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ABSTRACT

We report new detections of the two transient ultraluminous X-ray sources (ULXs) in NGC 5128
from an ongoing series of Chandra observations. Both sources have previously been observed L, (2-
3)x ~ 103 erg s7!, at the lower end of the ULX luminosity range. The new observations allow us
to study these sources in the luminosity regime frequented by the Galactic black hole X-ray binaries
(BH XBs).

We present the recent lightcurves of both ULXs. 1RXH J132519.8-430312 (ULX1) was observed at
L, ~1x10% erg s7!, while CXOU J132518.2-430304 (ULX2) declined to L, ~ 2 x 1037 erg s™* and
then lingered at this luminosity for hundreds of days. We show that a reasonable upper limit for both
duty cycles is 0.2, with a lower limit of 0.12 for ULX2. This duty cycle is larger than anticipated for
transient ULXs in old stellar populations.

By fitting simple spectral models in an observation with ~ 50 counts we recover properties consistent
with Galactic BH XBs, but inconclusive as to the spectral state. We utilise quantile analyses to
demonstrate that the spectra are generally soft, and that in one observation the spectrum of ULX2
is inconsistent with a canonical hard state at > 95% confidence. This is contrary to what would be
expected of an accreting IMBH primary, which we would expect to be in the hard state at these
luminosities.

We discuss the paucity of transient ULXs discovered in early-type galaxies and excogitate explana-
tions. We suggest that the number of transient ULXs scales with the giant and sub-giant populations,
rather than the total number of XBs.

Subject headings: galaxies: elliptical and lenticular, cD — galaxies: individual (Centaurus A, NGC
5128) — X-rays: galaxies — X-rays: binaries — X-rays: individual (1RXH

J132519.8-430312,CXO0U J132518.2-430304)

1. INTRODUCTION

Ultraluminous X-ray sources (ULXs) are X-ray point
sources with isotropic luminosities > 1039 erg s, dis-
placed from the nucleus of their parent galaxy. Our
knowledge of such systems has increased dramatically
in the Chandra and XMM-Newton eras, where high spa-
tial resolution coupled with large variability has supplied
strong evidence against the high luminosities resulting
from source superposition. These luminosities are an or-
der of magnitude above the Eddington limit L g44 of ac-
creting neutron stars (NSs) and therefore it seems likely
that ULXs possess black hole (BH) primaries.
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The key debate in ULX research concerns the mass
of the compact object. Stellar mass black holes, which
have an empirical mass distribution peaked at ~ 8Mg
(Ozel et all 2010; [Kreidberg et all[2012), would have to
be emitting 2 Lpq4q, while some analyses favour an expla-
nation involving intermediate mass black holes (IMBHs)
of M > 10°Mg accreting at a fraction of their Eddington
rate. The existence of IMBHs has implications across a
broad range of astrophysics including the studies of stel-
lar populations, gravitational wave astronomy and the
origins of super massive black holes.

1.1. Transient ULXs

Most ULXs are observed to be persistent over multi-
epoch observations, and consistently at luminosities
above 103 erg s™! (Colbert 2004; Liu et all[2006). How-
ever, we are now aware of a handful of transient ULXs
that experience large long-term variability over many or-
ders of magnitude, rising to L, > 103 erg s™! from be-
low the typical detection limits of extragalactic X-ray
binaries (XBs). The study of such transient sources is
important because they must cross the luminosity range
typical of Galactic BH XBs during their rise and decay.
If a ULX can be observed during such a transition we can
attempt to determine whether it behaves like an ordinary
stellar-mass BH, in terms of its spectral transitions and
timing properties, or whether it is a fundamentally dif-
ferent type of accretion phenomenon in the ordinary BH
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luminosity regime.

Few transient ULXs are known due to the lack of reg-
ular deep X-ray monitoring for every galaxy over a pro-
longed period. It may prove to be the case that outburst
durations are ~ 10—-100 years, particularly for sources
agsociated with old stellar populations (Piro & Bildsten
2002), which is longer than the Chandra and XMM
eras. A handful of sources have now shown variabil-
ity and outburst timescales comparable to Galactic BH
LMXBs, with luminosities on occasion 2> 103? erg s
and <1038 erg s™' at other times. These ULXs have
been detected in both starburst (e.g. [Feng & Kaaret
2007; ISoria et alll2012; Bauer & Pietsch2005) and early-
type (e.g. Kraft et alll2001;[Roberts et alll2012) galaxies.
Outburst durations and recurrence times remain largely
unconstrained, but some outbursts have remained bright
(> 1039 erg s71) for over a year (Soria et alll2012). Seem-
ingly persistent behaviour is a common feature of bright
(> 8 x 10%® erg s7!) sources in early-type galaxies (e.g.
Irwin 2006), and outside of globular clusters the high ac-
cretion rates implied by such luminosities suggests that
the sources may have started to accrete comparatively
recently. An empirical, scattered correlation between
outburst duration and orbital period has been demon-
strated for Galactic XBs (Portegies Zwart et all 2004)
and a stronger correlation found between the peak L,
and orbital period by (Wu_ et alll2010). This leads us to
predict that the population of bright low mass X-ray bi-
naries is dominated by large period (> 30d) systems with
an evolved companion, experiencing large outbursts with
larger recurrence times.

