X-ray flux regime, where our recovery process is ex-

double power-law models using the Cash statistist(at ;
Cash 1979). We tested to see if in any cases a single power-
law provided a statistically superior fit over the broken pow

pected to be the least complete, background X-ray sourdes ndaw, but were unable to find any such cases. We did find that

classified as such are greatly outnumbered by field LMXBs
and therefore unlikely to have material effects on our issul

5.4. X-ray Luminosity Function Fitting

For each galaxy, we constructetiserved XLFsising the
FB-detected sources in the mdiiandracatalogs that were
within the galactic footprints (excluding sources in thene
vicinities of the galactic nuclei; see Column (8) of Table 1)
For each galaxy, we chose to construct and study the XLFs fo
three LMXB population categories, including GC plus field
(total) LMXBs, field LMXBs, and GC LMXBs. However,
for NGC 3384, we found only three GC LMXB candidates,
which were all undetected in the FB, and therefore did not
attempt to construct their GC LMXB XLF. In all cases, we
excluded sources with optical counterparts classified as-un
lated background objects. For illustration, we have digpia
the cumulative observed XLFs (i.&(> Lx)) for the GC plus
LMXB populations in Figure 6dray points with error bark

For each of the three LMXB sub-populations, we modeled
intrinsic XLFs using a broken power-law form that followed

K(Lx /Lren) (Lx < Lb)
K(Lb/l-ref)az_al(l-x/Lref)_oQ, (Lx > Lp)

whereK is the normalization at reference luminosity; =
10%8 erg s?, o is the faint-end slopd,y, is the break lumi-
nosity, andu; is the bright-end slope.

We chose to model the observed XLFs using a forward-
fitting approach, in which we convolved an appropriately
weighted completeness function with our model XLFs before
fitting to the observed XLFs. As demonstratedib.2 and

dN/de={

for the field LMXB XLF in NGC 3115, the best-fitting broken
power-law produced an effectively infinite high-lumingsit
slope () beyond the most luminous detected source. For
this subclass, we utilized a single power-law with a high-
luminosity cut-off (see Table 5). In Figure 6, we display the
observed XLFs and best-fitting observed and intrinsic XLF
models for the GC plus field LMXB populations for our three
early-type galaxies. In Table 5, we tabulate the best-faupar
eters and & errors for fits to the GC plus field LMXBs, field

"LMXBs, and GC LMXBs.

6. RESULTS

In Figure 7, we show thex-normalized cumulative LMXB
XLFs (N(> Lx)/Lk) for our early-type galaxies for GC plus
field and field LMXB populations. The XLFs displayed in
Figure 7 have been corrected for completeness, near the lu-
minosity limits of each galaxy, using the completeness cor-
rections derived from our best-fitting XLFs (s§&.4). We
find that the GC plus field LMXB XLFs (Fig. & for all
three galaxies appear to be similar in normalization angsha
acrossLx ~ 10°-10°° erg s'. These estimates are in good
agreement with the best-fit XLFs derived by Zhang etal.
(2012) for a sample of 20 massive early-type galaxggay
curve. However, when we remove the contributions from GC
LMXBs, we observe significant galaxy-to-galaxy variations
in the resulting field LMXB XLFs.

In Figure D, we display the field LMXB XLF. We find
that the shapes and normalizations of the field LMXB XLFs
are similar for the two old early-type galaxies, NGC 3115
and 3379, with some differences becoming apparent at
Lx < (2-4) x10°" erg s'. For both of the old early-type

Figure 4, our X-ray completeness to sources depends upomjalaxies, we observe sharp declines in the field LMXB XLFs

their offsets from the galactic centers. For a given galay,
therefore statistically weighted the contributions froradal
XLFs at each annulus according to the observed distribsition
of X-ray point sources to obtain the galaxy-wide weighted
completeness functiof(Lx). Here we utilized only luminous

abovely ~ (0.5-1) x10%® erg s'. By contrast, the field
LMXB XLF for the young early-type galaxy NGC 3384 is
generally elevated compared to those of the old early-type
galaxies and includes an extension to higher X-ray luminosi
ties Lx ~ 7 x 10°8 erg s1); however, as is apparent from Fig-

X-ray sources in regimes where our point source populations, e ™, the cumulative field XLF of NGC 3384 approaches

are highly complete at all offsets from the galactic centers
determine the annular weightings. Formally, we computed
£(Lx) using the following relation:

&(Lx) = Z frecovi (Lx) X W, (2)

wherefecovi(Lx) is the recovery-fraction curve for thigh an-
nular bin andw; is the fraction of total number of galaxy-wide
sources within thath annuluar bin based on the observed
point-source distributions.

