arxXiv:1302.0851v1 [astro-ph.HE] 4 Feb 2013

DRAFT VERSIONFEBRUARY 6, 2013
Preprint typeset usingTgX style emulateapj v. 12/16/11

SPECTRAL PROPERTIES OF X-RAY BINARIES IN CENTAURUS A

MARK J. BURKEY?, SOMAK RAYCHAUDHURY ''®, RALPH P. KRAFT?, THOMAS J. MACCARONE’, NICOLA J. BRASSINGTON,
MARTIN J. HARDCASTLE?, JOUNI KAINULAINEN 7, KRISTIN A. WOODLEY®>'8, JOANNA L. GOODGER’, GREGORY R. SIVAKOFF?,
WILLIAM R. FORMAN?, CHRISTINE JONES’, STEPHENS. MURRAY®2, MARK BIRKINSHAW®?, JUDITH H. CROSTON,
DANIEL A. EVANS?, MARAT GILFANOV %% ANDRESJORDAN?!!, CRAIG L. SARAZIN'?, RasMus Voss®, DIANA M. WORRALL®?,
AND ZHONGLI ZHANG®

Draft version February 6, 2013

ABSTRACT

We present a spectral investigation of X-ray binaries in N&k28 (Cen A), using six 100 k€handra
observations taken over two months in 2007. We divide oupdamto thermally and non-thermally dominated
states based on the behavior of the fitted absorption coNgmand present the spectral parameters of sources
with Ly > 2 x 10°7 erg s*. The majority of sources are consistent with being neuttanlsw mass X-ray
binaries (NS LMXBs) and we identify three transient blackeh@H) LMXB candidates coincident with the
dust lane, which is the remnant of a small late-type galaxy: 1®sults also provide tentative support for the
apparent ‘gap’ in the mass distribution of compact objeetsiben~ 2-5 M.

We propose that BH LMXBs are preferentially found in the diaste, and suggest this is because of the
younger stellar population. The majority (70— 80%) of potential Roche-lobe filling donors in the Cen A
halo are> 12 Gyr old, while BH LMXBs require donorg 1M, to produce the observed peak luminosities.
This requirement for more massive donors may also explaentaesults that claim a steepening of the X-ray
luminosity function with age at, > 5 x 10° erg s* for the XB population of early-type galaxies; for older
stellar populations, there are fewer stgr& M, which are required to form the more luminous sources.

Subject headinggialaxies: elliptical and lenticular, cD — galaxies: indiual (Centaurus A, NGC 5128) —
X-rays: galaxies — X-rays: binaries

1. INTRODUCTION

Population studies of extragalactic X-ray binaries (XBs)
located beyond the Local Group have been made possibl

thanks to the excellent sensitivity and spatial resolutibiine

ChandraX-ray observatory (Weisskopf etlal. 2000). For over
a decade, astronomers have resolved the hard X-ray spectr.ﬂ
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component of galaxies at sub-arcsecond precision into pre-
dominantly non-nuclear point sources (Sarazin et al. 2000)

Much research has focused on associations with globulsr clu

ters, which contain the majority of X-ray point sources in
some elliptical galaxies (e.g. Angelini etlal. 2001). It bagn
bserved that metal rich clusters are clearly favored as the
osts of X-ray sources (Kundu et al. 2002) and that the dens-
est clusters preferentially host X-ray sources (Jordah et a
2007). Ultraluminous X-ray sources, which display isotcop
luminositiesLy, > 10%° erg s* (Fabbiand 1989), have been
studied in great detail by botGhandraand XMM-Newton
Optical observations have been used to detect counterparts
for these sources in star-forming galaxies (Robertslet al.
2008), and to demonstrate association with globular clus-
ters in a few early-type galaxies (e.g. Maccarone et al.|2007
Brassington et al. 2012).

The X-ray luminosity function (XLF) is a well-studied
statistical characteristic of the X-ray source population
a given galaxy. | Grimm et all (2002) conducted a study
of Galactic XBs and found that the XLF of high-mass X-
ray binaries (HMXBs) tightly follows a power law above
10°7 erg s, while that of low-mass X-ray binaries (LMXBs)
experiences a sharp cut-off above a few®1€rg s*. Usu-
ally there are too few counts to derive the source spectra di-
rectly and XLFs are produced using an assumed spectrum,
typically a power law withT" ~ 1.5-1.7, which approxi-
mates the emission from Galactic XBs. An LMXB population
dominates the XLF of discrete sources in early-type galax-
ies (seel_Fabbiano 2006, for review), due to their older stel-
lar population; early-type galaxies contain relativelyfeigh
luminosity(> 10°8ergs?) sources compared to late-type star-
forming galaxies.

The tendancy of LMXBs to dominate the discrete source
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XLFs in early-type galaxies can be linked to the study of XB a large sample of GC-LMXBs from many elliptical galaxies,
populations in late-type galaxies, where two distinct gapu  and discrepancies between the GC and field XLFs were found
tions have been observed (Prestwich et al. 2009). One popacrosd., ~ 10°6-10%%rg s?.
ulation, associated primarily with the bulge, follows anEXL The current era of deep X-ray observations has enabled
that steepens after a few10® erg s, while the other popu-  more detailed study of individual XBs beyond the Local
lation is associated with the spiral arms and has an XLF con-Group. [ Brassington et al. (2010) and Fabbiano et al. (2010)
sistent with that of HMXBs. The latter population has both present the results of spectral fitting the brightest sauice
softer colours and higher luminosities than Galactic, wind the early-type galaxies NGC 3379 and NGC 4278, down to a
driven HMXBs, most of which are accretion-powered pulsars limiting unabsorbed luminosity of 1.2 x 10% erg s. These
with high magnetic fields, and the spectra are well-desdribe samples contained 8 and 7 XBs, respectively, of which 7 were
by relatively cool disk blackbodies (0.1-1.1 keV), suggest  coincident with globular clusters (GCs). These works aedpt
that they too are Roche-lobe-filling accretion driven syste  a diagnostic approach to spectral fitting, inferring theesta
A luminosity break atL, ~ 2.5-5.0x 10°® erg s! has of a source based on fitting simple spectral models, a multi-
been seenin the discrete source population of numeroys earl colored disk blackbody and power law. The true state of
type galaxies (e.g., Sarazin etlal. 2001) and is potentihly  the source can be inferred from the behavior of the absorp-
Eddington-limited extent of the brightest neutron star YNS tion parameteNy, which simulations showed to behave in a
LMXBs. The brightest sources are super-Eddington for a 1.4 characteristic way depending on the true state of the source
Mo NS and are probably BH XRBs or the more massive ex- This method essentially assesses the relative contribofio
treme of the NS LMXB population. The luminosity break was thermal and non-thermal emission to the spectrum, and is
examined in detail over a sample of nearby elliptical galax- fully described by Brassington et/al. (2010) (see sedii@. 3.
ies bylKim & Fabbianol(2010), who found that the lack of A further study of 18 transient-type sources from galaxies
sources with_, > 5 x 10 erg s was more pronounced for NGC 3379, NGC 4278 and NGC 4697 by Brassington et al.
older (> 5 Gyr) galaxies. The observed steepening of the (2012) found a host of exotic sources, including a GC ULX
break in the XLF suggests that young early-type XB popula- in outflow and an unusually luminous bursting source. They
tions are intermediate in nature between those of starifym  distinguished spectral states downdd 0% erg s*.
galaxies and old early-types. In Cen A we expect to detect both neutron star (NS) and
NGC 5128 (Centaurus A) is the nearest optically luminous black hole (BH) XBs, both of which can be transients. It
early-type galaxy, at a distance of 3.7 Mpc (Ferraresel et al.is generally thought that the transient behavior occurstdue
2007), withMg =-21.1. A small late-type galaxy is currently  the disk ionization instability mechanism (DIM), which was
merging with Cen Al(Graham 1979); however, the galaxies re- first developed for explaining the dwarf nova outbursts ¢f ca
main poorly mixed|(Quillen et al. 2006). The central regions aclysmic variables (Smak 1984). The essential featureisf th
of the galaxy are notable for the presence of vast dust lanesnodel is that the viscosity of ionized gas is larger than that
that contain many active star forming regions. Rejkubalet al of neutral gas. Its application to X-ray binaries is compli-
(2011) compared simulated color-magnitude diagrams withcated by irradiation of the outer accretion disk, which is a
deep ACS/HST photometry and concluded thtkeast70% considerably more important factor (Dubus et al. 2001). Re-
of stars in NGC 5128 formed 121 Gyr ago and a smaller cently,[Coriat et al. (2012) tested the DIM with a population
population of more metal rich stars formed in the last 2-4 of Galactic sources, finding that the critical mass accretio
Gyr. Therefore we expect the population of XBs to be domi- rate above which sources are persistent is lower than that pr
nated by LMXBs that possess old main sequence companionslicted when irradiation is not taken into account. Blackeisol
of M < 1M, with the potential for a small component from are more massive than neutron stars, but have similar nasliat
LMXBs with more massive companions. efficiencies, and a consequence is that the outer disk temper
Six 100 ks Chandra observations of NGC 5128 were atures for black hole X-ray binaries at a given orbital pério
taken as part of the Cen A Very Large Project (VLP) span- will be smaller than those for neutron star X-ray binarigsst
ning the course of 2 months in 2007 _(Jordan et al. 2007).black hole systems are far more likely to be transient than ar
These observations led to investigation of the sourcek-str neutron star systems (King etlal. 1996).
ing X-ray features such as the AGN jet (Hardcastle etal. An empirical understanding of the properties of transient
(2007),[ Worrall et al.|(2008), Goodger et al. (2010)), radio X-ray binaries has started to develop. The size of the ac-
lobe shock|(Croston etial. 2009) and the extended gaseousretion disk should determine the peak outburst luminos-
emission |(Kraft et al. 2008). The relationship between XBs ity (e.g..Shahbaz et al. 1998), and this has been borne out
and globular clusters was investigated|by Voss et al. (2009) as large samples of such transient outbursts have devel-
who confirmed the presence of a low-luminosity break in the oped (Portegies Zwart etlal. (2004); Wu et al. (2010)). As
XLF at Ly ~ 1.5-4 x 10*” erg s* and a lack of GC sources sources change in luminosity, they follow loops in a hardnes
with Ly < 3 x 10% erg s1. [Voss et al.[(2009) suggested that intensity diagram (Maccarone & Coppi 2003), indicatingttha
this dearth of faint sources may indicate that GC LMXB com- they are changing spectral shapes hysteretically. In ggner
panions are He rich, which possess a larger critical mass acf)he sj{pectrag _change;s OfCt%Uf_ r?pldly, V_Vltf} X—fray bmartlesluntot
cretion rateMct to become transients. Sources approaching 2urst spending most ot their ime in Just a few spectral state
the corresponding luminosity tel.; become unstable, and SReeSn;'Ié%redcf;aMgg'rgt&gr‘iz(igog)/ fﬁz'étgg; E;'etm;(z?a?gss- Th
are therefore always above or below this luminosity, legvin . y :
a gap in the XLF. However, it now appears more likely that Ijhoer;?gt'ggngmzrlt fﬁ?g\e/’ %VSI(E::%IE)hre d?sTIEIS;?:Eb%%pe?srse;? be
the low-luminosity break results from a change in the disk in tiallv th y the standard tricall y,th' i
stability criterion at low accretion rates as the disk speut senually tne same as the standard geometricaty thin: opti