The physical origin of the distinction between the
transient ULXs and the persistent sources remains un-
known. The majority of Galactic BH low mass X-
ray binaries (LMXBs) are transient, experiencing out-
bursts on timescales of weeks to months, recurring on
months to years (for review see [Remillard & McClintock
2006). It is thought that transient behaviour is the result
of the disk instability mechanism (DIM) (Lasota 2001
which has been successful in explaining the limit-cycle
behaviour observed from the lightcurves of low-period
cataclysmic variables (Smak [1984). Transient behaviour
should occur from below a critical accretion rate, above
which the entire disk is always warmer than the ionisa-
tion temperature of hydrogen (= 6,500 K) and emission is
persistent. In LMXB, irradiation of the outer disk by the
central X-ray source should mean that this threshold is at
a lower accretion rate than for CVs (Dubus et al! 2001
and less than a few percent Eddington, a prediction that
was recently found to be in good agreement with the ac-
cretion of Galactic sources (Coriat et all 2012). A ques-
tion that remains regarding transient ULXs is whether
they are IMBHs that outburst via the DIM and ob-
served at a fraction of their Mgy, or ordinary stellar
BHs accreting > Mgqq. Maccarond (2003) showed that
the transition from the soft to the hard state before qui-
escence occurs at a few percent Eddington for Galactic
BH XBs, and [Maccarone et all (2003) showed that this
is also the case for super massive BH accretion in AGNs,
and also that the low/hard and quiescence are indistin-
guishable (albeit softening slightly with decreasing L.,
Constantin et all2009). This similar behaviour observed
at the extremes of the BH mass spectrum suggest a com-

mon accretion behaviour that should be applicable to
the complete range of BH masses. An IMBH of 1000M
would have Lggg ~ 1.5 x 10* erg s7!, and therefore for
L, <103 erg s the accretion rate is much less than
1% Eddington, and the source spectra should be hard.
In contrast, BH XBs at peak L, are usually in the so
called steep power law (aka very-high) state, before dim-
ming into the canonical thermal dominant state, when
the thermal emission from the disk dominates the spec-
trum. Therefore evidence of a soft or disc-dominated
spectrum at sub-UL luminosities argues against accreting
IMBHs. 1t is for this reason that Hyper-luminous X-ray
source HLX-1 has been dubbed the ‘best’ IMBH candi-
date to date as the spectra are consistent with canonical
thermal dominant and hard states at 10*2 erg s™! and
1040 erg s71, respectively (Servillat et all[2011).

The identification and classification of ULX optical
counterparts are problematic, as observations of the host
galaxies are often unable to resolve the dense stellar
fields, nor deep enough to place meaningful constraints
on the color via a significant non-detection. The greater
abundance of ULXs in late-type galaxies, particularly
star-forming regions (Swartz et all[2009), suggests young
donors may reside in the majority of systems. Those
companions that are identified are often blue, which may
indicate an OB donor (e.g. [Liu et all 2004). However,
for some sources it has been shown that the blue light is
only present during the X-ray outburst, which suggests
that the optical light is mostly reprocessed emission in
the disk (e.g. Soria et all[2012). Recently, an HST cen-
sus of optical counterparts in nearby (< 5 Mpc) galaxies
(Gladstone et alll2013) reported upper limits of M, = -4
to =9 for 9/33 systems, ruling out O type companions for
4, and used SED fitting to rule out a further 20 O-types
and an OB donor completely for one ULX in NGC 253.
The nature of the counterpart is important in the context
of the IMBH debate, as massive donors should produce
persistent X-ray sources unless the compact object is very
massive (King et all 2001), which is the dichotomy be-
tween BH HMXB and BH LMXB donors observed in the
Milky Way (Remillard & McClintock [2006). For tran-
sient behaviour to occur for M ~ 5-20 Mg donors from
a young stellar population, the compact object must be >
50 Mg (Kalogera et all[2004). A ULX with a B9 super-
giant donor in spiral galaxy NGC 7793 that was recently
observed to vary between L, ~ (5=400) x 1037 erg s™*
(Motch et al., in prep.) would have violated this hy-
pothesis, as the BH mass is constrained < 15 M. How-
ever, the authors argue that this is not a true transient,
but rather that it is a high inclination source where the
fainter state results from obscuration by the precessing
disk rim.

1.2. NGC 5128 ULXs

NGC 5128 (Centaurus A) is the nearest optically lu-
minous early-type galaxy, situated at a distance of 3.7
Mpe (Ferrarese et all 2007), with Mp = -21.1. Two
ULXs are known in Cen A, both of which are tran-
sients. The first ULX (1RXH J132519.8-430312, herein
ULX1) was discovered by ROSAT (Steinle et all 2000)
and re-detected near the start of the Chandra era
(Kraft et all2001; |Ghosh et all2006). The Chandra de-
tections showed a soft spectrum, well described by a cool
multi-temperature disk blackbody or a steep power law,
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and from this we infer L, > 103 erg s™'. The luminosity
may have been as high as 5 x 10%? erg s in the ROSAT
HRI observations.

