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1 INTRODUCTION

ABSTRACT

We present the results from an X-ray and optical study of a new sample of eight extreme lu-
minosity ultraluminous X-ray source (ULX) candidates, which were selected as the brightest
ULXs (with Lx > 5 x 10*° ergs~!) located within 100 Mpc identified in a cross-correlation
of the 2XMM-DR1 and RC3 catalogues. These objects are so luminous that they are difficult
to describe with current models of super-Eddington accretion on to all but the most mas-
sive stellar remnants; hence they are amongst the most plausible candidates to host larger,
intermediate-mass black holes (IMBHs). Two objects are luminous enough in at least one
observation to be classed as hyperluminous X-ray source (HLX) candidates, including one
persistent HLX in an SO galaxy that (at 3 x 10*' ergs~') is the second most luminous HLX
yet detected. The remaining seven sources are located in spiral galaxies, and several appear
to be closely associated with regions of star formation as is common for many less luminous
ULXs. However, the X-ray characteristics of these extreme ULXs appear to diverge from the
less luminous objects. They are typically harder, possessing absorbed power-law continuum
spectra with I' ~ 1.7, and are potentially more variable on short time-scales, with data consis-
tent with ~10-20 per cent rms variability on time-scales of 0.2-2 ks (albeit at low to moderate
significance in many data sets). These properties appear consistent with the sub-Eddington
hard state, which given the observed luminosities of these objects suggests the presence of
IMBHs with masses in the range of 10°~10* M@ . As such, this strengthens the case for these
brightest ULXs as good candidates for the eventual conclusive detection of the highly elusive
IMBHs in the present-day Universe. However, we caution that a combination of the highest
plausible super-Eddington accretion rates and the largest permitted stellar black hole remnants
cannot be ruled out without future, improved observations.

Key words: accretion, accretion discs — black hole physics — X rays: binaries — X rays:
galaxies.

Yet such objects appear necessary to explain the initial seeding of
the supermassive black holes (SMBHs) now present in most galaxy

Although the existence of a population of black holes with masses
between those in Galactic black hole X-ray binaries (BHXRBs;
~10M) and in active galactic nuclei (AGNs; > 10° M) has long
been postulated, these intermediate-mass black holes IMBHs) have
remained observationally elusive, with dynamical evidence for such
objects in large globular clusters still the subject of some dispute
(e.g. Gebhardt, Rich & Ho 2005; Anderson & van der Marel 2010).

*E-mail: andrew.sutton@durham.ac.uk

nuclei (Volonteri 2010), whose mass was subsequently built up
either through the accretion of gas (e.g. Yu & Tremaine 2002) or
through hierarchical black hole mergers (e.g. Schneider et al. 2002).
It is likely that the processes forming these seeds — for example,
the collapse of Population III stars, or dynamical interactions in
dense stellar environments — would have left relic IMBHs in the
haloes of present-day galaxies (e.g. Ebisuzaki et al. 2001; Madau
& Rees 2001; Islam, Taylor & Silk 2004). Indeed, the latter pro-
cess may still be ongoing in some young, dense stellar clusters
(Portegies Zwart et al. 2004), adding to the primordial IMBH
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population. Furthermore, the tidal stripping of merging satellite
galaxies containing nuclear black holes may also add to this pop-
ulation in large galaxy haloes (e.g. Bellovary et al. 2010). It is
therefore puzzling that the existence of such IMBHs remains to be
confirmed.

The detection of a population of unusually luminous X-ray
sources — in excess of 10* ergs™' — located outside the nuclei of
nearby galaxies initially led to suggestions that these objects could
harbour the long sought-after IMBHs (e.g. Colbert & Mushotzky
1999). Early Chandra and XMM-Newton spectral results for these
ultraluminous X-ray sources (ULXs; see Feng & Soria 2011 for
a recent review) appeared to support this diagnosis with the de-
tection of apparent cool disc signatures, indicative of IMBHs (e.g.
Kaaret et al. 2003; Miller et al. 2003; Miller, Fabian & Miller 2004).
However, subsequent analyses of high-quality XMM-Newton data
have instead revealed spectral and temporal characteristics in many
ULXs that appear inconsistent with the sub-Eddington accretion
regime expected for IMBHs at typical ULX luminosities. Instead,
these analyses support models where ULXs are powered by super-
Eddington accretion on to stellar remnant black holes (S100 M@;
Roberts 2007; Gladstone, Roberts & Done 2009; Middleton et al.
2011a; Middleton, Sutton & Roberts 2011b).

Further observational support for ULXs as stellar-mass objects
comes from the close spatial and temporal association of ULXs
with ongoing star formation, as most notably seen in the Cartwheel
galaxy (Gao et al. 2003; King 2004; Mapelli et al. 2008), suggesting
they are a type of high-mass X-ray binary (HMXB) which naturally
provides them with the large mass reservoir required to sustain
ULX luminosities (Rappaport, Podsiadlowski & Pfahl 2005). It
also comes from the power-law form of the X-ray luminosity func-
tion (XLF) for HMXBs in nearby star-forming galaxies, which is
smooth across the transition from standard HMXBs to ULXSs, but
then breaks at ~2 x 10*ergs™' (Grimm, Gilfanov & Sunyaev
2003; Swartz et al. 2004; Swartz et al. 2011). This break is im-
portant, as its luminosity is only ~10per cent of the Eddington
luminosity for a ~10* M IMBH; a similar turn-off at such a low
Eddington fraction is not seen in other accretion-powered popula-
tions, making it difficult to reconcile with a population of IMBHs,
but is again supportive of most ULXs as a population of super-
Eddington BHXRBs.

However, there remain some plausible IMBH candidates in the
ULX population. Recent work by Swartz et al. (2011) has demon-
strated that an extrapolation of the local XLF out to 100 Mpc un-
derpredicts the observed numbers of high-luminosity ULXs, par-
ticularly those that possess luminosities greater than 10*' ergs™!,
suggesting that such objects originate in a separate physical popu-
lation to the HMXBs that likely underlie most ULXs. Indeed, while
a combination of massive stellar black holes, possibly formed in
low-metallicity regions (up to 80 M); Zampieri & Roberts 2009;
Belczynski et al. 2010) and close to maximal radiation from super-
Eddington accretion (~20Lggq from a face-on disc; Ohsuga &
Mineshige 2011) could explain ULXs up to ~10* ergs~!, but ob-
jects exceeding this luminosity appear to require a different physi-
cal scenario. It is these hyperluminous X-ray sources (HLXs; Lx >
10*" erg s~!) that may present us with the best evidence for IMBHs
to date.