peaks at longer wavelengths (van Haaften &t al. 2012). Thes&@ly thick accretion disk of Shakura & Sunyagv (1973). Dur-
Cen A data were also used by Zhang etlal. (2011) as part of "9 the ingress and egress of outburst, the source expesenc
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a hard power-law state df ~ 1.7, the emission likely due  performing 2 matching between point source lists from the
to inverse Compton scattering in an optically thin, geometr two observations. To reduce the effect of false matches on
cally thick region [(Thorne & Price 1975). Near the peak of our offset correction, we found the mean offsetiandé and
outburst, some sources also exhibit a steep power law statéhen calcuated the mean offset withi).5” of this mean. By
I' ~ 2.5 extending to MeV energies with a significant thermal applying 8’ shifts in« andd, subsequent’2matching found
component also present. These spectral states are also asse 6 false matches between source lists.
ciated with the rapid variability of the sources (Homan etal  To allow for accurate analysis of globular cluster (GC)
2001) and changes in the radio jet properties (Fender et alsources in our subsequent work, we utilized the well known
2004). LMXB-GC connection to align our observations to GC po-
NS LMXBs generally show similar spectral state phe- sitions (Harris et al. 2012), again usin§ éhatching (we es-
nomenology to BH systems (van der Klis _1994), but have timate an approximate GC size ef2”), we calculated the
some differences since the NS surface provides a boundarynean x-y shift between LMXB positions in obsID 8490 and
layer. Nonetheless, in both cases, low/hard type speatra ar the globular clusters, and applied this shift to all obsI@jmn
typically seen below~ 2% of the Eddington luminosity, ex- taining the initial alignment of the X-ray data.
cept during the hysteretic intervals near the beginningubf o We created a merged event file using the CIAO script
bursts|(Maccarotie 2003), and steep power law states are gemmerge_alland a corresponding exposure map, as before. The
erally seen only at very high luminosities, near the Edding- point source list produced by a subsequent ruwa¥detect
ton limit (Remillard & McClintock 2006). This spectral séat ~ was used as a master list of source positions that was consis-
phenomenology allows, with high quality spectra, a sounce t tent with the positions of the individual runs on each obsID,
be classified as a candidate BH XB on the basis of its hav-for each observation in which the source was detected. Cir-
ing a cool accretion disk at #®erg s, as discussed by cular extraction regions were produced, centered on the chi
White & Marshall (1984). Burke et al. (2012) used the Cen A position of each source, whether it is detected in an obser-
VLP data to show that such distinctions are now possible vation or not. As was the case for the workl of Burke et al.
for sources outside the Local Group, presenting eviderate th (2012), these regions had radiusg, equal to 90% of the
CXOU J132527.6-430023 (S14, Table 1) is a BH LMXB. 7 keV extraction radius at that chip position. We then ex-
The relative proximity of Cen A, coupled with the superb cluded regions in the jet, radio lobe and nucleus from our
quality of these data, allows us unrivaled insight into ti8&sX  source list. Additional region files were produced, cover-
of an early-type galaxy. In this work we divide sources into ing the removed read-out streak of the bright central AGN.
thermal and non-thermally dominant states, where appropri Background region files were then created based on annuli
ate, down to a luminosity of 10" erg s* — reliably mea-  from 2r7 to 4rp7, with all source regions and the read-out
suring the spectral properties of XBs at similar luminesiti ~ region excluded. Subsequently we tested for source confu-

to those found in the Local Group. sion, which was a significant problem in observations 7798
and 7799, where the point source population is further off-
2. DATA PREPARATION axis and the point-spread function is much wider. Sources

2.1. Source Detection and Alignment found to have a neighbor at angular half-distad¢2 inside

. . . I'n7 were given a new extraction region radius ro-

Each of the six 100 ks observations was analysed usmgv’i’ded that%/z > 1 (Wherer p is 900/?PSF radiug}glzt 2pkeV),

CIAO 4.3, and was reprocessed using tiwhandra_repro — wpile sources withd/2 < rp, were declared confused (Ta-
script. The destreakool was used to remove the ACIS read- o)~ Spectral fitting using various sized extraction oegi

out streak, caused by the bright Cen A nucleus. Light curvesyq jsojated, off-axis sources determined that the norsaali
of each event file were produced usirgmextractto check  +i5n found from fitting was consistent betweeg andry,

for background flares, which were not present. To search forytincreased systematically as the extraction radiusdsed
point sources, we used a 0.5-2.0 keV event file for each ob-¢, ther.

servation. We used this band because the central AGN is SO Thg net counts inside each extraction region were estimated

bright (6-10 count S in ACIS-I) that the wings of the PSF usingdmextractto the requisite properties of the source and
contain a significant number of counts, the PSF being broaderbackground region, followed by usirapratesto calculate a

at higher energies foChandra An exposure map was Cre-  ggo, confidence bound for each value or, where appropriate, a
ated for each file, weighted by the typical power law Spec- gg, confidence upper-limit. Sources were then sorted, based
trum of an LMXB, with a photon index of' = 1.7 a(?d a_g) on their highest count-flux observed in any individual obser
sorption column at the Galactic valueNf = 8.4 x 10°°cm vation and names assigned based on this ranking. We present
(Dickey & Lockman 1990). Inside a’Fegion centered on  these results in Tablel 1, and emphasize that thesecathe

the Cen A nucleus, we located point sources using the CIAOgstimated source counts, but the net source counts present i
tool wavdetecusing the spectrally weighted exposure map, g given extraction region. This indicates the quality of the
wavelet scales of.D to 160 in steps of/2, a threshold sig-  resulting spectra we extracted for a given source.

nificance of 10° and a maximum of- 1 false source per

ACIS chip. All subsequent work is within’ f the Cen A 2.2. Source Selection
nucleus, which corresponds tothe half-light radius of Cen The presence of short-term variability may indicate im-
A (Graham 1979). portant spectral changes within an X-ray source, and so we

The six observations were aligned by applying an appropri- choose to exclude sources that vary during an observation
ate x-y shift to five of the aspect solution files using the CIAO from our sample. To assess the variability we made use
tool reproject_events All observations were aligned to the of the Gregory-Loredo algorithm (Gregory & Lorédo 1992),
point source positions from obsID 8490, chosen because ofimplemented as the CIAO toajlvary!’. This produces an
the proximity of the Cen A nucleus to the ACIS-I focus. Each
shift was calculated from the mean offsetirandé obtained 7|http: //cxcharvardedu/ciao/ahel p/glvary.html
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optimally-binned lightcurve for each source in each obaerv
tion, and calculates an odds ratio of each lightcurve agains
constant count-rate, with a ratio of 10 indicating the hithe
probability of variation and O being consistent with a canst
count rate. A source is defined as showing definite varigbilit
when this index is> 6. The maximum ratio for each source
is reported in Tablé]1. Given the potential for rapidly chang
ing spectra within an observation, sources with a maximum
score of 6 or higher were removed from our sample for spec-
tral analysis.

At this point we also flagged sources within”20f the
Cen A nucleus, which require more careful extraction to deal
with the significant flux contribution present from the nude
This contribution likely exceeds the source counts in solie o
servations for any sources with fewer thar800 counts, de-
pending on how far off-axis the nucleus is in the observation
Analysis of the sources that showed definite intra-obsemat
variability and the sources within 2®f the nucleus will be
reported in a future work.