Six 100 ks Chandra observations of NGC 5128 were
taken in 2007 as part of the Cen A Very Large Project
(VLP), spanning the course of 2 months (Jordan et all
2007). Over the course of these observations a second
ULX was discovered (CXOU J132518.2-430304, herein
ULX2, [Sivakoff et alll2008). Its spectra were reminiscent
of the steep power law state; it softened during the course
of the outburst, as would be expected for a BH LMXB
entering the thermal dominant state. The spectra were
modelled using thermal disk blackbody and power law
components. Returning to study these spectra, we note
that the inner-temperature of the disk is cool (0.6-1.0
keV) for a stellar mass BH at such a high luminosity,
and the normalisation of the component requires an inner
disk radius of &~ 19 km for a face-on disk, much smaller
than the innermost stable circular orbit for a ~ 10 Mg
BH. Therefore the disk component is unlikely to be a
physical description of the actual disk, and the source
has spectra consistent with either the steep-power law
or the so-called ‘Ultraluminous state’ (Gladstone et al.
2009). Unambiguously distinguishing the ultraluminous
state relies on high quality data with a enough sensitivity
above 5 keV to detect the high-energy rollover with si-
multaneous low temperature disk blackbody in the spec-
trum. This feature is hard to detect with Chandra, which
has a smaller collecting area than XMM-Newton.

Previously, we have shown that the transient BH
LMXB candidates of Cen A, analogous to the BH
systems of the Milky Way in terms of transient be-
haviour and thermal state spectra, are only associated
with a merged late-type remnant (Burke et all 2013).
We suggested that the merged late-type was a more
favourable environment for such systems to exist owing
to the ancient stellar population of the halo (~ 12 Gyrs,
Rejkuba et all 2011) resulting in a relative paucity of
massive enough donors for the longer orbital periods re-
quired to achieve the observed luminosities. ULX1 and
ULX2 are in the halo of Cen A, to the south-west of
the nucleus, and are therefore associated with an older
stellar population than the more typical (in Milky Way
terms) BHC LMXBs that are associated with the late-
type galaxy remnant.

In this paper we report on a series of Chandra observa-
tions since the 2007 VLP. We use the VLP observations
to show the lowest upper limit for the quiescent state
of ULX1, and report on subsequent detections of both
ULXs. Both sources are detected at luminosities sub-
stantially sub-Eddington for a 10 My BH LMXB, and
we take advantage of a rare opportunity to study the
spectra of ULXs during their decline from outburst. We
discuss spectra, recurrence times and duty cycles and
show that these are further evidence of the connection
between ordinary stellar mass BH LMXBs and ULXs,
and argue against the need for IMBH primaries in these
systems. Finally, we discuss the lack of transient ULX
discoveries in early-type galaxies.

2. DATA PREPARATION AND ANALYSIS

Since 2007, Chandra observations have been made as
part of the HRC Guaranteed Observation Time program
(PI: Murray), amounting to a series of regular 5 ks ‘snap-

shots’ and a single 50 ks observation (ObsID 10722). We
previously presented data from some of these observa-
tions in table 1 of Burke et all (2012), and in addition to
this we now include three further datasets, obsIDs 13303,
13304 and 15294 made on MJD 56031, MJD 56168 and
MJD 56387. These data were reduced and aligned to the
other Cen A Chandra ACIS observations in the man-
ner detailed by [Burke et all (2013). We make use of the
VLP data to obtain deep upper limits on the emission
from ULX1 during 2007.

2.1. Observed Count Rates

With the objective of securing count rates for the ULXs
in the post-VLP observations, and upper limits for ULX1
in the 100 ks observations we used MARX[ to define el-
lipses around the positions of both sources describing the
90% PSF at 8 keV. This was adequate to avoid source
confusion in the snapshot observations, but in some of
the 100 ks observations the positions are so much fur-
ther off-axis that the position of ULX1 overlaps with a
bright neighbour, so that source regions could only be
defined for three of the VLP observations. For back-
ground, we defined a source-free rectangular region based
on the merged observation file, to the north of the ULXs.
We used the ciao tool aprates to estimate 90% confi-
dence count rates and upper limits, which we present as
a lightcurve for both ULXs in Fig.[Il The detection count
rates are substantially smaller than when the sources
were observed in the UL regime; ~ (1-5)x 1073 s7!
down from ~ 8 x 1072 s7* in the UL regime. From the
VLP observations, the lowest upper limit for ULX1 is
5x 107 s7', which assuming a power law described by
photon index I" = 1.7 experiencing Galactic absorption,
is an upper limit of L, ~ 106 erg s™! over 0.5-8.0 keV.

We combine three of the ~ 100 ks observations (ob-
sIDs 7797, 8489, 8490) to obtain the deepest upper
limit to ULX1. We obtain a count rate limit of 5.34 x
107 57!, corresponding to a luminosity of L, ~ 1.2 x
1036 erg s™'. Similarly we measure a combined upper
limit of 1.6 x 10™%s™! over obsIDs 13303, 13304 and 15294
subsequent to the latest detection, which means that
L, <10% erg s7L.