Using thesher pa modeling and fitting package available
throughci ao, we modeled each observed XLF using a mul-
tiplicative model

dN/dLx(observed) %(Lx)dN/dLx(model) 3)

that of NGC 3379 ak.x ~ 3 x 10°" erg s*. A similar excess
of luminous (x > 5x 10°® erg s') LMXBs in young early-
type galaxies was previously observed by Kim & Fabbiano
(2010) and Zhang etal. (2012) using GC plus field LMXB
populations. Our analysis shows that this excess may appar-
ently be attributed to a strong excesdgield LMXBs, and the
removal of GC LMXBs seems to amplify this excess of bright
X-ray sources. This result clearly illustrates the8T data are
crucially needed to identify directly LMXB counterpartscan
provide meaningful tests of population synthesi models. By
selection, the galaxies in our sample have relatively &w
(S < 3), so the large elliptical galaxies that have been stud-
ied well thus far will contain even larger contributionsro
GC LMXBs.

In Figure 8, we display the GC LMXB cumulative XLFs
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Table5
Best-Fit Parameters to X-ray Luminosity Functions (XLFs)
GC + Field (Total) LMXBs Field LMXBs GC LMXBs
Galaxy K ag ap Lp K ag ap Lp K ag ap Lp
NGC3115............ 6:81.8 15:0.1 22t0.7 1.76:0.02 4.6:1.2 15801 ... 1.85303%1 28412 13:0.2 1.780.6 1.760.19
NGC3379.......... 9432 1.601 2304 0.66:0.19 7121 1°A01 3.3:1.1 0.840.17 4.651 0.6:t04 1.A04 0.410.26
NGC3384.......... 6431 1304 206:04 0.680.23 6.1#3.1 1.3t04 2.06t04 0.68:0.23

NOTE—K andLy, are in units of (18 erg s1)71 and 188 erg s1, respectively. All errors aredland are based on the fitting procedure describegbia. For
NGC 3384, all FB detected LMXBs have been classified as fieldidates; therefore the GC plus field and field only fit par@nsetre identical.

*The best-fit model to the field LMXB XLF for NGC 3115 was a singlewer-law with normalizatiorK, slopeas, and high-luminosity cut at the quoteg
value.

T \\\\H‘ T T \\\\H‘ T \\\\H‘ T T TTTTT T \\\\H‘ T \\\\H‘
- 100} (@) GC + Field LMXB XLF's ;- 100k (b) Field LMXB XLFs -
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Figure7. K-band—luminosity—normalized cumulative XLR$(> Lx)/Lk, for our early-type galaxies in two LMXB population categs: @) GC plus field
LMXBs and () field LMXBs. Each XLF has been summed down to an X-ray liméttls roughly 50% complete, and the displayed XLFs have bemected
for completeness following the methods describeflar. The three early-type galaxies have GC plus field (tatiIXB XLFs consistent with each other and
previous results (Zhang etal. 2012). However, when lookingnly the field LMXB XLF contribution, we find that the youngréy-type galaxy NGC 3384 has
a more numerous and luminous field LMXB population than thiealrly-type galaxies NGC 3115 and 3379 (§&dor more details).

A L N B tection limit. From Figure 8, we see that the GC LMXB
— 100} GC LMXB XLFs XLFs for NGC 3115 and 3379 appear to be broadly consis-
: i 4100 tent in their shape and normalization; the upper limit on the
[ ] GC LMXB XLF for NGC 3384 is consistent with the other

galaxies. For the purpose of comparing XLF shapes, we have
plotted in light grayN(> Lx)/Lk (without theSy normaliza-
tion) for the field LMXBs. We find that the GC LMXB XLFs
of NGC 3115 and 3379 have significantly shallower slopes
and extend to higher X-ray luminosities than the field LMXB
XLFs. This resultis consistent with previous results theahe
pared GC and field LMXB XLFs (e.g., Kim etal. 2009; Voss
etal. 2009; Paolillo etal. 2011).