Table[1 summarises some basic source data; the celestial
position, net counts in each source region for each observa-
tion and the intra-observational variability (& nay). We also
include our eventual source classification of persistenb(P
transient (T) black hole candidates (BHC), neutron star can
didates (NSC), foreground stars (FG), active galacticeaiucl
(AGN) and also denote S48 as a highly-magnetised NBC (

The distribution of hardness ratios showed that source S50
was far softer than the rest of the population, with S/BI
where S is the counts from 0.5-2.0 keV and H is the counts
from 2.0-8.0 keV. The spectrum of this source was well
fit with an absorbed apec model (Raymond & Smith 1977),
peaking at 0.9 keV, across all observations, consisterit wit
expectations from a foreground star. Inspection of the data
taken with the Inamori Magellan Areal Camera and Spectro-
graph (IMACS) camera on the Magellan Observatory Baade
telescopel (Harris et al. 2012), showed that S50 is cointiden
with an object consistent with being stellar. We used ishape
which determines an object’'s shape parameters by analyti-
cally convolving aKing62 (King 11962) model with the PSF
of the image, which is then subtracted from the input image
of the object itself. From the residual image, the pixelsssre
signed a weighting based on their deviation from other gixel
at the same distance from the center of the object, and then a
reducedy? is calculated. The initial parameters of the model
are adjusted and the process is repeated with the new model
until a minimation of they? is obtained and convergence is
reached. Our best fit witishapeindicates that our object has
a FWHM of 0.02 pc, consistent with a star, and very different
from the typical globular cluster which are generally 2-4pc
size (Harris et dl. 2010), and we do not consider it further.
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TABLE 1
BASIC SOURCEPROPERTIES

Net Counts (0.5 — 8.0 keV)

Source o s 7797 7798 7799 7800 8489 8490 ~Gmax Type Notes

s1 1325M1825 -43°030479 718313 836622 737284 662310 962423 845403 5 Sivakoff et al. (2008)

S2 1325M3806  —43°02056 16850 136%%2 14295 106%)8 185812 1366%02 9

S3 132570270° -430243'3 112G  Fov Fov 91700 157%2 081103 1 NSC

sS4 1325M2616  —430132’6 11044 92 97 897 5587 19 2 lg 0 TBHC D

S5 132570766 -4F0115'3 880 1748 C 17@220 7263 100405 104%06 5 NSC GC0129

S6 1325M06.3C° -43°0221"'1 7458 FoV Fov 6148 1024 6137 6

S7 132570366 -4F0009'5 7541 7878 87101 65 4?, 60 60312 0 NSC D

S8 132522885 -43°01'249 81£g 70523 557%3 82900 6165 6518 0 NSC

S9 132572816 —4F0056'5 539 68492 70 1§3 7475§4 438t 36 0 N

S10 132972745 —4F0214/1 600 sC sC sC 5 451 8

S11 180575457 4259254 408 2785Cc 3138Cc 3B 40 7 53l 0 NSC GC0330

S12 130973245 —4F0V34’2 4835 4968 440/ 2892  44g) 291%8 1 PBHC D

S13 1805725768 -4F0055/’8 4508 443h  419% 208 15 § 41 § 0 TBHC D

s14 1325M2758° -43°00'23'3 40%3 a09i  a21 2088 1 1 0 TBHC D, Burke et al. (2012)

S15 132572643 -aF0054’2 3098 2786 3230 2080 147§52 R 4178 0 N

S16 132573156 -4F0003'0 3033 3283 3381 4000 3540 4092? 1 NSC GC0225

S17 132571280 -aP0r14’6  40%] 318 2881 3280 349 g4l 0 NSC

S18 1325727508 -4P0r28’1 3685 323k 3765 3485 355 364 0 N

S19 1325727088 -4F0159/2 3333 27439 3176 1941 36388 280 0 NSC

S20 132572875 -42759483 28%5 3082 3413 332 328 2580 0 NSC

s21 182572232 -475717/3 2830 1728 3368 244 2861 3180 10

S22 182574050 -APOV14’9 2697 2584 312 2140 1187 3079 1 NSC

S23 182573550° -425935'2 186 2715 280 3085 208 256 6 GC0249

S24 13257110 -4P0010/7 2880 27%2 25 § 25 § 25 3 12 § 1 D

S25 132970056 —4F0529'2 288  Fov FoV sC 6 5 1 NSC

S26 132574658 -42°5703'1 2641 2472 2848 27 > 9 3 22633 2 NSC GC0295

S27 13257307 -4F0606’8 2735 21 32 24% 70 2028 20 § 6

S28 132572416 -425959/4 2688 sC sC 2282 27%g 213} 0 PBHC D

S29 18057330F 4758597 2150 21732 23%2 21 § 5B 2 2 0 NSC

S30 132597120F —4F0044/7 2543 SC sC R 22 8 6

S31 130972357  —4F0220/5 2465 2088 163 2188 21 2422 0 NSC

S32 132970016 4258593 2493 21%% 17 2;31 20 2 2020 1238 0 NSC GC0134

S33 132972357 —4F0U38'4  22F2 sC sC SC 2 248} 7

S34 1325m3334° -43°00'52'7 20§Z 2087 19%2 192 2247 21 : 0 NSC D

S35 1325M1850° -43°01'16'1 4 sC sC sC 2160 1 T GC0182

S36 1325M32018 -43°0231/3 2172 2072 21%2 188l 84l 15 3 2 NSC

S37 13252945 -43°01'08’1 16 § 97777‘ 14 Z 1 213 15 ) 0 N

S38 1325m2285 -43°0017'4 2 924 3 o ¥R 1048 0 BHC D

S39 1325m28428 -43°0315'2 16%3 1872 1637 17132 588 11 - 1 AGN

S40 132572695 -4X0104’8 1788 sC sC sC 1ER 185 0 N

S41 182570606 -43°0052/5 1365 1627 13 > 1640 1263 18 % 1 N

S42 1325M16.40° -43°02'55/1 19(3g 13%% 1378 13 § 1637 1037 0 NSC

S43 1325M2820° -43°02'53'4 15@% 1083 112} 9833 1795 1703 6

S44 1325720065 -43°031071 1663 9453 134; 1245 1461 13 : 2 NSC GC0587

S45 1325"3906° -42°5653'7 78 10%’\; 5125 15 ? 87 12 § 2 NSC

S46 13252515 -43°01'26/'9 148} sC sC sC 1 8 0 NSC D

S47 132572307 -4P0145/6 1393 e sc sC 1% 14744 2 NSC

S48 1325M3242 -42°5850'2 8 1432 10438 1339 87 12 it 1 B NSC GC0230

S49 1325M52728  -43°0546/'4 7% 6132 1O§Z 1083 71§? 13%% 9 GC0320

S50 13251009 -42°5608'3  FoV FoV Fov 138 1248 75 0 FG

S51 1325M4547 -42°58'15'8 1170 1145 1185 12 z 13 é 9 %§ 6

S52 182572550° -4F0V29'9 12748 sC sC sC A 82 0 N

S53 1325M2350° -42°5651/7 11 52 119 13132 1137 959 1293 1 NSC

S54 1325m2363° -43°0325'7 5 5% 66 850 11%3833 2 1

S55 1325m3987 -43°0501'8 116§ 1153 103 o7 92; 87:2 0 NSC GC0266
/4211 3 %8 ? 66

S56 1325M3810° -43°0513'7 6 7 80; 74 8 1 0

S57 1325M55115 -43°01'18"3 9% 961§ 77%§ 84%2 9133 11% 0

S58 1325m24.76° -43°0124'6 2BIR R R sC 7% 1 0

S59 1325m07.715 -42°56'29'8  FoV Fov Fov 663 103 10§§ 2 NSC

S60 1325M2307 -43°01'34’3 1032R  SC sc sC 1 8 0

S61 13251155 -43°0226'3 1034 sc sc sc 7 10&}83 6

NoOTE. — Type column is explained in sectibn P.2, see also the drtaliscussion in sectih 4. N: Within’2@f the Cen A nucleus, R: Source is coincident
with read-out streak, C: Source is coincident with chipeedgpV: Source is outside of the field-of-view, SC: Sourcefesed, GC: Coincident with globular
cluster, D: Coincident with dust lane
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3. SPECTRAL ANALYSIS of a particular spectrum, we binned the parameter values of

Our primary objective is using spectral fitting of sample N+ andI', which describe the spectrum, into a 10000
models to infer the spectral state of each source. Ideally,d"d; the resulting bin widths were used to extend the grid,
this would involve fitting all observations of a given source | N€cessary, to cover the other set of parameter co-orsnat
together, taking advantage of more bins to reduce the high-ThiS approach was intended to prevent the binning being too
likelihood region of the parameter space. A more constchine COarse or fine, the extent of the MCMC-explored region of
absorption parameteNy provides a stronger argument for the parameter space increasing as the number of counts in a
a given spectral state (see secfion 3.2). However, it isiofte VN spectrum decreased. The number of counts in each bin,
the case with joint fitting that spectra from different s;apg ~ normalized by the total number of samples, gives the approx-
a source will produce a best fit that, while well constrained IMmate 2D posterior probability density for té, —T' space.