We combined obsIDs 11846, 11847 and 12155 to calcu-
late average count rate for ULX2. Running wavdetect, as
before, identified the source in the combined image (there
was no detection by wavdetect in obsID 11847 alone)
and measure a count rate of 3.2173:23 x 107 s (90%
confidence). This would correspond to a (0.5-8.0 keV)
luminosity of 5.8 x 1036 erg s™!, with an upper limit of
1.2 x 1037 erg s7'. Given the subsequent detection in ob-
sID 12156, this suggests that the source remained in out-
burst after obsID 10722, lingering at L, ~ 10%7 erg s7'.
A combined measurement including obsID 12156 has a
count rate of 6.6732 x 107 s™1. We measure an aver-
age upper limit of 3.0 x 107 s7! (L, < 10%7 erg s7!) over
obsIDs 13303, 13304 and 15294.

Finally, we tested the intra-observational variability
of the sources, for each individual detection, using the
ciao tool glvaryA (Gregory & Loredd[1992). No variabil-
ity was detected, and the variability indices were < 1.

1 http://space.mit.edu/cxc/marx/
2 http://cxc.harvard.edu/ciao/ahelp/glvary.html
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TABLE 1
NET COUNTS (0.5-8.0 KEV)

ULX 10723 10724 10725 10726 10722

11846 11847 12155 12156 13303 13304 15294

1 <5.9 <26 <26 <59 <43
2 20.179:¢ 9.9%6¢¢ 6.5:58 <49 455133

<32 <32 <32
<3.8 4.378 32

24.2'27 <26 <26 <26

38 8685 <35 <32 <26

NOTE. — Net counts and 90% upper limits for each new observation of ULX1 and ULX2.

TABLE 2
HARDNESs RaTIOS (0.5-1.5 KEV)/(1.5-8.0 KEV)

ULX 10723 10724 10725 10722 12156

1 _ - . - 1.20*%?
2. 0.66 1.0 0.50 +0:89
2 1.6272-82 0.5470:58 0557398 1.14783¢  0.6375-5%

NOTE. — Hardness ratios calculated using BEHRs (Park et _all
2000). Confidence intervals are 68.5%
Significant variability is defined as variability index of at
least 6.

2.2. Spectral fitting

We attempted fitting simple spectral models to the
more count-rich spectra. ULX2 in obsID 10722 has ~ 45
counts, and in obsID 10723 has ~ 22 counts. Using the
modified Cash statistic (Cashl [1979; [Arnaud et all[2011)
(aka ‘W’ statistic) in XSPEC we fit the ungrouped spectra
using simple power law and disk blackbody models (powerlaw
& diskbb, respectively). In fitting the low count spectra in var-
ious joint fits we could not achieve a good fit, with 95-100%
of Monte-Carlo goodness-of-fit simulations possessing a lower
test statistic then that achieved in fitting. For obsID 10722,
we found converging fits with an absorbed power law model
(phabs x powerlaw) and an absorbed disk-blackbody model
(phabsx diskbb). We initially left the absorption parameter
Ny free, to make use of the diagnostics of |[Brassington et all
(2010) which we applied successfully in Burke et al. (2013)
to infer the spectral states of many X-ray binaries in Cen
A. However, the Ng recovered from fitting had large un-
certainties that rendered such inference impossible, and the
point estimates tended towards zero. When Ny was fixed
to the Galactic value (8.4 x 10** cm™) the diskbb fit yields
kT = 0.7470:33 keV with L, ~ (0.7-1.6) x 10%” erg s™. The
fit is acceptable, as Kolmogorov-Smirnov & Anderson-Darling
testdd produce values that are consistent with simulations, i.e.
‘goodness test” of 2000 samples shows that = 40% of reali-
sations produce smaller test statistics. We present the inte-
grated counts of ULX2 during obsIDs 10722, 10723 and 10724
in figure [3 together with the best fitting diskbb model and
confidence reg7ion for obsID 10722. For an absorbed power
law, T =2.2*0-L and L, ~ (1.1-2.2) x 10*” erg s, with ~ 20%
realisations produced better values of the test statistic.

2.3. Quantile Analysis

We have a very rare opportunity to try to infer the spec-
tral state of ULXs in the non-UL regime. However, in our
observations there are often too few counts to perform reli-
able spectral fitting (see section 22 for discussion). Hardness
ratios, the traditional workhorse of X-ray astronomy, are de-
pendent on the subjective choice of energy bands. For ref-
erence, we present hardness ratios for these detections in ta-
ble Pl calculated using the BEHRs softward]. The spectra

3 Available in XSPEC 12.8.0
4 http://hea-www.harvard.edu/AstroStat/BEHR /#refs

TABLE 3
MEDIAN ENERGIES (KEV)

ULX 10723 10724 10725 10722 12156
1 - - - - 1.44t§~§i
2 11737 1.8310-24  1.3913-28  1.3013-13  1.5610-33

NoOTE. — Median energies of ULX1 and ULX2, with 1o un-
certainties as calculated by [Hong et all (2004).

with the most counts, obsIDs 10722, 10723 are the softest,
and while the lower-quality spectra appear harder, they are
not significantly so. Quantile analysis maximises the use of
all the photons detected. Using the source and background
regions described in section 2.1l we extracted the spectra from
the observations where a given ULX was detected. We em-
ploy techniques and software described by [Hong et all (2004,
2009), who showed that the median energy E., is a superior
tool to hardness ratios for inferring spectral states. Our 5
detections of ULX2 and new detection of ULX1 all have < 50
counts per observation. We present the median energies and
1o uncertainties from the individual detections in table [3]

Hong et all (2009) define what they call a ‘quantile color-
color diagram’ (QCCD) to separate sources into spectral
groups. The axes of these plots are an expression of F,,
(in terms of the bounds of the energy band, x-axis) and the
ratio of the energy of the 25% to the 75% quantiles (x3, y-
axis). For our purposes this was not an informative diagram
for comparing the spectra, as the uncertainties in the y coor-
dinate were too large to determine if any spectral changes had
occured. We therefore focus on the behaviour of the median
energy.