Very few bona fide HLXs are known: the best candidates in-
clude M82 X-1 (e.g. Matsumoto et al. 2001), ESO 243-49 HLX-1
(Farrell et al. 2009), Cartwheel N10 (Pizzolato, Wolter & Trinchieri
2010) and CXO J122518.6+144545 (Jonker et al. 2010). Most
observations have focused on the nearest HLX, M82 X-1 at d ~
4 Mpc, and the most luminous, ESO 243-49 HLX-1 at Lx pea ~
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10" ergs~!. M82 X-1 is notable for several reasons, including its
co-location with a massive, young stellar cluster (Portegies Zwart
et al. 2004), the detection of a 50-100 mHz QPO in its power spec-
trum (Strohmayer & Mushotzky 2003), a reported 62-d periodicity
in its X-ray light curve (Kaaret & Feng 2007) and plausible tran-
sitions between a hard state and a thermal-dominant state (Feng &
Kaaret 2010), all of which contribute to the picture of this object
as an excellent IMBH candidate. ESO 243-49 HLX-1 is most re-
markable for its high peak luminosity and regular outbursts, which
appear to possess a fast rise/exponential decay profile and to repeat
on time-scales of ~1 yr (Lasota et al. 2011). This object also appears
to mimic BHXRB behaviour in its hardness—intensity diagram as
it transits through its outbursts, indicative of sub-Eddington state
changes (Servillat et al. 2011).

It is evident that the most luminous ULXs are rare, and little
is known about them as a class; yet we have summarized good
arguments as to why these are potentially important targets in the
ongoing search for IMBHs. One way to learn more of this population
is to extend the number of known objects using archival searches.
Here, we report a study of 10 candidate extreme ULXs selected
from the Walton et al. (2011b) catalogue of ULXs detected in the
2XMM-DR1 survey, which display observed luminosities well in
excess of the break in the XLF, including two new HLXs.'

This paper is laid out as follows. In Section 2, we describe the
selection of the new sample, and the reduction of the recent optical
and X-ray data associated with them. Section 3 details the imaging,
spectral and timing results from all available XMM-Newton and
Chandra data sets for the sources and describes an optical follow-
up study. The characteristics of these objects are then compared to
those of the less luminous bulk of the ULX population in Section 4,
before the implications of the findings are discussed with respect to
the nature of the objects in Section 5, and the paper is concluded in
Section 6.

2 SAMPLE SELECTION AND DATA
REDUCTION

2.1 Sample selection

Walton et al. (2011b) present a catalogue of 470 candidate ULXs
in 238 galaxies, detected in archival XMM-Newton observations,
produced from a cross-correlation of the RC3 catalogue of galax-
ies (de Vaucouleurs et al. 1991) and the 2XMM-DR1 catalogue
(Watson et al. 2009). This was reduced to a small sample of the
most luminous, relatively nearby ULXs by filtering on luminosity
(Lx > 5 x 10¥ergs™") and distance (d < 100 Mpc). A sample
of 12 sources was found to match these criteria. Additional qual-
ity checks of the XMM-Newton data for the selected sources were
then performed, and two of the 12 sources were excluded from
the final sample. We excluded a ULX candidate detected near to
the cD galaxy NGC 4889, in the galaxy cluster Abell 1656, where
we could not separate sufficient source counts from the strong dif-
fuse emission in which the candidate ULX was embedded to permit
detailed study. The other excluded source was M82 X-1, as it has
been extensively studied by other authors (e.g. Matsumoto et al.
2001; Kaaret, Simet & Lang 2006; Feng & Kaaret 2010), and the
XMM—-Newton data are somewhat complicated by the presence of a

! This work builds and improves on the early results from this sample,
published in Sutton, Roberts & Walton (2011).
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Table 1. The extremely luminous candidate ULX sample.

Source ID 2XMM source Host galaxy Galaxy type® Distance?  Separation®  Ny? LxX max®
Src. 1 2XMM J011942.7+032421 NGC 470 SA(rs)b 32.7 33 3.09 153+0.38
Sre.2 2XMM J024025.6—082428 NGC 1042 SAB(rs)cd 18.9 96 261  51+£02
Src. 3 2XMM J072647.9+854550 NGC 2276 SAB(rs)c 333 45 5.52 64+0.3
Sre. 4 2XMM J120405.8+201345 NGC 4065 E 87.9 18 240 131+ 1.7
Src. 5 2XMM J121856.1+142419 NGC 4254 SA(s)c 33.2 103 2.70 6.0£0.3
Src. 6 2XMM J125939.84275718 NGC 4874 cDO0 99.8 57 089 58+13
Src. 7 2XMM J134404.1-271410 1C 4320 S0? 95.1 18 5.04 282424
Sre. 8 2XMM J151558.6+561810 NGC 5907 SA(s)c: edge-on 14.9 102 138 5.6+£0.1
Src. 9 2XMM J163614.0+661410  MCG 11-20-19 Sa 96.2 16 3.14 65+£12

Src. 10 2XMM J230457.6+122028 NGC 7479 SB(s)c 32.8 68 508 7.1+£03

Notes. “Galaxy morphology from de Vaucouleurs et al. (1991). “Host galaxy distances in Mpc. These are cosmology-corrected
distances using redshifts from de Vaucouleurs et al. (1991), with the exception of NGC 5907 where the distance from Tully (1988)
was used. Separation of the candidate ULX position from the nucleus of its host galaxy, in units of arcsec. ?Galactic column densities
interpolated from Dickey & Lockman (1990), in units of 102’ cm~2. *Maximum detected 0.2—12 keV luminosity of the ULX candidate,
based on the 2XMM broad-band fluxes and the quoted distance, in units of 10%° erg s=!./The part of NGC 5907 west of its dust lane

that hosts the ULX candidate is also known as NGC 5906.

strong ISM component around the position of the ULX, and bright
and variable nearby objects.’