and even statistically ‘acceptable’, may poorly represeat The probability that the true coordinate is in an overlagpin
true spectra individu);lly. To%ddress thi)é ipssue),/wepdmlgn bin is the product of the sum of the probabilities for all the
comparative test between the spectra to allow us to judge the?Veriapping bins fror(r)1 both distributions. We adopted an a
extent of spectral changes for each source, and thus the-appr Priori threshold of< 5% for determining if two spectra were
priateness of joint fits. Since we allow for changes in lursino  t00 dissimilar to use in a joint fit, and the resulting spéctra

; : ; be seen in our preliminary spectral fitting result
ity for a given spectral state, and only sought to determine a9"oups can . : :

difference in the spectral shape of a source, the normilizat (1 2PI€L3). We show typical 90% confidence interval contours
of each spectrum is kept free in the joint fits. (fewest bins to contain 90% of all samples) of two similar

Spectra were extracted using the CIAO scepecextract ~ SPectrafrom S24 in figufe 1. For a handful 8) of instances
for each observation that had 100 net counts. We chose to  When the behaviour of a source was not clear cut, i.e. spec-
fit only spectra where we had either150 counts in one ob-  'UmA and spectrunB were different, while both were con-

servation, or more than two observations witi00 counts.  SIStent & 5%) with spectrun€ we took the more consistent
of the two groupings, guided by the 90% confidence contours

(i.,e. a noticeable difference in shape inside the parameter

3.1. Spectral Variation space between two groups).

Using the spectral fitting package€SPEC(Arnaud| 1996),
we performed spectral fits using an absorbed power law to 3.2. Spectral Fitting
the ungrouped spectrum, then used the covariance matrix of ) -
each fit in a subsequent Markov chain Monte Carlo (MCMC)  After identifying sets of spectra for each source, we pro-
exploration of the parameter space for each spectrum of eact¢eeded to fit absorbed single-component models to the 0.5-8.
source in the sample. keV spectra, following the prescription of Brassingtonlet a
(2010), who showed that the results from such fits — partic-
ularly the behavior of absorption paramebgr — can give a
strong indication of the actual spectral state of a givemeau
These results are summarised as a scheme for spectral fitting
by means of a flow-chart in Figure 16 lof Brassington et al.
(2010), and we direct the interested reader to inspectltiaig ¢
in tandem with our results. For thermally dominant spectra,
where a disk blackbody component accounts $060% of
the source flux, show a level of absorption significantly abov
3.0 — the Galactic valudNG?®' (Dickey & Lockman 1990) when fit
with an absorbed power law, while a power law dominated
spectrum will have an absorption less than the Galacticevalu
when fit with an absorbed disk blackbody. Nf; is signifi-
cantly above the Galactic value for both fits, then the source
C was deemed to have intrinsic absorption.Nlf was above
NS? for the power law fit but significantly beloN$? for the
2.0 diskbbmodel, then this indicates a thermal dominant spec-
trum with some power law component also present. Con-
versely, ifNy from fitting was zero for both models, then this
was indicative of the source spectrum being dominated by a
steep " > 1.7) power law component with a codT, < 0.5
keV) disc component also present. More specific effects are
discussed in sectidd 4.

T T T We present results of fittingphabsx powerlaw and

05 10 15 phabsx diskbbin Table [3, and indicate in the last column

the spectral state(s) suggested by the Brassington eDal)2

Fo 1 E e MCMC outout binned oveé: andT: for tu . systematic scheme. We emphasize that the results in tlés tab
Lo Exampe - output binneéd ovel and1 1or two spectra  demonstrate a phenomenological test. Sources judgedio be i

ﬁ;ﬁé‘r‘}é’gﬁ)ﬁh%sr%/}’scg,gf'?g&fgrg%g;gﬂ%mti_lht B e Y~ athermal dominant or power law dominant state were subse-

andr" are shared between the two MCMCs. quently re-fit, imposing a lower limit ohly at N$?, and we

refer the reader to Tablé 2 for the realistic source properti

We then tried to compare each spectrum with the (up to) The tendency for so many of the sources coincident with the

five other spectra for a given source. For the MCMC results dust lane to have an inferred intrinsic’ absorption (i,

7798-8489

3.5

25

15 -

Nu
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from both absorbed power law and disk blackbody models tral state of a given source based on the mean absorption cal-
was significantly abov&l$®), meant that we tried to deter- culated from a K-band optical depth map. Due to the extra
mine the ‘true’ absorping column along those lines-of-gigh level of consideration given to the dust lane sources, we dis

for a more realistic and useful comparison. cuss each source in turn below, and where a particular state
is suggested we present it in Table 2. Our spectral diagnos-
3.3. Dust lane sources tic, inferring the state from fitting simple spectral modéds

There is clearly a strong correlation between sources thatouthned in sectiof) 312.
possess intrinsic absorption, according to our method, and 411 S4
coincidence with the dust lane, as expected if the sources B
lie behind or within the dust. To define the spectral states The brightest dust lane source, S4480” from the Cen A
for these sources, we obtain a value df independently — nucleus, coincident with a southern filament of the dustnfro
from the X-ray spectral fitting, and consider the extra ab- the optical depth map we calculatd; = (3.64+ 0.07) x
sorbing column in Cen A as well as the Galactic contribu- 10?* cmi”?, which, while above the Galactic value, is still be-
tion. We converted a K-band optical depth map of the dustlow NRBE(= 6.5 x 1071 cm™). It seems likely that the spec-
lane (Kainulainen et al. 2009) tdy assumingAx ~ 0.09A, trum is dominated by a thermal component; the discrepancy
(Whittef1992) andNy ~ A, x 2.1 x 10?*cm (Gliver & Ozel  in absorption is either a consequence of additional iririns
2009). The meaily was then calculated using the IRAF tool absorption from material local to the source, or the result o
imexam?® for each source coincident with the dust lanes, using some significant non-thermal component contributing to the
circular apertures of radiug’2centered on the source posi- spectrum. The tru&Ty,, may be somewhat cooler than that
tion. TheNZB8 andNf© from spectral fitting were compared found from just fitting phabgdiskbb, as suggested by the
to the mearlNy inferred from the optical depth map at each simulations of Brassington etlal. (2010), an effect we discu
source position, to infer the true spectral state, if pdesib in more detail for S12. Fixind\y at the value obtained from
Dust lane sources that we determined to be dominated by diskhe optical depth map preserves the cool disk temperature in
blackbody or power law spectra are included in Table 2, andspectral fitting. There is a large fall in flux from this source
in Figure$ 2 &3 when the parameters could be constrained. Athe spectral counts falling to 29 in the final observatiomrfro
full discussion of these sources can be found in Sedfich 4.1. over 1100 in the first; however, it is still above our detegtio

limit. The low inner-disk temperature in the thermal state,
3.4. Inter-Observation Variability combined with the high inter-observation variabilitycstgly

We can further our knowledge of these sources by taking theSU39ests that this is a BH LMXB transient candidate, simi-
degree of inter-observational variability into accouneothe 12" © 5184 (Buﬂ‘e etal. 2012). NS LMXBs at this luminosity,
course of our 2 month snapshot. We calculated the netghotoﬁ-x > 10% erg s*, typically have a much flatter spectral shape
flux®® for each source region using the ciao taprateg’, over theChandraband.
after calculating the average effective exposure in thereg
using a 0.5-8.0 keV exposure map. To assess the variability, 4.1.2.57
we calculate the fractional variability of the source, whige For S7 the absorption map gaw = (6.52+ 0.08) x
define for a set of fluxeB; as Emax—Fmin)/Fmax FOr sources 107 cm2, which is belowNf;° but aboveNRB®. This suggests
that are below the detection threshold in some observationsthat the source is behind the dust lane in a thermal dominant
the 90% upper-limitwas used fBfin. We presenttheseresuls  state, but with some power law component present. We are
in Figure[4, where we show the fractional variability ag&ins not able to determine the flux contribution of the power law
spectral parametek{in & I') for a given spectral state. The component. Based on the simulations_of Brassingtonlet al.
majority of sources display 1040% variability over the time  (2010) we estimate the absolute systematic etr®i5 keV
period spanned by the VLP. on the temperature of the disk component.