A key issue that we wish to address is whether ULXs ex-
perience canonical BH LMXB spectral states in the classic
luminosity regime. As discussed in § [T} opinions on this are
divided into whether ULXs transition to a hard state (power
law dominated) as they leave the UL regime (as would be
expected for an IMBH, which would be at a few percent Ed-
dington), where they remain in quiescence, or whether they
enter a thermal dominant state first, as is seen for the ma-
jority of stellar mass BH systems. To this end we include a
small grid of parameters for absorbed power law spectra in
Fig. We present this next to the QCCD datum of ULX2
from obsID 10723, as this F,, is at the most extreme posi-
tion from the grid (see below). [Hong et all (2004) state that
the estimated uncertainties are possibly over-estimated by as
much as 20-30% in the < 30 count regime, where most of
our detections lie. To determine how extreme this F,, would
be for a source in the hard state, we simulated many spectra
described by a power law of I' = 1.5-2.1 with the same num-
ber of counts (& 22) as obsID 10723, calculated E,, for each
spectrum, and then found the proportion Pr of simulated
spectra for each I' that had F,, smaller than that measured
from obsID 10723 (Fig. [2).

Fig. shows that for obsID 10723 we can exclude an
absorbed power law of I' < 2.2 at 95% confidence. A
source in the canonical hard state would be well described
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F1G. 1.— X-ray lightcurves (0.5-8.0 keV) since 2007 for (left) ULX1, including the VLP observations, and (right) ULX2. Arrows denote
90% confidence upper limits and obsIDs are labelled. We obtained a detection for ULX2 using obsIDs 11846, 11847 & 12155 (Section [Z).
On the right of each lightcurve we show log;(Lz), for a range of power law spectra with I' = 1.5-2.5. Note that obsID 10722 is an ACIS-S
observation and the log,y(Ls) were calculated using webPIMMs for ACIS-I observations.

by a power law of I' ~ 1.7, with I' = 2.1 at the most
extreme for GRS 19154105 (based on values quoted in
Remillard & McClintock 2006). However, some authors sug-
gest that GRS 1915+105 does not experience the canonical
hard state (Reig et alll2003), and the hardest spectra for the
canonical hard state have I' ~ 1.9, and tend to be for the
sources that peak at lower luminosities. therefore it seems
unlikely that the source is in the BH LMXB low/hard state
during this observation. We find that I' = 1.5 is still allowed
at the 20%, 10%, and 30% levels for obsIDs 10722, 10725,
and 12156 respectively, and ~ 10% for ULX1 in obsID 10726,
so for these detections, this method is inconclusive. There-
fore it seems that the source is not in the canonical hard
state in at least one of the snapshot observations. That the
spectra appear to harden during the decline in luminosity is
consistent with the transition from the thermal dominant to
low/hard state, a fortiori because the hardest BH XB spectra
are associated with this transition [Wu & Gu (2008).

It is suggestive that the subsequent observation, obsID
10724, is the furthest median energy from obsID 10723, (ta-
bleB) and has a median energy consistent with a grid of power
law states (Fig.[2). Tentatively, this is indicative of the source
moving from a soft, higher luminosity state, to a harder, lower
luminosity state, as observed for the Galactic binaries as they
return to quiescence. Spectral fitting obsID 10722, for which
we have the most counts from a single observation, showed
no preference between power law or thermal dominant states.
However, fitting both spectral models recovered parameters
consistent with those of the Galactic BH XBs.

3. DISCUSSION

This work focuses on a series of regular Chandra observa-
tions of Cen A to search for recurrence of the two known
ULXs. These sources are transient in nature, and only a
handful of similar sources (observed Lz > 103§ erg s and
L, < 10% erg s in separate epochs) have been reported.

The Cen A ULXs have been documented at L, >
10* erg s, with count rates of (7-8) x 102 s™* (Ghosh et _all
2006; [Sivakoff et all 2008). By contrast, we present new de-
tections in the (0.5-5.0) x 107 s™ range. If one assumes a
canonical hard state for all detections, i.e. a power law of
I" ~ 1.7 experiencing Galactic absorption, this equates to lu-
minosities ~ 10%” —=10*® erg s™'. For the low counts regime,
estimating the exact luminosity will of course vary by a factor
of a few depending on the assumed spectral model. This is an

opportunity to examine ULXs at substantially sub-Eddington
luminosities, and compare them to Galactic BH XBs.