The above findings indicate that the young early-type

—

N(>Ly)/Ly/Sy [6x10" Ly g
|
o
N(>Ly)/M,/Sy [6x10"° My~ ']!

| L .41 galaxy NGC 3384 contains a more numerous and X-ray lumi-
BE— B S £ nous population of field LMXBs per unk-band luminosity
0.1 o 0 10.0 (stellar mass) than the older early-type galaxies NGC 3115
Ly [107 erg s77] and 3379 (se6). Although the integrated X-ray luminos-
Figure8. GC LMXB cumulative XLFs normalized by and Sy (col- ity per Umt_K'band Iumm'35|ty|—X/|—K_Can_be measured to
ored curvey with field LMXB cumulative XLFs, normalized by only, high precision for the LMXB populations in the three galax-

displayed for comparisongfay curves. Linestyles and colors follow the  jes in our sample, and our measurements clearly indicate tha

same scheme as in Figure 7, with the exception of NGC 3384yliath we : L
only obtain an upper limit on the GC cumulative XLF at the d&tm limit the field LMXB (Lx/Lx)rieid is larger for NGC 3384 than for

(filled blue circle with arrovy. We find that when normalized by andSy, NGC3115and 3379, itis importantto account_for the factthat
the GC LMXB XLFs are all consistent with eachother in shape mormal- theLyx value for a given galaxy can be substantially influenced
ization and have overall slopes shallower than the field LMXB-s. by the brightest few sources. If we consider the distribbutio

) of point-source luminosities as a realization of an undedy
normalized bylx and Sy (N(> Lx)/Lk/Sy). We note that x| F then we might expect large galaxy-to-galaxy variasion
NGC 3384 had no GC LMXBs detected in the FB; we there- i | , /|, simply due to “statistical noise” (see Gilfanov etal.

fore show only the @ upper limit to its GC XLF at the de-
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Figure9. (a) Integrated LMXB X-ray luminosity petk versus stellar age for the field LMXBd.xX /Lk )sield, In the three galaxies in our sampfél¢d circles
with annotation¥ and the total (GC plus field) LMXBsL /Lk)iotal in the Boroson etal. (2011) samplgréy squaresThe three filled gray squares indicate the
Boroson etal. (2011)L /Lk )iwotal Values for the three galaxies in our sample. The dashed blawle and surrounding gray region is the expected relatoh a
spread from the population synthesis models of Fragos €@L3b), and the solid curve shows the best-fit version sfdhive renormalized to our data. The
dotted gray curve is the best-fit relation to the GC plus fieliXB (Lx /Lk )iotal VErsus age data (i.e., the gray squares) and the long-dashezishows how this
correlation would change after subtracting the expectedribwutions from GC LMXBs (see Eqgn. (7) and discussiof§ infor details). b) The observed relation
between GGSy and stellar age with the best-fitting modeb(ted gray curve We find that the apparent correlation in Figusei@tween I(x /L« )iota and stellar
age can be fully explained by contributions from GC LMXBs &hnel underlying correlation between (& and stellar age shown in Figuré.9urthemore, the
contributions from GC LMXBs could mask an underlying antietation betweenl{x /Lk )fielq and stellar age (e.g., the long-dashed curve in Figaye 9

which include the statistical noise, and in Figueg @e have
plotted the field LMXB {x /Lk)siela Versus stellar age (and-1
errors) for the galaxies in our sample. We have found that the

Table 6
Integrated X-ray Luminosities

logLx logLx /Lk resulting errors on logy values are well described by Gaus-
Galaxy (logergs¥) (logergss' Ll.) sian functions, implying asymmetrlgc errors. Considering
GC + Field (Total) these errors, and following the error propogation metheds d
NGC3115............ 39.58/-0.19  28.90+/-0.19 scribed§2.4.5 of Eadie etal. (1971), we find that the field
NGC3379.......... 39.5¢/-0.12  28.75+/-0.12 LMXB (Lx/Lk)fiels for NGC 3384 is a factor of B*%{ and
NGC3384.......... 3“?:-_3%‘ 026 28.8%/-0.26 3.0*23 times higher than NGC 3115 and 3379, respectively.
e
NGC3115.......... 39.08/-0.10  28.40+/-0.10 7. DISCUSSION
NGC 3379 ... 39.35/-0.07  28.58+/-0.07 Our results support a scenario in which the field LMXB
NCC3384 . ... 39.3%/-0.26  28.87/-0.26 X-ray luminosity per uniK-band luminosity (x /Lk )sield de-
NGC 31LE 39652/_ 034 2884 -034 clines with increasing stellar age, as predicted by popmriat
NGG 3379 39.17/-0.50 28401/~ 0.50 synthesis modeldifled circlesin Fig. 9a). In Figure & we