4. DISCUSSION 4.1.3.512

In this section we first discuss each source coincident with ; _

) . S In the case of S12, the inferredy = (1654 0.2) x
the dust lane in turn, identifying the spectral state outo@t ;21 .2 This is significantly above the vglues foun()j from
favors where possible. We then present the unabsorbed lumig e 14 fitting, and allows for the source to be located with
nosities as a function of key parameters of thermal and poweripe st |ane, rather than behind it. If we assume that the
law dominated states, and discuss the implications andeour o, ce js hehind the dust lane, i.e. has a line-of-sightrabso
ol e on hese esuls e tscuss possble . ton column ot = (165::032) « 10" o™, then e ave

- : : - itting results that were not produced by the simulation work
we are not able to make an adequate diagnosis using simpl f Brassington etal| (2010), wheNR®® went to zero and
models. Finally, we offer an explanation for an apparent en-NF,O less th 'h‘ G I’ . I hich h |
hancement in the number of accreting BHCs found beyond\+~ Was less than the Galactic value, which was the result

the vicinity of the merged late-type galaxy. obtained when the simulated spectrum was a dominant, steep
’ power law component with a cool disk also present. Those
4.1. Dust lane sources simulations were based on a fairly low valueMf, less than

o ) 107 cm™, and so the tendency fod2BB to go to zero
For those sources that are coincident with the dust lane anq1 * Y 1O 9

e . . or instances wherf;® < N$&2°t¢js not surprising, asl;8
where spectral fitting suggests a hiyh we infer the spec- . H H AN
P g sugg YA P will nearly always be less thaNf;° and so the size of the

18 http://stsdas.stsci.edu/cgi-bin/gethelp.cgi?imexami high'l_ike”hc_)Od region Of.t_he parameter space is small.
19 We emphasise that this does not involve assuming a speaidgim To investigate our abl!lty to recover the parameters of a
20 hitp://cxc.harvard.edu/ciao4.2/ahelp/aprates.html heavily absorbed cool disk plus steep power law spectrum,
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we carried out simulations in XSPEC. We assumed a heavilywas in a thermally dominant state. The cool disk at high lu-
absorbedNly ~ 1.6 x 10?2 cm™) cool disk KT, ~ 0.4 keV) minosity, coupled with its transient nature, led us to cadel

and a steep power law' (~ 2.6). Sets of 200 simulated spec- that the source is a BH LMXB candidate. Our fitting results
tra were produced, varying tliéskbbfraction of the total flux ~ for the first group suggests the presence of a power law com-
from 0.1 to 0.9. We then fitteghabsx diskbbto these spec-  ponentin the more luminous state.

tra to look at the effect of varying the initial spectral paex

ters on those recovered by fitting a simple, single component 4.1.6.524

spectrum. We found that the fits recovered the initial preper  Wwhile S24 is coincident with the dust lanes, its position is
ties of the disk when the simulated spectrum was thermally not covered by our optical depth map. This being the case we
dominated, but as the fraction of flux taken by the power law cannot feasibly proceed further with our inference of sgéct
component increased in significance, so the recovered valugtates based on the behavioMNgf, given that our first stage of

of Ny decreased, eventually reachiN§®® comparable with  spectral fitting is highly suggestive of increased linesigfht
that found from fitting the spectra of S12. A consequence of absorption, above the Galactic value.

lower NRBB as the power law contribution increased was that
the recovered inner-disk temperature rose to beyond 1.5 keV 4.1.7.528
This fits neatly with thgphabsx diskbbfit to S12, which has a For S28, we find\y = (7.63+ 0.12) x 10?1 cm2 from the

high value ofkT,, (=3.96,5¢7 keV), implying an unphysically  -pand optical depth map. We fit two groups of spectra for
massive stellar BH. We take this result as an indication thatihis source. For the first group, consisting of spectra from o
our assumption about S12 is correct; that it is obscuredl full gips 7797 and 8490, we find a large uncertaintyNpnfor
behind the dust lane, with a line-of-sighty > 10 cm™,  hoth models, which is consistent with any location relative
and has a spectrum dominated by a power law with somethe dust lanes at thex2evel. The second group, using spec-
small disk contribution. Further simulations suggest ttigh tra from obsIDs 7800 and 8489, haMg significantly above
inner-disk temperatures>(3 keV) are also recovered with a NGactic which indicates that there is significant absorption
less steep power law componeii<(L.5). This is clearly a  along the line-of-sight to the source, which we attributéhte
complicated parameter space, the full properties of whieh @ qyst’jane. For this groug\F° is above the value obtained
beyond the scope of this work to investigate. It is worth not- ¢ 1ha optical depth maps, whild288 is consistent with

ing that these results indicate a significant under-estimat s \alue, suggesting that the source is in a thermally domi

the flux of the source by Just f|tt1r11g simple models; the ac- pan¢ sate. Assuming that the source is behind the dust lane,

tual Lg IS prgPably> 6x 10° erg s, and could conceivably 55 the second set of spectral fitting results suggests, and as

> 10%* erg s?, based on our simulations. Fitting more com- suming a & knowledge ofNFC = 051928 x 1072 cm™2 and

plex (two component) models failed to give accep_table fits NDEE = 0-448'18 « 1072 cn2, then, for the first group, the sit-

or successfully accommodate both components, with poorly ™. — " 015 . o :

constrained parameters. ur?\tlon |s_S|m|Iar Fo that seen in Sl2,lwh¢d§ is consistent
S12 is analogous to S102 in NGC 3379 (Brassingtonlet al. With the line-of-sight value whil&g® is lower but non-zero.

2010), for which simulations indicated that the spectrasver The higher, unrealistic (and poorly constrained), inniekd

dominated by a steep power law with some contribution from temperature of 5.97 keV is consistent with this result, es4g

a cool disk, while a successful fit was achieved using a com-ing that the source is in a power law state during these epochs

bined diskbb+ powerlaw model yieldingkTy, ~ 0.14 and with a minor contribution from a cook{li, < 0.5 keV) disk

I ~ 1.6 andLy, = 1.1 x 10%%rg ™. component.
4.1.4.S13 4.1.8.S34
We calculateNy = (7.9540.13) x 10?* cm™ in the vicin- S34 is close to the edge of the dust lane but is not coinci-

ity of S13, which is below or consistent with ttN§° values ~ dent with the lane itself. The higRy in one of the spectral
obtained, but these are poorly constrained and the fitsare st fitting groups, of which obsID 8490 provided the only spec-
tistically poor withx?2 > 1.3. ConverselyNy is aboveN?®E, trum, prompted us to investigate the line-of-sight absorpt
which is significantly larger thaNG?. As was the case with  USINg th_92 optical depth map; we fouh = (1.10+ 0.08) x

S7, such results are indicative of a thermally dominanestat 10°* cm™?, consistent with the Galactic value. We are not
with some non-thermal emission also present, by which we able to deduce more about the state from this informatian; th
mean that the thermal state contribute80% of the total flux. ~ source could have some intrinsic absorption not presehein t
The inner temperature in the disk of this source is less thanother obsIDs. This behavior is reminiscent of the black hole
that typically seen for NS systems at equivalent luminesiti ~ in globular cluster RZ 2109 from NGC 4472, where the vari-

This source displays high inter-observation variabitity; re- ~ ation in Ny is believed to be the result of a photoionizing,
mains in outburst throughout the length of our observations high-velocity wind (Shih et al. 2010). However, S34 is much
This variability coupled with the low inner-disk temperetu  fainter than this class of system, and the apparent increase
suggests that this system is a BHC LMXB, though exami- in absorption could be an effect of incorrectly modelling th
nation of further observations will be required to show more Poundary layer emission, or the absorption may be a real ef-
substantive evidence of the transient nature of this source  fectand the system is at a high inclination, undergoing g lon
period of dipping.
4.15.514
S14 is a transient source, analysis of which has previously 4.1.9.538
been reported in Burke etlal. (2012);;° was larger than the S38is only detected in obsID 8490. From the optical depth
value inferred from the dust lanBi2B8 was found to be con-  map, we infelNy = (4.544 0.07) x 10?* cm™ for this source.
sistent with this value, which led us to conclude the source This is consistent wittNGEE and significantly less thaN?°,
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suggesting a source in the thermally dominant state with an
inner disk temperature 0.65 keV, similar to S14, albeit at a TABLE 2

. . 7 <1 . . . SPECTRAL FITS USING INFERRED DOMINANT MODEL(0.5-8.0KEV)
lower luminosity ofL, ~ 5.5 x 10°” erg s, which points to it
being a transient BH LMXB candidate.

Source NH KTin Lx (05-100keV)  x?/dof  Note
4.1.10. S46 1072 cm2 keV 107 erg st

The X-rays from S46 would only experience an absorption DBB
column ofNy = (2.81+0.08) x 10?* cm? if the source is be- 0 14 175 20 o241
hind the dust laneNf° is less than this line-of-sight value, S3 0088-33 1‘84;-33 245 -25’39‘272-32 1207/140
and consistent wittNSactic while NDBB tends to zero, sug- > 0658133 06 03 21'06%04"3;49%09 2069/203 D
gesting a source in front of the dust lane, in a power law dom- 5S4 0593 040033 6.1557 100/14 D
inated hard state. S7 05189 1491 186}5,27.218  2715/256 D

42 BH & NS LMXBs ] 008332 1.93% 1571131 219118  1357/132
T . i S8 08333 11743, 1419137 2107212  87.8/87

None of th8e sour_(ies in our sample is conflrmed_to have s13 0401 08RL,  1057821441% 1107/89 D
Ly > 4 x 10°® erg s?, compared to 3 sources apiece in S13 0303 0561 4345563872  375/30 b
NGC 3379 and NGC 4278 in the samplel of Fabbiano et al. o2 o1 1-26'52.681-77
(2010). We caution that our sample is drawn from within S13 0358.5 0.7 o1 1;6 . 449/33 D
the half-light radius, as opposed Bys, on account of the ~ S14 03701; 06150  7.00;33 12338  720/71 D
relative proximity of Cen A. In addition, Cen A is a slightly =~ s14 081528 05208 18874 146/27 D
smaller galaxy withMg = —21.1 (Ferrarese et &l. 2007) com-  s19 009% 1501 5450927508  1193/135

pared t0-22.28 and-22.02 for NGC 3379 and NGC 4278  ,,

. X 008393 14718 49P1 6.4PTE  636/67
(Cappellari et all_2006), and the LMXB population scales 08 o1 B85 04878 /

with galaxy mass to first order. While we also exclude the >2° oofos  17Ghig  61%%.70%3  516/60  GC
sources that vary during the course of an observation or are S28 1183° 20487 116212119;]  348/28 D
close to the Cen A nucleus for a later study, it is unlikely 31 008503 108313 4012542023  397/43
that these sources hatg > 5 x 10° erg s (Table[1) un- s31 012038 0.08027 3.10% 133/12
less the intra-observation variability is extreme. Assugni S32 008097 166027 52602, 6563 282/50 GC
the XLF follows an unbroken power law, withN/dL ~ KL* 13 55 19 7 57204
ando = -2 (Ki s ! S32 0081s 165035  5.46019,767%  160/16 GC

a = -2 (Kim & Fabbiano 2004), and assuming there are s34 0082 1003 4708261980  526/67
~ 40 sources between 2 x 10*” erg s and~ 10°® erg s* 02 oe0z e 6
(Table[1), therk ~ 10% and there would be- 8 sources be- >0 06 043 0'65(8)-1; ?:;8%170 46 78/9 b
tween 168 erg s* and 5x 10® erg s* and we would expecta 544 0ogyg 121830 24187729378 293/42  GC
single source in % 10*® erg s to 10 erg s. These values =~ S45 o187 1655  2863°3657°  285/21
are consistent with our results.