The 10 remaining objects are listed in Table 1, along with some
characteristics of their presumed host galaxies. The X-ray sources
are assumed to be at the distance of the host galaxy, and for the
majority of sources cosmology-corrected distances are used (Hy =
71kms™! Mpc", Qv = 0.27, Q5 = 0.73; Komatsu et al. 2009),
calculated using redshifts from de Vaucouleurs et al. (1991). An
exception to this is Src. 8, whose host galaxy is sufficiently nearby
that its peculiar motion could dominate its measured recession ve-
locity, so we instead use the distance of 14.9 Mpc from Tully (1988).
Table 1 also provides a luminosity for each object, calculated us-
ing this distance and the 2XMM 0.2-12 keV flux. It is immediately
evident that the extreme luminosity sample presented here includes
three candidate HLXs — Src. 1, Src. 4 and Src. 7 (additionally,
Src. 3 had previously been identified as an HLX by Davis &
Mushotzky 2004; see Section 3.1.1).

In addition to the data sets identified in the 2XMM catalogue,
the XMM-Newton science archive’ and Chandra data archive*
were searched for further observations covering the objects. All
the archived XMM-Newton EPIC and Chandra ACIS observations
potentially covering the positions of the 10 candidate ULXs were
extracted from the archive, and examined for further detections
of the 10 objects. Details of all relevant observations are shown
in Table 2, with the exceptions of the XMM-Newton observations
0300530401 and 0301651201 (plus several additional short obser-
vations of Src. 6, see caption for details). These were pointed in the
proximity of Src. 6 and Src. 10, respectively, but were not used as
they contained no useful data due to the presence of heavy back-
ground flaring throughout the duration of the EPIC exposures. In all
cases, the ULX in question was detected. All but one of the sources
(Src. 7) are present in multiple archived observations, including six
with archival Chandra data. We were awarded additional Chandra
time during cycle 12 to observe the other four sources (proposal ID
12620389, PI Sutton; results for Src. 2, Src. 4 and Src. 7 have been

2 Of the other notable HLXs mentioned in Section 1, ESO 243-49 HLX-1
was not included in the sample as its host is not in the RC3 catalogue, and
both Cartwheel N10 and CXO J122518.6+144545 lie beyond the 100-Mpc
limit of this sample.

3 http://xmm.esac.esa.int/xsa/

4 http://cxc.harvard.edu/cda/

obtained and are included here, but an observation of Src. 8 awaits
scheduling at the time of writing).

2.2 XMM-Newton data reduction

The XMM-Newton data were reduced and data products were ex-
tracted using the standard tools available in the XMM-Newton sas’
(version 9.0.0). Severe background flaring resulted in multiple ex-
posures being obtained in a number of the observations.® However,
in all cases only one of the exposures contained a significant length
of good time. In each case we identified the sole exposure containing
useful science data per observation and focused our analysis upon
it. In two observations of Src. 6, the solar proton flaring was severe
enough to render the data from whole instruments unusable, in par-
ticular the PN detector in observation 0300530301 and the MOSI1
detector in 0300530601. However, background flaring was present
to some significant level in almost all the XMM-Newton observa-
tions, with the only exceptions being observations 0300530301 and
0112980101 of the ULX candidates Src. 6 and Src. 9, respectively.
Good Time Interval (GTI) files were therefore created to allow high
background epochs to be filtered out of the data, based on high-
energy (10-15keV) full field light curves. The limiting count rate
used to define the GTIs varied between observations, dependent on
the best balance between minimizing the source data loss whilst
maximizing the excision of background flares, with typical thresh-
olds of 1.0-1.5 counts~! for PN fields and ~0.6 counts~! for MOS
fields.

Source spectra and light curves were then extracted from cir-
cular apertures centred on the ULX candidate. Source extraction
region radii were typically between ~15 and 40 arcsec (which cor-
responds to an on-axis fractional encircled energy of ~70-90 per
cent at 1.5 keV), in order to maximize source counts whilst avoiding
contamination from nearby sources. In three cases, the source was
positioned close to a chip gap, which would have severely restricted
the radius of a circular aperture. In each of these cases elliptical

5 http://xmm.esac.esa.int/sas/

6 This affected both MOS and PN detectors during observation 0145190201
of Src. 8, and MOS detectors alone were affected during observations
0200780101, 0147610101 and 0145190101 of Src. 1, Src. 5 and Src. 8,
respectively.
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Table 2. Observation details.

The most extreme ULXs: evidence for IMBHs?

Source ID Observatory Obs. ID4 Date tepr Total counts® Off-axis angle?
(yyyy/mm/dd) (ks) (0.3-10.0keV) (arcmin)