have displayed the expected mass-weighted stellar aga-depe
dent (x/Lk)fiels from the population synthesis models from
Fragos etal. (2013b) (dashed curve with gray shaded region)
2004 for a detailed discussion on this issue). For example, aThis curve was derived using equation (4) of Fragos etal.
large sample of galaxies with identical underlying XLFslwil (2013b) and an assumédl/Lx ~ 0.66 M, /Lk «, consistent
contain a spread dfy values due to this statistical noise. with our galaxies. We find that the population synthesis mod-
To quantify how this statistical noise influences our result  els predict that galaxies with mass-weighted stellar adges o
we made use of a Monte Carlo technique to measure the ex=:3.2 Gyr will have {x/Lk)sieid Values that are a factor ef3
pected standard deviationbf /Lk for a given XLF. Foreach  times higher thar=8.5 Gyr galaxies, which is consistent with
of our LMXB populations in each galaxy, we constructed our finding. We note that the absolute scaling of our field
20,000 simulated XLFs that contained distributions consis LMXB (Lx /Lk)seld Values appear to be a factor efl.5—
tent with the best-fitting XLF model (s€§.4 and Table 5). 2 times lower than the maximum likelihood model adopted
For a given simulation, we first computed the expected num-in the Fragos models. However, it is important to note that
ber of LMXBs that would havetx 2, 10°® erg s* and per- these models were calibrated to match local total (i.e., GC
turbed this value using Poisson statistics. We then assigne plus field) Lx /L )wial LMXB scaling relations, which as we
Lx values to each of the sources probabilistically using the have shown in this study, are affected somewhat by the GC
best-fitting XLF model as our underlying probability disui LMXB populations. Furthermore, the range of statistically
tion function. Finally, the sources within a given simubeti acceptable population synthesis models (i.e., the shagled r
were summed to give an integrated value. The resulting  gion in Fig. %; see Fragos etal. 2013b for details) covers our
distribution of 20,000k values provided us with the effects field LMXB (Lx/Lk)sield Values. Using the thred /Lk )field
of the statistical noise on our results. In Table 6, we hale ta values derived from this study, we adjusted the normabpati
ulated the integratetly andLx/Lk values and their errors, term in equation (4) of Fragos etal. (2013b) to fit our results
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Using x? minimization, we found that a factor e§1.6 down-
ward shift of the normalization would provide a reasonaltle fi
to our data $olid curvein Fig. 9a).

15

C=2x10%erg s* Li!,, the value obtained for NGC 3379,
we would find the long-dashed curve in Figura ® have
a flat slope. Or if we adopte@ = 4 x 10?® erg s* L,

Our pilot study provides suggestive evidence that the X-ray 5 yajue higher than but consistent with those obtained for

emission from field LMXB populations declines with stellar
age; however, it is absolutely critical to expand this sttals
larger sample of early-type galaxies using compar@iian-
draandHSTimaging before we draw statistically robust con-
clusions. As we noted ifi 1, previous studies have found that
the total (GC plus field)l(x /Lk )wtal increases with stellar age.
In Figure &, we have displayed thé&f /L )iotar VErsus age for

NGC 3115 and 3379 and the Irwin (2005) result, the re-
sulting (Lx/Lk)siels from equation (7) would be negative at
tage > 6.7 Gyr. Therefore, the above calculation should be
taken as a proof of concept and not a well constrained mea-
surement of the stellar age dependencel@f/(k)seid. TO
obtain an accurate measurement of hdw /L« )seld varies
with stellar age will require direct measurements of thedfiel

the Boroson etal. (2011) sample. Itis clear that indeedether | \xB populations in a larger sample of galaxies using the
is a positive correlation betweehy(/Lk)wra and stellar age;  compination ofHST andChandradata sets. Obtaining such