3.1. Spectral States

Galactic BH XBs typically emit the most energy as X-rays
in the thermal state, where the contribution of comptonized
emission to the spectrum is low. Physically, it is thought that
the softer state results from the exposed optically thick, ge-
ometrically thin accretion disk, which is well-described by a
disk blackbody. In this model, the temperature T;,, of the in-
nermost part of the accretion disk is recoverable by perform-
ing detailed spectral fitting, and for stellar mass BHs kT;,
~ 1.0 keV (but can reach 1.5 keV, e.g. [Sobczak et all 2000).
The temperature of the disk scales inversely with radius from
the center of the compact object, and as more mass leads to
a larger ISCO, therefore more massive objects have cooler in-
ner disks. In terms of accretion rate m, thermal states are
observed between 0.03—-0.5 Eddington for stellar mass BHs;
however, it was noted by|Soria et all (2009) that ULXs are not
in the thermal state at peak luminosity, remaining hard dur-
ing any variability. A possible explanation is that such hard-
state ULXs are IMBHs (Winter et alll2006), that never reach
accretion rates m = 0.03, high enough to make them switch
to the thermal state, even at their peak luminosities. Alter-
natively, if ULXs contain BHs of stellar origin (M < 100Mg ),
their broad power law-like X-ray spectrum at peak luminos-
ity may be the result of Comptonization in an optically thick
medium (Roberts 12007; [Gladstone et all [2009); they would
not be in the thermal dominant state because m 2 1. In the
latter scenario, we predict that the thermal state may be seen
in transient sources during their decline, when 0.03 <m < 0.5,
before they switch back to a hard state for m < 0.03. Failure
to see transient ULXs passing through the thermal dominant
state is either due to the very small number of such sources
observed so far in the right accretion regime, or suggests that
not all BHs necessarily switch to the thermal state during
their outburst evolution.

The results from quantile analysis for the two transient
ULXs in Cen A support the possibility that ULXs enter the
canonical thermal state when they decline to lower luminosi-
ties. Both sources have spectra consistent with those of XBs
at 10% erg s, and in one observation of ULX2, obsID 10723,
we can exclude the hard state with > 95% confidence based
on the median energy of the spectrum, while analysis of the
other spectra were inconclusive. At even lower luminosities,
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Fic. 3.— Integrated counts (Empirical Distribution Function)
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( 0.33

section[22)) from obsID 10722 (red line) with 90% confidence region
(shaded) .

Ly ~2x10% erg s_l, there is tentative evidence of a harden-
ing of the ULX2 spectra, consistent with the behaviour of the
canonical low/hard state. No intra-observational variability
was detected from these sources using the ciao tool glvary,
as would be characteristic behaviour in the hard state; how-
ever, we are skeptical as to whether such variability would be
detected, and note that it has previously not been detected
using higher-quality data from hard state sources in Cen A

). These spectral results broadly support

m~2. Each point represents a sample of 1000

the argument that these ULXs contain stellar mass BHs.
The detection of ULX2 in a thermal state at ~ 10%® erg s
is consistent with other work on transient ULXs. A transient
source in M31 that peaked at between (2-5) x 10%° erg s
ULXs using XMM Newton, had spectra that were de-
scribed well by a dlSk blackbody model down to L, ~ 6 x
10°® ergs™ (e.g. 2012; Kaur et all 2012;
[Esposito et all [2012). Steep power law spectra (mterpreted
as near-Eddington states) and soft states have been in-
ferred for the %lobular cluster transient ULXs in NGC 4649
(~(2-5) x 10° erg s, [Roberts et all 2012) and NGC 1399
(5 x 10%® erg s [Shih et all R010), respectively. As a possi-
ble exception to this trend, a transient ULX in NGC 3379
(Brassington et all 2008) has been inferred progressing to a
hard state at ~ 1 x 10%° (Brassington et all [2012), and while

the source was later detected at ~ 2 x 103" erg s™!, there were
too few counts to determine if the spectra remained hard.

Based on our inferred spectral properties, we estimate the
source luminosity based on the appropriate model. Assum-
ing that ULX2 is in a soft state in obsID 10723, we take
the spectrum of the source to be dominated by a kT;, = 1.0
keV disk blackbody experiencing Galactic absorption (Ng =
8.4 % 10%° ¢cm™ s71), then the observed 90% confidence count
rate corresponds to L, ~ (0.5-1.3) x 10%® ergs™ in the
0.5-8.0 keV band. In terms of systematic differences in
the parameters of this model, changing kT;, to 0.5 keV only
reduces the maximum luminosity by ~ 10%. ObsID 10723
has the highest count rate observed in the post-VLP obser-
vations, and therefore it is secure to state that our subse-
quent detections of both ULXs are below L, ~ 10%® erg s™*.
Slmllarly we estimate the luminosity in obsID 10722 to be
~2x10% ergs™!

3.2. Outburst Duration

It is clear that both ULXs spend an appreciable amount of
time in outburst. ULX1 has now been detected in three sepa-
rate epochs (1995 with ROSAT, 1999 and 2011 with Chandra)
with secure non-detections between them down to an interest-
ing luminosity (< 10*” erg s*). In contrast, ULX2 remained
undetected until 2007, and the number of outbursts that we
have witnessed is less clear-cut. There are two reasonable sce-
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narios; the first is that we have witnessed a single outburst
that was at UL luminosities in 2007, decayed from 10°® erg s™*
down to = 10%7 erg s between MJD 54835 and MJD 55082
(April-September 2009), and then, because this is approxi-
mately the detection limit for a 5 ks observation, remains on
the cusp of being detected. The second possibility is that
there have been two outbursts, one in 2007 and another in
2009, of which we onl7y witness the egress, and then the lumi-
nosity stays at ~ 10%” erg s™! for hundreds of days.