Src. 1 XMM-Newton 0200780101 2004/01/24 4.0/3.8/3.6 850 £ 30 5.25
Chandra 10562 2008/11/12 28.1 610 £+ 20 0.29
XMM-Newton 0601670101 2009/06/27 40.1/53.9/47.1 2550 + 50 1.10
Src. 2 XMM-Newton 0093630101 2001/08/15 11.6/15.0/ - 920 + 30 14.41
XMM-Newton 0306230101 2006/01/12 —/53.1/52.1 2860 = 60 12.18
XMM-Newton 0553300401 2009/08/12 42.2/48.4/ — 4310+ 70 14.38
Chandra 12988 2010/10/09 29.0 2770 = 50 0.32
Src. 3 XMM-Newton 0022340201 2001/03/16 —/52.3/52.3 2070 £ 50 6.08
Src. 3a° Chandra 4968 2004/06/23 45.6 320 £ 20 1.13
Src. 3b¢ Chandra 4968 2004/06/23 45.6 190 £+ 10 1.10
Src. 3c¢ Chandra 4968 2004/06/23 45.6 120 £+ 10 1.06
Src. 4 XMM-Newton 0112270601 2003/01/02 —16.5/6.5 75+9 2.10
XMM-Newton 0112271001 2003/06/09 —16.9/6.9 140 £+ 10 0.48
XMM-Newton 0112271101 2003/06/30 3.1/3.6/3.6 210 £ 10 0.60
Chandra 12990 2011/07/13 5.0 57+8 0.30
Src. 5 XMM-Newton 0147610101 2003/06/29 13.1/17.3/19.4 1770 £+ 40 2.75
Chandra 7863 2007/11/21 5.1 270 £ 20 1.84
Src. 6 Chandra 556 1999/11/04 9.6 60 £ 10 2.28
XMM-Newton 0124711401 2000/05/29 11.0/16.8/16.8 350 £+ 80 0.42
XMM-Newton 0153750101 2001/12/04 17.0/21.0/21.0 580 £ 90 2.69
XMM-Newton 0300530701 2005/06/06 16.0/23.6/24.3 430 +=90 2.14
XMM-Newton 0300530601 2005/06/07 14.3/-122.7 410 + 80 2.21
XMM-Newton 0300530501 2005/06/08 15.5/24.8/24.9 480 =90 2.31
XMM-Newton 0300530301 2005/06/11 —130.4/30.4 230 £ 70 1.60
XMM-Newton 0300530101 2005/06/18 15.7/18.0/18.0 480 =90 1.42
Chandra 9714 2008/03/20 29.7 40+ 10 1.86
Chandra 10672 2009/03/15 28.5 110 £ 10 1.93
Src. 7 XMM-Newton 0092970801 2003/01/04 3.5/5.3/5.2 390 £+ 20 1.10
Chandra 12989 2011/03/21 494 1730 + 40 0.31
Src. 8 XMM-Newton 0145190201 2003/02/20 10.6/24.5/25.2 7640 + 90 2.40
XMM-Newton 0145190101 2003/02/28 9.4/18.8/19.1 5460 = 80 241
Src. 9 Chandra 553 1999/10/19 59 14+ 4 4.83
Chandra 1454 1999/10/19 11.4 2945 4.87
Chandra 1666 2001/08/30 48.6 120 + 10 2.29
XMM-Newton 0112980101 2002/09/28 13.1/14.7/14.7 130 £ 20 4.11
XMM-Newton 0112980401 2002/09/30 9.0/10.4/10.4 70 £ 10 4.15
XMM-Newton 0112980501 2002/10/04 7.5/8.4/8.4 60 £ 10 4.12
Chandra 7698 2007/06/13 5.1 8§+£3 4.07
Src. 10 XMM-Newton 0025541001 2001/06/19 6.0/9.1/9.2 1270 + 40 0.55
Chandra 11230 2009/08/11 24.8 160 £ 10 2.30
Chandra 10120 2009/10/24 10.0 56 £8 1.21

1157

Notes. “Observation identifiers. “The sum of the good time intervals for each detector. For XMM-Newton observations, it
is shown in the order PN/MOS1/MOS?2, a dash indicates that the source was not detected. “Total background-subtracted
source counts accumulated in the observation (sum of all three EPIC detectors for XMM-Newton observations). ¢ Angular
separation between the on-axis position of the observation and the 2XMM source position. “The Chandra observation
of Src. 3 was able to resolve the candidate HLX into multiple sources (Fig. 1)./NGC 4874 is the central galaxy in the
Coma cluster, and the Coma cluster has been extensively observed by both Chandra and XMM-Newton (in many cases
for calibration purposes). There are a number of similar observations from both observatories that are not included in
this analysis, due to the short exposure time ( SIO ks), but are available in the archives.

source regions (with semimajor axes equivalent to the circular aper-
ture radii) were used to extract the source data. In both the MOS1
data from Src. 3 in the 0022340201 data set and the PN data for
Src. 5 in observation 0147610101, the ellipse was aligned with the
nearby chip gap; however, in the PN data for Src. 2 in 0093630101,
the source was sufficiently far off-axis that the ellipse was aligned
with the direction of maximum point spread function (PSF) extent.
Larger circular apertures were used to provide source background
data in all cases. These were positioned on the same chip, approx-
imately the same distance from the readout nodes if possible, and
were sized to include a minimum of ~50per cent more area on

© 2012 The Authors, MNRAS 423, 1154-1177
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the detector than source apertures. In cases where nearby sources
placed limitations on the size of a background region, multiple
circular apertures were used.

The final data products used in the analysis (i.e. spectra and light
curves) were then extracted from the source apertures, using the GTI
file and standard event patterns for the detectors (PATTERN < 4
for the PN and PATTERN < 12 for the MOS). Spectral extractions
also used the conservative FLAG = 0 filter, although we allevi-
ated this somewhat for the light-curve extractions by using the less
restrictive #xmmea_ep or #xmmea_em filters for the PN or MOS
detectors, respectively, instead. The appropriate response matrices

102 ‘gz Asenuer uo /(qun /(l!SJQI\!Uﬂ wey.ng e /610°'seulnolplojxoseuw;//:-dny wol} papeojumoq


http://mnras.oxfordjournals.org/
http://mnras.oxfordjournals.org/

1158  A. D. Sutton et al.

for the spectral analysis were automatically generated during the
spectral extraction in the sAs task XMMSELECT.

2.3 Chandra data reduction

Chandra data were reduced using c1a0’ version 4.1.1 and calibra-
tion files from the Chandra caLpB version 4.1.0. Circular apertures
with radii of 4 arcsec (corresponding to an on-axis fractional en-
circled energy of 299 per cent at 1keV) were used to extract the
source data, with the only exception being in the case of Src. 3,
as this ULX candidate was resolved by Chandra into multiple ob-
jects separated by less than the typical extraction region radius (see
Section 3.1.1). Instead, apertures of ~1-arcsec radius (~90 per cent
on-axis fractional encircled energy at 1keV) were used to avoid
overlapping the source regions. Annular apertures, centred on the
source, but with inner radii outside of the source region, were used
to characterize the background for each source. In the case of Src. 3,
a single background annulus surrounding the resolved sources was
used to avoid cross-contamination of the background regions by
the neighbouring point sources. The data products were then ex-
tracted from the archived level 2 event files, to include all standard
good event detections with energies between 0.3 and 10 keV, within
the source data extraction apertures. The Chandra spectra were ex-
tracted using the c1a0 script SPECEXTRACT, wWhich also produces the
appropriate response matrices for spectral analysis, and the light
curves were extracted using DMEXTRACT.