by Zhang etal. (2012), this correlation is strongly influetic
by a secondary correlation of G&y with stellar age (see Fig-
ure 9b). As discussed i6, we have shown that the andSy
normalized GC XLFs for the galaxies in our sample are con-
sistent with each other, suggesting that the G&/{x /Sv)cc
may be a “universal” quantity for early-type galaxies gen-
erally. A similar conclusion was reached by Irwin (2005),
who determined th&-band luminosity normalized quantity
(LO.3—10 ke\//LB/S\l)GC = (272:|: 047) x 1072 erg st LélQ fora
sample of 12 galaxies. If we assuing/Lo 3-10 kev ~ 0.8 and
Lg/Lk =~ 0.18Lg o /Lk o, appropriate for our X-ray binaries
and galaxies, respectively, we can convert the Irwin (2065)
lation to (Lx/Lk/Sv)ec = (3.70+0.64) x 10”8 erg s* L.
Using the data provided in Tables 1 and 6, we find that
(Lx/Lk /Sv)ec =~ 3.0133 x 10°8 erg s LI, and 19712 x
10?8 erg st L, for NGC 3115 and 3379, respectively, both
formally consistent with the Irwin (2005) estimate.

Given the measurements of GC LMXBy/Lk /Sv)cc and
correlations between GC plus fielty(/Lk)iwota and Sy with
stellar age, we can roughly estimate how the field/L« )fiei

would be expected to scale with stellar age. This can be done

by solving the following system of equations:

|Og(LX/LK )total ~A+B tage> (4)
(Lx/Lk)ec ~C X, (5)
S\I ~D tag& (6)
(Lx /Lk)sierd = (Lx /Lic)total— (Lx / Lk ) e
— (Lx/Lk)field ~ 10%*B 402 —C x D tage, (7)

whereA, B, C, andD are constants. Using the Boroson etal.
(2011) data presented in Figurea &d %, we determined
A~2884logergst L., B~ 0.032logerg st Lk, Gyr?,
andD =~ 0.42 Gyrl. The dotted gray curves in Figurea 9
and Dillustrate the best-fit solutions to equations (4) and (6),
respectively. If we adopf ~ 3 x 107 erg s* Ll (see above
for justification) and insert this set of values into equai(d),
then we obtain an estimate fdry/Lk )fiels, Which we show
as the long-dashed curve in Figura. 9This exercise illus-
trates that the positive correlation dfy(/Lk )wota With stellar
age is dominated by contributions from GC LMXBs and that
it is possible to mask an underlying negative correlation be
tween (x/Lk)rels and stellar age. We note, however, that
the above calculation is very sensitive to the set of constan

that are adopted. Although each of the constants above were

derived directly from the data, it is possible to perturb aco
stant in a manner entirely consistent with the data and wbtai
a qualitatively different result. For example, if we adapte

above inferences for hovlk /L« )riels Changes with stellar age
(i.e., the long-dashed curve in Fig. 9) appears flatter than t
current X-ray binary population synthesis predictionshat t
youngest stellar ages. Direct measurements@f Ik )sieid

for several galaxies are required to show whether this is in-
deed the case and whether these predictions will need to be
revised.

8. SUMMARY

We have utilized dee€handraandHST observations of
the three nearby early-type galaxies NGC 3115, 3379, and
3384 to identify and study subpopulations of LMXBs that are
found in the galactic field environments. Our galaxy sample
was selected to span a large range of stellar age-10 Gyr)
so that we could measure how the emission from field LMXBs
depends on stellar population ages. Our results can be sum-
marized as follows:

e We find that LMXBs formed dynamically in GCs and
unrelated background X-ray sources can significantly
impact the overall XLF shapes and X-ray power out-
put from early-type galaxies, even in lo8¢ galaxies
like the three sources studied hefg € 3). This find-
ing indicates that for studies of field LMXBs, it is crit-
ical to remove GC LMXBs and unrelated background
sources using the combination BfST and Chandra
data. This is especially the case for the majority of
early-type galaxies that have been studied in the liter-
ature, which havé&y < 2 (see Fig. 7 ang§4 and 6).

After normalizing for stellar mass (via tieband lumi-
nosity), we find that the field LMXB population in the
young &=3.2 Gyr) galaxy NGC 3384 is more numer-
ous and extends to higher luminosities than the older
(=~8.5 Gyr) galaxies NGC 3115 and 3379. This re-
sult is consistent with previous studies that have found
a similar excess of luminous X-ray sources in young
(< 6 Gyr) versus old £ 6 Gyr) early-type galaxies
(e.g., Kim & Fabbiano 2010; Zhang etal. 2012) (see
Fig. 7b, andg6).