We present the thermally dominant and power law domi- PO r
nant spectral properties in Figutds 2& 3, respectively.itn F
ure [2, we plot the unabsorbed disk luminosity against inner- S3 Q1x} 1257 362%3°.382Z[ 1096/117
disk temperature for the thermally dominant states (naie th S5 01159 1195 2937;37.365653, 180214  GC
one point is representative of one ACIS spectrum, as we al- sg aogl3e 131928 2111232 232/34
lowed for normalization, i.e. the flux, to be a free parame- g 0Ly 1242 1352187 173/23  GC
ter during fitting), and we show illustrative bands of consta s11 0Pl 15019 1244137 16654 723/73  GC
mass for 1M, 5Ms and M, assuming a non-rotating com- g oo L
pact object/(Gierfiski & Doné 2004), the width of the bands ~ S16 0143  15%i7 1005:g3 1426155 1265/129 GC
shows the variation with inclinatioi, from co®) = 0.25 to S17 016015 1483 1077;13,133%°" 931/105
cosd = 0.75 (for which we use correction factors presented S20 017339 174818 843P 11253, 835/113
in [Zhang et all 1997), and we assurhg = 1.8. What is S22 008l 198038 5.850.88 134/14
most striking is the apparent bimodal nature of the thermal ¢,; Ollgﬁzl 211847 6.24166 14/15
H H 111 * .21 <7073
state sources, between those that are consistent withthoe to s29 01012 18024  58e8l 6 es08  @51/64
right of our 2V, band, and those to the left of thé/5, b. &1 8551 80076655 1/
In Figure 6 of Burke et al[(2012), we presented a population S36 02093° 239§ 4967335085  238/23
of Local Group thermal states, all of which lie to the left of ~S42 0137 16935  397%,5063  465/44
our supposedi, line. The fact that the bulk of our sources  sa6 011342 16138t 30009942825  282/27 D
lie to the7right gf this Iline, withkT, > 1 keV in the range of s47 011926 18605° 32608235279 147/23
e i s e ety et our el sy ouily 2y smBosul a9
. S55 019038 17288  3341%6 43623  151/14 GC

We suggest tentatively that this result is reminiscent ef th
well-known ‘mass gap’ probleri (Bailyn etldl. 1998). The S59 01997 1575 29194331403  9.8/12
mass distribution of compact objects in transient systems
strongly deviates from theoretical predictions, with areha NOTE. — Spectral fitting results with the appropriate simple mddether-
acteristic paucity between the most massive NSs3¥) mally dominant DBB) and power law dominanfQ) states, witiNy forced to
and the least massive BHs, while the mass distribution of be above the Galactic value to reach a better estimate ofotlrees luminosity.

. . GC denotes that the source is coincident with globular efushile D indicates
BHs is seen to peak at 8My. If not a systematic effect  hata source is in the vicinity of the dust lane.
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(e.g.[Farretall 2011; Kreidberg et al. 2012), then this fea- by obsID 8490, witHog;o(S/H) ~ 1.1 and a 90% confidence
ture in the mass distribution favours ‘rapid’ initial stallcol- lower-limit of ~ 0.6 in obsID 8490. That a source displays
lapse models of supernovae, where initial instabilities\gon quasi-super-soft behaviar_(Di Stefano & Kong 2003) at low
timescales of 10-20 ms (Belczynski etlal. 2012), over modelsluminosity butl® ~ 2 may indicate that S25 is a classical nova.
that require more prolonged instability growtis 00 ms). S35 is only detected in obsID 8490, but in fitting simple
To quantitatively test if these data are distributed binligdia models we are not able to constréf such as to show that
this plane, we first calculate a ‘mass’ for each source basedt is above, below or consistent witdS?. All the parame-
on the observed peak luminosity, assumingtce$.5. We ters are poorly constrained, but taken at face valud tloe
then fitted* both a single Gaussian, and then dual GaussianskT;, are not inconsistent with NS LXMBs. The variability
to the observed mass distribution and from these fits cakeula demonstrated by the source would be consistent with a tran-
the Akaike’s Information Criterion (AIC)_(Akaike 1974) for  sient atoll-type NS LMXB towards the peak of outburst.
both models. The dual Gaussian fit had means (standard de- We believe that S45 may also be a transient NS LMXB in
viations) of 1.93 (0.76 Mg and 15.74 (8.46M, while the outburst. It displays significant temporal variability oike
single Gaussian was centred on 5.6 (7.8&). The AIC for course of the six observations, and appears to be in a ther-
the single Gaussian fit (=114.11) was larger than that of themally dominant state with an inner-disc temperatiifg ~
dual Gaussian fit (=83.66), such that the latter was strongly1.3-2.3 keV, consistent with disc temperatures obtained from
favoured, with the single Gaussiama x 107’ times as prob-  Agl X-1 (e.g. [Lin et al/ 2007), which we suggest is an ana-
able as the double Gaussian. These results are the first hirlbgue to this source.
that the mass gap exists outside the Local Group. ] . . .
BH systems do not have thermal emission from a bound- 4.3. 548: A high magnetic field NS ina GC?
ary layer, as one would expect from the NS LMXBs. The S48 is a peculiar source. Coincidence with a
flatness of the S3 and S5 spectra, which our method sug-spectroscopically-confirmed GC means that it is highly un-
gests are power law dominated with ~ 1.2, is more con- likely to be a background AGN or foreground star. The spec-
sistent with the spectra of LMXB NS Z-track sources than trum is well-fit by a power law model df ~ 0.7 experiencing
those of BH sources in the hard staté.at- 10° erg s. We negligible absorption, and a good fit cannot be achieved for
know this based on simulating the spectra of NS LMXBs us- the thermal model (Tabl€ 2). The luminosity of S48 makes it
ing the model and parameters reported by Lin et'al. (2012),unlikely to be a cataclysmic varla_\ble, but it is similar toRG
who modeled the spectra of a bright NS LMXB, GX17+2, us- J17361-4441, a hard X-ray transient detected by INTEGRAL
ing a combination of disk blackbody, blackbody, and a power in the Galactic globular cluster NGC 6388 (Ferrigno et al.
law component that is significant only on the Z-track hor- 2011), which is possibly a high-magnetic field binary such
izontal branch. Regardless of whether this is a physically as GX 1+4 |(Paul etal. 2005), and has a similar power law
correct description or not, it is clearly a good phenomeno- slope. The spectra of these sources are well described by a
logical description of the spectral shape. At similar count cut-off power law ofl" ~ 0.7-1.0 with a high energy cut-off
rates to S3 and S5, we find that the parameters of this multi-at 25 keV (Bozzo etal. 2011). The spectral shape is consis-
component model are poorly recovered by a two-componenttent with the compact object being a highly magnetized NS,
phabgdiskbb+ bbody) fit, but that the shape of the spec- the emission emanating from accretion colum_ns that impact
trum is typically well-described by a shallow power law of the NS surface. Young, highly magnetized radio pulsars have
I' ~ 1.0- 1.4, which does not vary substantially between Z- been observed in GCs by Boyles et al. (2011), so this is a
track states over th@handrabandpass. For what is judged to  plausible explanation. However, such sources typicalimsh
be the thermally dominant state of 3@, is higher than for short-term.modulat|on onascale ofa fe_w hc_>ur$ (C}orbet et al.
the BH candidate systems. We therefore conclude that S3 an2008); while we do not detect any variability inside of any
S5 are candidate Z-track sources. observation (Tablgl 1), such modulation might be too small to
The power law states do not show a bimodality as we seebe detected.
for the thermal states, but they are consistent with Galac- ;
tic NS and BH XBs, and there appears some slight favor- 4.4. Uncharacterised Spectral States
ing of steeper” at lower luminosities. However, such an  There are a handful of examples of spectra that could not

effect was also seen by Fabbiano etlal. (2010), whose limit-be formally distinguished by our method (Sectlonl 3.2). In
ing luminosity for spectral fitting was much higher. In Figur ~ the case of S29, S32, S34 and S36, we are able to determine