The overall behaviour of ULX2, while similar to other tran-
sient ULXs, is not directly analogous to any of the Galactic
BH LMXBs. In terms of the shape of the lightcurve, very
few are seen to outburst longer than a few hundred days, and
certainly not as long as a thousand (Remillard & McClintock
2006). However, some show signs of slow decays the end-
points of which are unknown owing to the end of observa-
tions, such as V404 Cyg, which was probably still active after
cessation of observations 150 days into its 1989 outburst (e.g.,
Chen et alll1997). The long period spent at lower luminosities
for ULX2 is reminiscent of Swift J1753.5-0127 which has been
seen to linger at lower luminosities an order of magnitude or
more below the peak luminosity for > 1500 days as of May
2010 (RXTE, I[Soleri et all 2012), displaying both hard and
soft spectral states during the lingering stage. However, the
peak luminosity of J1753.5-0127 is probably not much more
than 10%¢ erg s™', and therefore the low/hard state is close
to what would be considered quiescence for a lot of sources.
The comparably low luminosity may be a consequence of the
tightness of this particular system (Porp ~ 3.2 hr).

Alternatively, it is perhaps only the persistent systems with
higher mass companions that would potentially give similar
lightcurves if sampled with Chandra from Cen A, such as Cyg
X-1, LMC X-1 and LMC X-3. The transient source GRS
1915+105, which has been in outburst since 1992, could be
a more pertinent comparison, depending on whether ULX2
has now returned to quiescence or is still in outburst, below
10%7 erg s71.

3.3. Duty Cycle

The duty cycle d is defined as the ratio of the time spent in
outburst of the total time spent in outburst and quiessence.

For ULX1, let us assume that an outburst lasts a max-
imum of ~ 500 days (Fig. [1]), which is consistent with the
~ 800 day upper limit of [Steinle et all (2000), and also as-
sume that we have observed every possible outburst (3) since
1990. Then it would seem that a reasonable upper limit for
durx1~1500/8000 ~ 0.19, as the outbursts will probably be
shorter than 500 days, which compensates for the possibility
of there having been unobserved outbursts.

ULX2 was first detected at the start of the VLP (MJD
54181) and the outburst lasts at least until the end of ob-
sID 12156 (MJD 55552), assuming a single outburst. This
places a secure upper limit on the time spent in outburst
of at least 1553 days (Fig. ). Under the two-outburst sce-
nario, the shortest possible outburst durations are 69 days
(MJD 54228 from MJD 54181) plus 899 days (MJD 55734
from MJD 54835) in the second outburst, giving 968 days in
outburst over the 20 years of observations. For ULX2, the
longest reasonable 7,,+ =~ 1600 days, yielding duyrx2 ~ 0.2,
similar to ULX1, while a lower limit based on ~ 970 days
observed in outburst gives durx2 ~ 0.12.

To emit persistently at UL luminosities, a low-mass donor
would be exhausted on timescales 10° years after the initial
mass transfer is triggered, assuming radiative efficiency n =
0.1. However, the Cen A sources reach the ULX threshold
only for a fraction of the time, their luminosity averaged over
the the outburst phases is only ~ 103" erg s™, corresponding
to M ~ 107 Mg yrt. If they do have duty cycles as high as
20%, this implies that their donor stars can sustain them for

a characteristic timescale of 1 Gyr after the onset of mass
transfer. Based on this characteristic behaviour, we speculate
that ULX behaviour is associated with an evolved donor star
(subgiant and red giant phases).

3.4. Other Early-type Galazies

We investigate an apparent paucity of ULX transient can-
didates in other early-type galaxies compared to Cen A. Only
two other such sources are known, which are globular cluster
ULXs in NGC 3379 and NGC 4649 (Brassington et al![2012;
Roberts et all 2012). [Zhang et all (2012) showed there are
approximately 12—13 ULXs in a sample of 20 large early-type
galaxies that included NGC 4649 and NGC 3379 but excluded
Cen A, suggesting that transient candidates typically make
up only ~ 15% of the ULXs in early-type galaxies. To evalu-
ate the unusualness of the lack of discoveries we examine the
large ellipticals NGC 4472 and NGC 4649, which have 171 and
168 XBs above a limiting luminosity of L, ~ 6 x 107 erg s™*
(completeness corrected, see [Zhang et alll2012). By contrast,
Burke et all (2013) showed that Cen A has ~ 35 sources above
this luminosity, two of which are ULX transient{]. Scaling
the number of ULX per number of LMXBs leads to an ex-
pectation of ~ 10 transient ULXs per galaxy. To date, only
one confirmed ULX with transient-like behaviour has been
observed in either (in NGC 4649, [Roberts et all [2012).