2.4 Optical data

This work also utilizes optical data to further probe these ex-
treme objects. As an initial step we retrieved Digitized Sky Survey
version 2 (hereafter DSS2) data from the ESO archive,® within a
5-arcmin square centred on the host galaxy of each ULX candidate.
DSS2-blue images were used preferentially when available, but due
to its limited coverage (only 45 per cent of the sky), the use of the
alternative all-sky DSS2-red images was necessary for Src. 2 and
Src. 7.

An examination of the Hubble Legacy Archive (HLA)® revealed
that high-resolution space-based optical imaging from the Hub-
ble Space Telescope (HST) was available for four of our objects.
Enhanced HLA data products covering the source region were avail-
able for Src. 3, Src. 6 and Src. 8, and two data sets processed using
the standard HST single-image calibration pipeline were available
for Src. 10. All these data were downloaded from the archive for
further study; we tabulate the basic observation details in Table 3.
As an initial step, the astrometry of the images was improved using
the IRAF tools CCFIND, ccmaP and ccseTwces and objects common to
the HST images and either the 2MASS (Src. 8) or USNO (Src. 3,
Src. 6 and Src. 10) catalogues. Where individual counterparts to the
X-ray sources were detected, aperture photometry was performed
using caia and the appropriate Vega magnitude zero-points from ei-
ther Sirianni et al. (2005) for Advanced Camera for Surveys/Wide
Field Channel (ACS/WEFC) observations or the WFPC2 (Wide Field
Planetary Camera 2) Data Handbook.!” Corrections to a standard
0.5-arcsec aperture were calculated using a mean magnitude cor-
rection from 10 bright point sources in each field, and these were

7 http://cxc.harvard.edu/ciao/

8 http://archive.eso.org/dss/dss

9 http://hla.stsci.edu/

10 http://www.stsci.edu/hst/wfpc2/documents/handbook/
WFPC2_DHB.html

Table 3. Details of archival HST observations and Galactic
extinction in the direction of the targets.

Source  E(B—V) Prop.ID Instrument Filter

Src. 3 0.1 6355 WFPC2 F300W
8597 WFPC2 F606W

10877 WFPC2 F555W

F814W

Src. 6 0.009 10861 ACS/WFC  F475W
F814W

Src. 8 0.011 6092 WFPC2 F450W
F814W

Src. 10 0.112 11575 ACS/WFC  F555W

F814W

extrapolated to an infinite radius aperture, again using values from
Sirianni et al. (2005) and the WFPC2 Data Handbook.

In addition to the study of archival imaging data for the sources,
a low-dispersion Gemini GMOS spectrum was obtained to further
constrain the nature of an optical counterpart to Src. 6. The data
were reduced using standard tools in the Gmos sub-package from the
GEMINI package in IRAF. The specific tools used were GSFLAT to extract
the flat-field; GSREDUCE to reduce both the target and calibration arc
exposures; GSWAVELENGTH to establish the wavelength calibration,
then GSTRANSFORM to apply it to the exposures; GSSKYSUB to subtract
the sky background; GSCRREJ to reject cosmic ray events; GSEXTRACT
to extract one-dimensional spectra of the source, which were then
combined using the tool GEMARITH. Gaussian line profiles were fitted
where appropriate to the reduced optical spectrum of the counterpart
using the cURVEFIT function in IDL version 6.2.

3 DATA ANALYSIS AND RESULTS

3.1 Spatial analyses
3.1.1 High-resolution X-ray imaging

As an initial step, we investigated the spatial characteristics of the
X-ray source detections. One particular issue for the XMM—Newton
detections of these objects, especially given their relatively large
distances, is whether we are seeing a single point-like object, or
whether multiple objects and/or spatially extended components are
present within the XMM-Newton beam. Chandra observations of-
fer an excellent means of settling this issue, with the much smaller
Chandra beam able to resolve objects that are confused by XMM—
Newton, even in regions of high diffuse emission (e.g. in the centre
of the starburst galaxies NGC 3256 and NGC 3310; Jenkins et al.
2004). We therefore began by examining the deepest Chandra de-
tection for each object in our sample, in order to search for resolved
structure.

Only one XMM-Newton detection was resolved to reveal finer
structure by Chandra, namely Src. 3. This object had previously
been identified as an HLX candidate in the spiral galaxy NGC 2276
by Davis & Mushotzky (2004) using the XMM—-Newton data (Fig. 1,
top). However, their assumed distance for NGC 2276 of 45.7 Mpc
is somewhat discrepant compared to more recent measurements
and overestimates the distance to NGC 2276 (cf. Table 1). This
in turn inflates the measured luminosity. The assumptions in this
paper, and the redshift from de Vaucouleurs et al. (1991), lead to
a distance of 33.3 Mpc and hence a lower (although still extreme)

© 2012 The Authors, MNRAS 423, 1154-1177
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Figure 1. Top: true colour XMM-Newton image of Src. 3, where the rgb
colours correspond to the 0.3-1.5, 1.5-2.5 and 2.5-10keV energy bands,
respectively. The region circled is the effective 90 per cent uncertainty in the
XMM-Newton position of the source. Bottom: equivalent Chandra image.
The XMM-Newton detection is resolved into three separate objects, two
of which border on the 90 per cent XMM-Newton error region. They are
referred to as labelled here throughout the rest of the paper. These and all
subsequent images are aligned such that north is up.

2XMM luminosity estimate of ~6 x 10* erg s~'. In the later Chan-
dra observation of this source, the ULX candidate was shown to be
resolved into three point sources (Fig. 1, bottom; see also Wolter
et al. 2011), although only the southern two lie coincident with
the measured XMM-Newton source centroid position. Remarkably,
each of the point sources is sufficiently luminous to be classified as
a ULX, if at the distance of NGC 2276, with Lx > 5 x 10¥ ergs~.
To find three such luminous ULXs within a small region of a galaxy
— the projected separation of the three objects is <150 pc — ap-
pears very remarkable, although this should be tempered by the
realization that the western regions of NGC 2276 have heightened
star formation, with a galaxy-wide star formation rate estimated at
5-15 Mg yr~! (Wolter et al. 2011 and references therein). This
is plausibly the result of gravitational interaction with NGC 2300
and/or ram-pressure interaction as NGC 2276 transits through the
bright intragroup medium of the NGC 2300 group (e.g. Gruendl
et al. 1993).