9 of [Brassington et al[ (2010) it is shown using 1000 count the spectral state for a subset of the observations but not fo
simulated spectra that the changdimvith flux contribution ~ others that we had previously shown to have a different spec-
favoured larger values from spectral fitting, particulaidy ~ tral shape. In the case of S29, obsID 7798, the source may
cooler disks. It is conceivable that this effect becomesemor be experiencing an increase in absorption or some interme-

pronounced when there are fewer counts. diate stage as it moves away from the hard state, as is the
_ _ case with S34 obsID 8490. In obsIDs 7797, 7798 and 8490
4.2.1. NS Transient Candidates of S36, we findNy consistent with theNG?' for both mod-

Of the less luminous sources that do not appear to be BHC<els. With the point estimate &2 much closer to zero, we
we find that S25, S35 and S45 display extreme variability. could tentatively suggest that this source remains in a powe
S25 is only bright enough for spectral fitting in one obser- law dominated state throughout, the spectra becoming harde
vation, where we determine the source to be in a power lawat certain times. We note that the softer state of this sazoece
dominant state. While the source is always above our detecincides with its most luminous epoch, reminiscent of Gatact
tion limit, the flux falls to~ 20% of the initial value after NS LMXBs such as 4U 1635-536, the spectra of which tend to
obslID 7797, and the spectrum becomes dramatically softeharden as the source reaches its lowest outburst lumiessiti

In S31, there are two clear examples that seem to favor a ther-
21 Using the functiorfitdistr, part of the MASS package in R mal shape, but there is also clear evidence of a much harder
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FIG. 2.— X-ray luminosity against inner-disk temperature fiatss deemed to be in the thermal state. Diagonal bandsegpreonstant mass fdeft to right)
10 Mg, 5 M and 2 M; non-rotating compact objects. The width of the bands shewessaumed inclinatiofi of cosf = 0.25 to cod) = 0.75.

state in ObsIDs 7798 & 8489 where it becomes more difficult incident with the dust lane, only one source, S39, appears to
for the fit to constrain the absorption column. For S32 obsID experience excess absorption by our diagnostic. Inspeafio
8490,Ny could not be constrained for either simple model.  the spectra of this source in more detail has led us to coeclud
that it is a background AGN, with a redshifted Fe line-at
4.5. A different population? keV present in the spectrum. o _
Spectral fitting of simple models indicates that 6 of the 8 The good agreement between sources coincident with the

sources we highlight as being coincident with the dust Ianeglfl;éﬁgecjﬂ?mghsotfgntqatsﬁoszgtsss tﬁgf?ggggl(f&gg?eio et?e
(Table[1) experience a greater line-of-sight absorpti@nth gly sugg P

d : ence additional absorption from the dust lane, and validate
that provided by Galactic column alone. The two sources thatOur orevious analysis in sectich 4 using a K-band optical

were consistent withis*', S34 and S46, are on the edge of the oy map o estimate of the average in the vicinity of
dust lane, they are thus the worst candidates for coiNCEIENC o0 source (with the exception of S24, which is not within
and were labeled as such out of caution. Of sources not co-
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filling its Roche lobe, the masain M, will be related to the
orbital periodP in hours bym ~ 0.11P (Frank et all 2002),
which means that the companion star must be bleamst1

4mo® M. Itis likely that the donor is more evolved, particularly in
a BH LMXB transient & 0.75Mys, King et al.|1996), and
therefore the actual main sequence lifetime of thdMg
donors is shorter. The majority (70-80%) of stars in the halo
of Cen A were formed 12 1 Gyr ago, with the rest formed
from some event 8-10 Gyr later (Rejkuba ef al. 2011). There-
hpe fore the majority of stars in the halo hame< 1M, which
= + 58 accounts for the relative absence of bright BH LMXB tran-
o100 ey sients. Inside the late-type galaxy the star formation iste
] v s17 at least 0.1 M, yr'%, though could be as high as 1.Mr™
5 o (Marconi et al 2000); therefore there is a population>of
e $25 %M@ donors to feed the accreting BHs by Roche lobe over-
@ S36 Oow.
& 542 It has been proposed that the two ULXs in Cen A are BH
b LMXBs observed in the so-calleditraluminousstate (e.g.,
TS Gladstone et al. 2009) &t > 10*%rg s* and in quiescence
2007 F A S50 with Ly < 10% erg s*. These sources have not been observed
10 5 20 25 30 in the ‘classic’ BH LMXB states| (Remillard & McClintock

2006) withL, 103" — 10°° erg s%; the non-UL outburst lumi-

nosity of these sources is unknown and therefore they should

not be compared directly with the dust lane BHCs until they
FiG. 3.— X-ray luminosity against photon index for those staketermined have been observed beIow3iOerg sl put above the de-

to be power law dominated. tectability threshold. In these relatively atypical sascit

is not yet clear how the orbital period and peak outburstiumi

nosity are related, which complicates direct comparisah wi

the dust lane sources.

If confirmed, the above explanation for the lack of BHC
transients outside of the late-type remnant also accoonts f
the results of Kim & Fabbiana (2010) for a sample of other
nearby early-type galaxies, who found the population of

dust lane systems, S12 & S28, possess very co6l4 keV) S(_)l#’CGSl withLy > 4 x 10%%rg s* d|]rcn|t?|sg_ed S|gn|f|cantl>;(LF
disks with a strong power law component, mildly suggesting With €ar y-typeaage, alsteepenm% of the Ect:ete so_ur(;:e
that they also possess BHs. This result indicates an enhance’'e re_commre]zn ?f()p” at]|con gynlt esis wor | € carfrle out to
ment of classic BHC transients inside of the merged late-typ 'nvestigate the efiects of a declining population of transi
galaxy relative to the halo.We note that previous studiegdid B} LMXBS with s%ell?]r age.l We also lsuggest. ?1 %iep t;gon"
tified the two known ULXs in the south-west quadrant of ]Eorlrr:g campaign of other ear y-tyfpe galaxies with Chantira,
Cen A as transient X-ray binaries that are strong BHCs (e.qg., urther investigate occurances of transient BHC XBs.
Ghosh et al. 2006; Sivakoff etlal. 2008). Although their pres
ence strongly suggest that there is a population of transien 5. CONCLUSIONS
BHCs outside of the merger region, neither source would have Our investigation into the X-ray binaries of Cen A has
been identified as a transient based on the observations wéund:
consider in this paper. As such, we exclude them from our i) The population is mostly NS LMXBs, with 6 BH can-
analysis. didates, four of which are inferred as such from the inner-
Previously, hardness-intensity or color-color diagramgeh  disk temperature in the thermal state and inter-obsemailtio
been used to indicate which sources in a sample are heavilyariability, and two from the inferred presence of a cookdis
absorbed or not, but these were not ideal for giving an indica at a high luminosity. The proximity of Cen A, coupled with
tion as to whether the sources themselves were similaryas anthe depth of the VLP data, means that this is the only early-
further difference in hardness or color could be ascribedéo  type galaxy where it is possible to perform detailed spec-
additional (unknown and unconstrained) absorption. Thesetral fitting to sources in the classic XB luminosity range of
results from detailed spectral fitting clearly point to parkar 10°"-10%8 erg s, similar to those sources we observe in the
types of source being present in the late-type galaxy tleat ar Milky Way. As a population of NS LMXBs outside of the Lo-
absent from the rest of Cen A. cal Group, these are older analogues of sources that hame bee
We propose a straightforward explanation of the lack of studied since the dawn of X-ray astronomy. We identify two
BHC transients outside of the late-type remnant. An emagliric  sources that we suggest are Z track systems, based on their
relation exists between orbital period and peak outburst-lu  spectral shape, unabsorbed luminosity and persistentanatu
nosity (Wu_ et al. 2010), with larger luminosities produced b ii) There is some evidence that the mass distribution of
the systems with longer orbital periods. For transient$ tha compact objects is bimodal, and there is tentative evidehce
contain BHs, this luminosity exceeds®@rg s*, which cor- the so-called ‘mass gap’ between2.5-5M, that has been
responds to an orbital period ef 10 hours, based on the observedinthe population of Galactic transient LMXBs.sThi
Wu et al. (2010) relation. For a main sequence companionis the first time that the mass gap has been hinted at outside

the FoV of the map), and then infer the dominant component
in each of the spectra. This technique assumes that theesourc
are completely behind the dust lane, and thatNhedoes not
vary substantially over a’2radius region, while in reality the
material is likely to be clumpy and non-uniformly distriledit

Our four transient BH LMXB candidates are all dust lane
sources, and are observed wkf, < 0.9 keV. Two further
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FIG. 4.— Inter-observation fractional variability agairfseft) thermal state inner-disk temperatures @gRayht) Power law state photon indices.

the Local Group.

stellar populations are known, coupled with stellar popaia

iii) Besides the two known ULXs in Cen A, the only black synthesis work, is required to investigate the robustnitbso
hole candidate transient systems we can identify are foundexplanation.
coincident with the dust lanes that arise from the merged lat
type galaxy. These are four transient BH LMXB candidates
observed in the thermal-dominant state. We propose thet thi

is simply the result of stellar age; the older populationtafs This work was supported by NASA grant NAS8-03060.
in the halo is unable to supply Roche lobe-filling companions MJB thanks SAO and the University of Birmingham for
that are required for the transient BHCs to have outburdt pea financial support. RV is supported by NWO Vidi grant
L > 10%erg s. This also explains other recent results that 016.093.305. GRS acknowledges the support of an NSERC
show a steepening of the XLF of early-type galaxies with-stel Discovery Grant. We also thank Rudy Wijnands, Vinay
lar age forLy > 4 -5 x 10%erg s*(Kim & Fabbiano 2010), Kashyap, Jeff McClintock, Andrea Prestwich, Rob Barnard,
as such sources would require more massive companions th&kim Dong-Woo and Alastair Sanderson for useful discus-
have long since evolved off the main sequence. Similar anal-sions. Finally, we thank the anonymous referee for thee-car
ysis applied to other early-type galaxies where the agdsoft ful consideration of our work.
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TABLE 3