Using the field LMXB populations in our galaxies, we
measure the integratedl,(/Lk)rels for NGC 3384 to

be a factor of~2-3 times higher than that found in
NGC 3115 and 3379. This result is consistent with
the trends expected from the X-ray binary population
synthesis models published by Fragos etal. (2013a,
2013b), which predict that the& /L )sield Will be a fac-

tor of ~3 times higher for galaxies with stellar ages of
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~3 Gyr compared to those witk¥9 Gyr (see Fig. 8

Broos, P. S., Townsley, L. K., Feigelson, E. D., Getman, KBduer, F. E.,
& Garmire, G. P. 2010, ApJ, 714, 1582

and§s6 and 7).
Cash, W. 1979, ApJ, 228, 939

e We find that the GC LMXB XLFs for NGC 3115 and Colbert, E. J. M., Heckman, T. M., Ptak, A. F., Strickland KD, & Weaver,

3379 are consistent with each other when normalized . K: 4\ 2004, ApJ, 602, 231

; David, L. P., Jones, C., F , W., V. , 1. M., & Nulser2@®6, ApJ,

by Lk andSy. We did not detect enough GC LMXBs 82/5'3, 207 ones erman argas uiser® P
in NGC 3384 to study the shape of its GC LMXB Eadie, W. T., Dryard, D., James, F. E., Roos, M., & Sadoulef, &1,
XLF; given its low Sy, our lack of GC LMXB detec- Statistical Methods in Expermental Physics (AmsterdanttiiNblolland)
tions is not surprising. We constrained the mean GC Ellis, S. C., & O'Sullivan, E. 2006, MNRAS, 367, 627

~ (D_ 8 <11 -1 Fabian, A. C., Pringle, J. E., & Rees, M. J. 1975, MNRAS, 18P 1
LMXB (LX/LK/SN)GC ~ (2 3) x10° erg s LK-® for Fragos, T., Kalogera, V., Belczynski, K., et al. 2008, A[83,6346

th_ese galaxies, ih good agreement with past studies (Ir-Fragos, T., Lehmer, B., Tremmel, M., et al. 2013a, ApJ, 764, 4
win 2005) (see Fig. 8 angk6 and 7). Fragos, T., Lehmer, B. D., Naoz, S., Zezas, A., & Basu-Zyc2043b,
_ _ ApJL, 776, L31

e Previous studies have found that the total GC plus Freeman, P. E., Kashyap, V., Rosner, R., & Lamb, D. Q. 2002SA38,

field LMXB (Lx /Lk)iwta Was positively correlated with 185

: : Fruchter, A. S., & Hook, R. N. 2002, PASP, 114, 144

stellar age, which was considered an apparent con-ge o-iauic A Nandra, K., Laird, E. S., Aird, J., & Trish. 2008,

flict with population synthesis predictions. This ob- ~\NRAs, 388, 1205
served correlation is largely driven by an underlying Gilfanov, M. 2004, MNRAS, 349, 146
correlation betweergy and stellar age, which masks Gilfanov, M., Grimm, H.-J., & Sunyaev, R. 2004, MNRAS, 35865
any underlying correlations OL((/LK)field with stel- Grlm_m, H.-J., Gilfanov, M., & Sunyaev, R. 2002, A&A, 391, 923
lar age. We showed that if we consider our con- Hams, W.E. 1991, ARAGA, 29, 543

. ge. Hickox, R. C., & Markevitch, M. 2006, ApJ, 645, 95

straint on [x/Lk/Sv)ec and theSy—stellar age corre-  Hils, J. G. 1976, MNRAS, 175, 1P
lation, it is plausible thatl(x /Lk)seld = (Lx /L )totai = Irwin, J. A. 2005, ApJ, 631, 511
(LX/LK/S\I)GC declines with increasing stellar age. Jarett, T. H., Chester, T, Cutri, R., Schneider, S. E., &fhfa, J. P. 2003,
However, a robust measurement b (L )field VErsus Juﬁgt, %«2?\/] 5225’05 oIl 621 L25
age will only come from a detaile@handraandHST ' Iainar AR
study of the field LMXB populations from a larger sam-

Kainulainen, J. T., Alves, J. F., Beletsky, Y., et al. 20084 502, L5
5 ) Kim, D.-W., & Fabbiano, G. 2004, ApJ, 611, 846
ple of early-type galaxies (see Fig. 9 &id, 6, and 7).
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