© 2012 The Authors, MNRAS 423, 1154-1177
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Table 4. Chandra source characteristics.

Source Obs. ID RA, Dec. 04 Extent
(J2000) (arcmin) (arcsec)
Sre. 1 10562 011942.8,+032422  0.29 0.48 + 0.03
Sre. 2 12988 024025.6,-082430 032 0.4910:02
Src.3a 4968  072648.1, +854554 113 0.49 £ 0.04
b

Src. 3b 4968
Src. 3¢ 4968

0726 47.9, +8545 52 1.10

0726 48.3, +-85 45 49 1.06 0457997

Src. 4 12990 1204 05.8, +20 13 45 0.30 0.50 £ 0.1
Sre. 5 7863 121856.1,+1424 19 184 0.55%0.05
Stc. 6 10672 125939.8, 4275716 1.93 0.62+0:0
Src. 7 12989 1344042, —27 14 11 031 0.50 = 0.02
Src. 8¢ - - - -

Src. 9 1666 1636 14.1,+66 1410 2.29 0.7 £0.1
Sre. 10 11230 2304 57.7, +122029 230 0.54+0.07

Notes. Source characteristics are measured from the Chandra observation
with the greatest number of counts accumulated from the ULX candidate
in question. “Off-axis angle of source. ”SRCEXTENT was unable to constrain
the size of this point-like object due to the proximity of the brighter Src. 3a.
However, inspection shows that its PSF appears very similar to its two
verified point-like neighbours. “Src. 8 has not previously been observed
with Chandra. However, a Chandra observation of the source is scheduled.

We then used an additional diagnostic test for extension on the
other, apparently point-like objects. The CIAO SRCEXTENT script quan-
tifies the size of each PSF, which it does by effectively calculating
an average radius for the PSF using a Mexican hat optimization
algorithm. We show the results of this in Table 4. These results
are consistent with expectations for the Chandra PSF for both on-
axis and slightly off-axis objects, where an extent of ~0.5 arcsec
is equivalent to the 75 per cent encircled energy radius for 1.5 keV
photons (see fig. 4.6 of the Chandra Proposer’s Observatory Guide;
also the Chandra High-Resolution Mirror Array calibration doc-
umentation''). We have verified that the off-axis extents are con-
sistent with point-like objects by comparison to the population of
point-like ULXs in the galaxy NGC 4490 (see Roberts et al. 2002;
Fridriksson et al. 2008; Gladstone & Roberts 2009; Yoshida et al.
2010), eight objects that lie up to 3 arcmin off-axis in three separate
Chandra ACIS-S observations. Our extents are consistent with the
SRCEXTENT-measured extents for these ULXs over the full range of
off-axis angles seen. The only outlier is Src. 9, but even this is con-
sistent at the 90 per cent confidence level. We conclude that there
is no evidence for significant extended emission for any object,
meaning that each ULX candidate remains consistent with a single,
point-like object at the high X-ray spatial resolution of Chandra.

3.1.2 Source locations and optical counterparts

A second benefit of obtaining Chandra data for the objects in our
sample is the accuracy of its astrometry, with sub-arcsecond po-
sitioning expected even without applying astrometric corrections.
We were therefore able to derive accurate positions (shown in
Table 4) and so examine multiwavelength data in order to search for
counterparts, and identify the environments hosting these objects.
Initially we investigated the locations of the objects in our sample
by overlaying their positions on DSS2 images, which we show here
as Fig. 2. Seven objects are associated with spiral galaxies; in the

1T http://cxc.harvard.edu/proposer/POG,  http://cxc.harvard.edu/cal/Hrma/
Index.html
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Figure 2. DSS2 images of the habitats of the 10 objects in the selected sample. The ordering of panels matches the numbering of the sources, starting at top
left with Src. 1 and reading across each row. Data from the DSS2-blue survey are shown where available, but in the two cases this was not possible (Src. 2 and
Src. 7). The DSS2-red filter data are shown instead. Each image is 5 arcmin across, aligned such that north is up, and centred on the nucleus of the host galaxy.
The grey-scale is arbitrary in each panel and displayed such that the internal structure of each galaxy can be seen. The position of each object is marked by
a circle, except where HST data are available where instead a box is shown matching the size of the image in Fig. 3. Note that the actual position errors are
considerably smaller than the size of the circle shown.
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NGC 5907
Src. 8

NGC 4874
Src. 6

NGC 7479 Wt
Cars- W ommien U,

Figure 3. HST images of the regions containing four of the candidate ULXs. Top left: Src. 3a, b and c. These HST data are displayed as a three-colour image,
with the F814W filter providing the red data, F555W the blue, and green taken as an average of the two. The data are displayed on a linear scale to aid the
visualization of the counterparts. Top right: Src. 6. The image is three-colour, with the F814W data in red, F475W in blue and an average of the two filters in
green. The image is displayed logarithmically to permit the separation of the counterpart from the galaxy to be seen. Bottom left: Src. 8. A three-colour image
using F814W as red, F450W as blue and an average of the two as green. This is scaled linearly for display purposes. Bottom right: Src. 10. A single, linearly
grey-scaled image in the F555W band is presented to emphasize the faint counterpart.

six cases where the galaxy is close to face-on, the ULX candidate
appears to be located on or close to the spiral arms, in most cases
in the outer regions of the disc. In the one edge-on case (NGC 5907,
the galaxy containing Src. 8), the source is located in the plane of
the disc, with a projected location coincident with a strong dust
lane. We also searched for catalogued objects near to the positions
of our objects using the NASA/IPAC Extragalactic Database (NED)
and SIMBAD data bases.'? In the case of the spiral-hosted objects,
three were in close proximity to catalogued H 1 regions: Src. 1 is
~2 arcsec from H 11 region 46 of Hodge & Kennicutt (1983), Src. 3
is within ~6 arcsec of regions 61 and 65 of Hodge & Kennicutt
(1983) and Src. 10 is within ~2 arcsec of regions 197 and 898 of
Rozas et al. (1999). These associations imply a strong possibility
that these objects are associated with ongoing star formation, as ap-
pears the case for many less luminous ULXSs (e.g. Swartz, Tennant
& Soria 2009).