Is it strange that only one such source has been detected
given that we expect each galaxy to possess ~ 10?7 To an-
swer this we have to consider the respective observing cam-
paigns for NGC 4472 and NGC 4649. We simulated 10° on-off
lightcurves for a range of duty cycles, where we define an ‘ul-
traluminous’ duty cycle dy 1, which only considers the period
of time spent L, > 103 erg s™ (i.e. where ‘on’ corresponds
to Ly > 10% erg s™' and ‘off’ represents some less luminous
epoch) and folded these through the respective Chandra ob-
serving campaigns. To register as a transient ULX, a source
had to be observed in both regimes by the sequence of obser-
vations. In Fig. 4] we present the proportion p of simulated
lightcurves that registered as transient ULXs against dyr. To
judge how unusual a detection of one source in a given galaxy
is, we take an expectation value E,;,;(= 10) modified by p
such that E!,;, = pEyu. (e.g. in Fig. @ for NGC 4649 where
Eue. =10, E' <6 for all dur). For an observed number of
transient ULXs Oy, given an expectation number E{M we
assessed the likelihood function L(E.,;,|Ouiz) = P(Ouiz|Flyy)
for Oy = 1. This is simply the poisson probability where
A= E!,., which we plot as a secondary y-axis in Fig. @, tak-
ing Fyi = 10.

For NGC 4472, Fig. [l shows that a detection of 1 or fewer
sources is indeed unusual at 95% confidence for dyr = 0.1,
and for NGC 4649, this is closer to 0.2. These values are
consistent with the outburst duty cycle d discussed in §3.3]
and by definition d,; < d. Therefore, at least two possibilities
exist to account for the scarcity of similar sources identified
in NGC 4472 and NGC 4649. Firstly, the duty cycle of the
UL regime may be small, < 10%, which would be consistent
with our results, and detections unlikely from the current set
of observations. Secondly, it may be wrong to assume that
the number of transient ULXs scales with the total number
of LMXBs. There may be other properties of the stellar pop-
ulations that are enhancing the creation of transient ULXs
in Cen A compared with those other two galaxies. In par-

5 [Burke et all (2013) studied sources inside the half-light radius
of Cen A, whereas Zhang et al. looked at sources within the Das
ellipses; however, [Voss & Gilfanov (2006) showed that the back-
ground sources became the major contributor to the point source
population of Cen A at the half-light radius, with only ~ 10 LMXBs
beyond this point. [Zhang et all (2012) corrected for background
sources in their population study, so it is valid to compare these
numbers.
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ticular, the evolutionary stage of the donor star may be a
key factor. It has been tentatively suggested that ULX2 has
a K giant companion (Sivakoff et all 2008); more generally,
we speculate that transient ULXs in an old population are
mostly associated with low-mass donors in the subgiant or
giant stage, because those evolved donors are more likely to
provide the mass transfer rate required to achieve ULX lu-
minosity. If so, the number of ULX transients in a galaxy
may be proportional to the number of evolved stars, which
is a function of both age and total stellar mass. The stel-
lar mass of Cen A (M. =~ (1-2) x 10" M) is almost three
times lower than the stellar masses of NGC 4472 and NGC
4649 (M. = 3.2 x 10" M), based on their K-band bright-
nesses (Ellis & O’Sullivan 2006) and stellar mass-to-light ra-
tios (Humphrey et all |2006), and assuming a Kroupa IMF
(Kroupa 2001). However, ~ 20-30% of the stars in the Cen

A halo are ~ 4 Gyr old (Rejkuba et all [2011) by virtue of
its more recent merger, while the characteristic age of the
stellar population in the other two galaxies is ~ 10 Gyr. Us-
ing Starburst99 (Leitherer et all [1999; [Vazquez & Leitherer
2007; [Leitherer et all2010), we estimate that NGC 4472 and
NGC 4649 currently contain ~ 1.2 x 10° subgiants and giants
each, while Cen A contains = (0.6 -1.2) x 10° evolved stars.
Therefore, in this scenario F,; is similar in all three galax-
ies and a non-discovery is consistent with the small-number
statistics.

Regular, short observations of all three galaxies over an
extended period of time would allow for a better determina-
tion of dyr and distinction between the effects of observa-
tional bias and host galaxy in the detection of transient ULX
sources.

4. CONCLUSION

We report on the latest detections of the two known ULXs
in Cen A and present the count rate lightcurves in Fig[ll
These sources are at substantially sub-Eddington luminosi-
ties. We place the duty cycles in the range 12-20% and it
seems likely that much of the time in outburst is spent at
luminosities of a few 10°7 erg s™. Both sources are currently
at luminosities below 1037 erg s™, based on combined limits
from the three most recent observations, and may have gone
into a quiescent state.

The available evidence from studying the spectra of these
sources at lower luminosity favours stellar mass BH pri-
maries that occasionally emit at Eddington/super-Eddington
isotropic luminosities, rather than IMBH accretors. This is
consistent with other recent studies of transient ULXs at sub-
Eddington luminosities.

We attempt to account for an apparent lack of transient
ULXs in other, much larger early-type galaxies. While this
could be accounted for by the majority of such sources spend-
ing only a small amount of their outbursts in the UL regime,
our total knowledge of transient ULXs suggests that it is not
uncommon for them to spend over a year at such luminosi-
ties. It seems likely that the number of transient ULXs scales
not with the XB population, but with the size of the subgiant
and giant populations, which are comparable between Cen A
and the larger galaxies. This is consistent with the tentative
suggestion that ULX2 has a K giant companion.
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