CEN A SOURCES SPECTRAL FITTING AND STATE IDENTIFICATION

Source ObsIDs Nf© PO 14(05-100keVF©  x?/dof NQBB KTPBB L, (05-100 keV)IPB®  x2/dof State
1072 cm2 10%7 erg s 10%2cm?2  keV 106¥ erg s
S3 77977800 013098 125013 36.22%,38.221 1096/117  Q003% 261532 30.323,31759 1067/117 P1
S3 84898490 021397 150011 3172150728 131/140 Q04585 19221 24518 39223 1186/140 T1
S4 77977798 77997800 125041 376312 93772482 166214238  2412/203 065397  0.64503  21.06533,37.4%41  2069/203 [
s4 8489 2RI 5078 62447 105/14 05948  0.4Q1L 6.150:19 100/14 [
S5 77977800 84898490 011388 1.1083 29.413,36.633 180/214  Q00%%9, 2833l 24.912,3112% 1857/214 PLN
S7 779777987799849078008489 08Kl  1.9%12 28828 42038 2757/256 051957 1.4 18615,27.218 2715/256 [
S8 779777988490 02%8 15814 206186 2844214 128/132 Q0% 19P2® 1571141 219118 1357/132 T1
S8 7799 we3ls  1.31528 2111252 232/34 0000, 2075%% 16.828 27.6/34 P1N
S8 78008489 02319 15717 186138 2758228 87.6/87 004558 1873, 141937 2107212 87.8/87 T1
S11 7797 ®7RE 126032 1353 17.3/23 000209, 2.197¢ 10823 17.8/23 P1N
S11 78008489 8490 00l 15418 12414 16,612 723/73 000293, 1.66329 9.52115 12514 83/73 PLN
S12 779777987799780084898490  07%21  1.1X18 163518 265423%  1508/157 4P 3.96713 1449191 23523 1536/157 [
S13 S7797,7798 8490 0932, 29731 27051935 3685355  122/89 0431 0831, 1057331441198 1107/89 [
S13 78008489 102857 399t1s 225780 3310031 413/30 03P 056517 434232 6.33372 37.5/30 [
S13 7799 ®034 333 3579328 582/33 0352 071518 1165288 44.9/33 [
S14 77977798 7800 09501° 381932 314177 554307 781/71 03712 06139  7.00124 1233207 72/71 [
S14 7799 65048 466078 192838 199/27 081328 05238 188} % 14.6/27 [
S16 779777987799780084898490 014538 1.5¢01° 10.0}1,14.3H8 1265/129 000?93, 1.67918 7.500:88 10,513 1337/129 PLN
S17 779777987799780084898490 0163 14551l 1077418 13431 931/105 Q00335  1.98324 82188, 1028528 925/105 P1
S19 779777987799780084898490 035513 18452, 7.91137 1108135 121/135 Q0P 15221 5.450.92 7.5.85 1193/135 T1
S20 779777987799848984907800 01793, 174518 8438 1125180 835/113  0cPPy, 145513 5.980. 12, 7.940.34 90.2/113 PLN
S22 7797 @da  1.8%48 5.61%93 129/14 000209, 116228 421904 209/14 P1N
S22 779877997800 8489 8490 021313 17922 6.905-33,8.83107 601/67  000%%%, 1.6%12 494514 6.400.78 60/67 T2,M3,|
S24 7797 ®603, 154232 1068281 9.4/14 01326 18512 7.8011% 8.6/14 NA
S24 779877997800 8489 064328 17283, 10472,12.8%% 748/67 033 16838 7.318:85,9.03121 67.2/67 [
S25 7797 a2t 211247 6.2415¢ 14/15 000209, 1918 428032 141/15 P1N
S26 77977798 7799 7800 022813 15721 82993817 491/60  00R8L3  1.84832 6.14592,7.038 o, 50.3/60 T1
S28 77978490 051352 0874l 1201781707254 175/27 044336 56002, 1112831574358 17.0/31 [
S28 78008489 166303 171542 1658519169538  367/28 110085 2.0 1162478 11917 34.8/28 [
S29 779777997800 84898490 016312 1.85)22 5.86081 6.653.57 651/64  00C°%9, 1281 4.00033,4.45082 80.2/64 P1,N
S29 7798 ®P35% 25508 10.3058 9/10 038032 1.045%2 5.141.24 8/10 [
S31 779778008490 02601 2083t 62313 651128 30/43 00008 120631 391032 4.0938 37.4/43 T1
S31 77988489 oocRg2  1.2929 6.311-89,6.691-99 213/27  000g82  1.85588 472410 517138 245/27 NA
S31 7799 ®R% 2581 6.24334 137/12 0183 09838 3.10054 133/12 T1
S32 77977798 7799 7800 026018 161328  7.22118 89gl-32 265/50  003%%2 17638 5.275.94, 6.58113 27.5/50 T1
S32 84898490 000299, 1.3%23  7.181-3% 1061330 13/16 a00?Py,  1.85% 5.451:30 7.752:2 143/16  T2,M3,I,N,M2
S34 77977798 779978008489 03218 15528 623038814113 482/67  0083%  2.00538 472088 619,93 52.6/67 T1

V U3D ul saleulq Ael-x

qT



TABLE 3 — Continued

Source ObsIDs NF© PO 14 (05-100keVF°  x2/dof NGBE  KTPBB [, (0.5-100 keVPEB  y2/dof State
10?2 cm2 10%7 erg s 102 cm2 keV 10¥7 erg st

S34 8490 ®7%5 226082 11.34481 8.5/13 04934 13036 6.461-23 7.3/13 [
S35 8490 ®138, 18127 8.0242, 7.1/10 020049 1499 5.28,28 6.9/10 NA
S36 779777988490 02002t 1.5403¢ 45034 731134 305/31  00%% 171530 320082 517299 29.7/31 NA
S36 77997800 020028  23%8 4962115085 238/23  000°%%, 087312 2.85042,2.928:30 334/23 P1,N
S38 8490 uge 3873 31.341264 6.1/9 060052 065028 5.483.58 7.8/9 I
S39 779777987799 093043 198048  7.0528% 028332 37.2/30 041837 16505 445073 5.80L98 41.3/30 [
S39 779978008490 092045 2343 81138, 10085 196/26 0423 12238 428090 5.461-18 21.3/26 [
S42 779777997800 8489 8490 01022 16438 39787 5.06:58 465/44  000P%0, 1.38323 2.783.28 3.54078 44.7/44 PLN
S44 779777997800 84898490 030029 2033 37138443729 302/42 00183 130822 2.37542,2.8359 284/42 T1
S45 779878008490 04833 176037 407337519137 277/21 01828 16877 2.863.85,3.650.78 285/21 T1
S46 779784898490 01153 16135  3.00837.4.28532 282/27  000%3% 151348 2.16379,3.1308 26.3/27 P1
s47 779784898490 011926 186052 326082 352013 147/23 000209, 113028 2.16345 2.32053 17.3/23 P1N
S48 779884907799 000293, 075522 5.17449.6.97-%° 12.8/18 NANA NANA NA,NA NA/NA M2
S53 779778008490 030332 2293 3255839138} 16/19 000%09, 1.0732% 1.93837 2.2804° 17.8/19 P1N
S55 779777987799 019955 17288 334152436 151/14  000°%%, 1.42333 2.27585,2.9452, 17/14 P1N
S59 84898490 011342 15757 291078 314022 9.8/12 000?93, 1.5557% 207387, 2.358 106/12 P1N

NOTE. — Results from fitting absorbed power laR@) and disk blackbody@BB) models with all parameters free to vary and 95% confideniesvials. The state column denotes the spectral states t
given set of spectra are consistent with, based on the fita¢igin scheme proposed by Brassington kf al. (2010). Tatels a thermally dominant state, P indicates power law mlmistate, M suggests tha
there is significant, unmodelled emission from another camept ¢ 30—40%), N suggests a result was not-produced by the Brassimg@l. (2010) simulations and | indicates there is additidine-of-sight
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absorption, when both simple models hawe significantly above the Galactic value. The extent to whiatomponent dominates is indicated by the associated nuriaeer] implies the state is almost

completely dominated by that component, while 2 indicaltes there is some unmodelled component also present. MzmiN,S’BB = QOOE"&QZ for some fits are the result of not being able to constrain an
upper-limit in Xspec. We believe the source to be in the pdamsrstate at these times, Wimﬁo consistent with the Galactic value. In the state column,’‘ti#otes where no inference can be made regarding
the state (see sectibn #.4) and for S48 shows where no fit bewddhieved (i.ex/dof > 2), which is discussed in sectibn 4.3.

@ Minimal and maximal values dfy are shown for absorbed power law (PO) and disk blackbody (DB&dels

a