The three objects associated with elliptical galaxies present a
more diverse subsample. As Fig. 2 shows, the object near to

12 http://ned.ipac.caltech.edu, http://simbad.u-strasbg.fr
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NGC 4065 (Src. 4) appears to have a faint, point-like counterpart.
Subsequent to the selection of the sample, this object was revealed
to be a background QSO by Sloan Digital Sky Survey (SDSS)
spectroscopy (object SDSS J120405.83+201345.0). We therefore
do not consider it further in the main body of this paper, although
we briefly report its properties in Appendix A. The second object
associated with an elliptical, Src. 6, is actually found to be in the
close proximity of a satellite galaxy (SDSS J125939.65+275714.0)
of the central dominant galaxy of the Coma cluster, although it is
displaced from the satellite galaxy nucleus by ~4 arcsec. The final
object, Src. 7, is the most X-ray luminous object in the sample,
although also amongst the most distant. Its host is a peculiar SO
object that appears to be crossed by a dust lane (Lauberts 1982).
However, there is no obvious counterpart to this object in the DSS
image.

A minority of the objects in the sample are also covered by HST
imaging observations, as listed in Table 3. We show these four data
sets in Fig 3, where we display the immediate region covering the
candidate ULX position at the full HST spatial resolution. We over-
lay an X-ray position error circle on top of the image to indicate
the likely position of each ULX candidate. This is calculated as the
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Table 5. HST photometry for candidate coun-

terparts.
Source ID Filter my ¢ My b
Src. 3a F300W 22+4 —11.1
F555W  23.1+09 -9.8
F606W  229+0.8 —10.0
F814W 21.8+08 —11.0
Src. 3b F300W - -
F555W 25+2 -7.9
F606W 25+3 -7.9
F814W 23+5 -9.8
Src. 3¢ F300W - -
F555W - -
F606W 2443 -89
F814W 24+5 —8.8
Src. 6 F475W  220+02 —13.0
F814W 212+02 —13.8
Src. 8 F450w  21.54+04 -94
F814W - -
Src. 10 F555W 26 +2 —6.9
F814W 26+ 5 —6.8

“ Apparent magnitudes, for the filter f, in the
Vega photometric system. ?Absolute magni-
tudes, corrected for foreground extinction as
per Table 3.

combination of position errors from the astrometric uncertainty of
the Chandra data, the X-ray source centroid and the astrometric
registration of the HST data, as per Roberts, Levan & Goad (2008).
Possible point-like candidate counterparts are apparent within the
X-ray position error circle for all of the objects. Aperture photom-
etry was performed on the brightest identified counterpart in each
case (which in most cases is the only counterpart, although there are
possibly fainter objects within the crowded regions in NGC 2276),
as described in Section 2.4, and we list the derived magnitudes of
the counterparts in Table 5.

The brightest individual objects within the error circles for the
ULXs in NGC 2276 (Src. 3a—c) display absolute magnitudes in
the ranges Mpgoew ~ —8 to — 10 and Mpgiqw ~ —9 to — 11,
albeit with large uncertainties. Archival HST F 300W and F555W
observations covering the field of Src. 3a—c are also available, but the
magnitude of the brightest optical source within the error circle of
Src. 3c is not constrained by the F555W observation, and similarly
for both Src. 3b and c in the F300W observation. Such magnitudes
are more luminous than typical individual supergiant stars, although
examples of luminous blue variable stars with similar magnitudes
are known (e.g. Cyg OB2-304 with My ~ —10.6; Massey, DeGioia-
Eastwood & Waterhouse 2001). However, these magnitudes are also
reasonable for young massive star clusters, such as one might find
in an intense star-forming region, and even somewhat unremarkable
— for example more than 50 young clusters in the Antennae have
absolute magnitudes of My < —11.3 (Whitmore et al. 1999). Src. 6
is a very interesting case, as it is located in an early-type galaxy.
However, the possibility of a globular cluster host seems rather
unlikely, as its absolute magnitude is larger than would be expected
for such an object. A very interesting alternative is that it could be
located in an ultra-compact dwarf (UCD) galaxy, a number of which
are also known to be located within the central regions of the Coma
cluster (Madrid et al. 2010). Given that UCDs are thought to fill an

evolutionary step between the largest globular clusters and dwarf
spheroidal galaxies, such an environment might be an ideal place to
look for IMBHs. However, the colour of the object is anomalously
blue (F475W—F814W = 0.8) compared to other UCDs in the
same field, which typically have F475W —F814W colours of ~1.5
to 2, and so is perhaps more indicative of a background QSO. The
next object, Src. 8, is a very blue object, not being detected in the
F814W filter, and hence must be located at the near side of the
dust lane in its host galaxy (NGC 5907). Its absolute magnitude of
~—9.5 in the F450W filter is too large for a single stellar object,
but is potentially indicative of a young, blue stellar cluster (e.g.
Whitmore et al. 1999). Finally, the counterpart to Src. 10 appears
consistent with a single giant star, although again its magnitudes are
poorly constrained by the data and so no further constraints from
its colour information are forthcoming.

3.1.3 Optical spectroscopy of a counterpart

Given the interesting nature of the counterparts to these objects,
further follow-up observations to identify their nature are critical.
To this end, we have already obtained a follow-up low-dispersion
optical spectrum of the possible UCD galaxy counterpart to Src. 6
using the GMOS long-slit spectrometer on the Gemini-North tele-
scope. Unfortunately, in this case the spectrum revealed emission
lines consistent with a relatively high-redshift QSO (z =~ 3.25),
thus explaining its blue colours. We therefore identify this object
as the second contaminant in our sample, and do not consider it
further in the analysis (although we again describe its properties in
Appendix A).

3.1.4 Background contamination estimate

Out of the 10 objects in our initial sample, we have therefore
identified two background contaminants. But how many should
we expect? To answer this question, we have revisited the back-
ground contamination calculations presented for the parent 2XMM-
DR1/RC3 sample in Walton et al. (2011b). We repeat the process
presented in that paper, with appropriate changes for consistency
with this sample, i.e. we set the luminosity limit to be 5 x
10* erg s~!, and only consider galaxies within 100 Mpc. From this
we predict a false detection rate of ~3 objects with apparent lu-
minosities above 5 x 10*’ ergs~! across our entire sample, albeit
with large uncertainties stemming from the small number statis-
tics. As with Walton et al. (2011b), the background contamination
is expected to be higher for elliptical galaxies, where we predict
~2 QSO contaminants, compared to ~1 for spiral galaxies. This
compares favourably to what we have detected; the two identified
QSOs are indeed located close to elliptical galaxies, matching the
prediction. On the other hand, the low predicted background rate for
spiral galaxies (one out of seven detections) provides further con-
fidence that the majority of these objects are real luminous ULXs,
associated with their parent galaxies.

3.2 X-ray spectral analysis

Where sufficient counts were available to enable X-ray spectral
analysis, the spectra were fitted with basic spectral models using
XsPEC v.12.6.0. Observations with >250 counts were grouped using
the FrooL GRPPHA to a minimum of 20 counts per energy bin, to
produce bins with Gaussian errors and hence permit the use of
x? statistics in fitting the data. Where only 100-250 counts were
available, models were fitted to ungrouped X-ray spectra using Cash

© 2012 The Authors, MNRAS 423, 1154-1177
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statistics (Cash 1979). The data were not background subtracted for
the Cash analyses; instead in each of these cases the background
spectrum was first constrained from the background aperture, and
then added to the fit as a constant component, normalized for the
relative sizes of the extraction regions. In all cases, the fitting was
limited to the 0.3—-10keV band.

The spectra were fitted with both an absorbed power-law contin-
uum and an absorbed multi-colour disc blackbody (DISKBB in XSPEC,
hereafter MCD) models, with the latter representative of the emis-
sion from a standard optically thick, geometrically thin accretion
disc (Mitsuda et al. 1984). Absorption was modelled by the TBABS
model, using abundances from Wilms, Allen & McCray (2000).
Two absorption components were included, the first of which was
fixed to the Galactic line-of-sight column to the object (Dickey
& Lockman 1990; cf. Table 1), and the second left as a free pa-
rameter to model intrinsic absorption in the source and/or its host
galaxy. Where multiple XMM-Newton EPIC detectors were op-
erating, an additional multiplicative constant was included in the
spectral model. This was fixed to 1.0 for the PN detector (or MOS1
where no PN data were available) and varied freely for the others, in
order to account for the calibration uncertainties between the EPIC
detectors. In all cases with equally sized extraction apertures, the
values of this parameter remained within a few per cent of unity,
and the values scaled appropriately where smaller extraction regions
were necessary on individual detectors.

Table 6 shows the parameters resulting from fitting the two simple
models to the source data. Plots of the absorbed power-law spectral

Table 6. X-ray spectral modelling.

fits, unfolded from the detector response, are displayed in Fig. 4 for
all observations with greater than 250 source counts. An absorbed
power-law continuum spectrum provides a statistically acceptable
fit (i.e. null-hypothesis probability >5 per cent, so rejection like-
lihood <95 per cent) to data from all but two observations. These
exceptions are the least luminous of the resolved source triplet,
Src. 3c, which was not well characterized by either model; and a
marginal rejection of the latter, much less luminous observation of
Src. 10, which was the sole data set acceptably fitted by the MCD
model alone. In contrast, eight spectra were acceptably fitted by the
absorbed power-law model, but rejected an MCD fit at greater than
the 95 per cent level, and 11 spectra were acceptably fitted by both
models. In all, the absorbed power-law fit was statistically preferred
(i.e. provided the closer fit to the data) in 15/21 cases, compared
to 5/21 for the MCD, although many of these preferences were
marginal in nature.

The large majority of the spectra that were acceptably charac-
terized as absorbed power-law continua all had rather hard photon
indexes, with I' = 1.4-2.2. The absorption column densities for
these fits were mostly moderate (where well constrained), with val-
ues in the range of ~1-3 x 10?' cm™2, although the column for
Src. 8 was notably higher at ~10*2 cm™2, which may be due to
its location in an edge-on system. It should be noted, however,
that such an interpretation may bring into doubt any physical as-
sociation with the particularly blue potential counterpart to this
source. We discuss this further in Section 4.1. The spectra that
were acceptably fitted by the absorbed MCD model had — with one

Absorbed power law Absorbed MCD
Source ID Obs. ID Ny ¢ r’ x/dof® Ny @ kT 4 x2/dof® FxpL®
Stc. 1 0200780101 0.2670 04 22402 54.8/43 <0.09 1.0£0.1 34.5/43 8.070%
10562 0.147007 18402 27.9/25 <003 12792 [39.9/25] 1.95+0.%8
0601670101 0.10£0.02  1.80+0.08 132.3/131 <0.004 1.227 00 [227.8/131] 1.4910:03
Stc. 2 0093630101 0.207906 22402 43.3/41 <0.04 0.9+0.1 [74.4/41] 6.6103
0306230101 0.18700 1.61 + 0.09 126.6/133 0.03 £ 0.02 1.6 £ 0.1 154.7/133 8.4702
0553300401 0.16 & 0.03 1.5910.0% 219.6/214 0.021508 1.6 +0.1 [281.6/214] 10.870
12988 0.26 % 0.04 L.9%04, 122.4/132 0.04 £ 0.03 13700 152.6/132 8.0702
Sre. 3 0022340201 0.10 +0.04 1.42+09 107.1/92 <0.01 1.9+02 104.8/92 4.6%02
Sre. 3a 4968 0.5703 1.9£03 16.4/12 <04 12403 15.1/12 0.76:9%°
Sre. 3b 4968 0.4+02 21443 10.9 per cent’ <02 13404 13.9 per cent/ 035790
Ste. 3¢ 4968 157, 1.7£06 [100 per cent'] 0.9797 2.3%5 [100 per cent'] 0.39159
Sre. 5 0147610101 0.26+0:9 1.5+0.1 74.1/86 0.0875:03 1.8+£0.2 94.1/86 4.4%02
7863 <05 1403 6.8/10 <02 L7503 8.7/10 6.810%
Sre.7 0092970801 <02 1.7£03 15.0/16 <0.05 12£02 16.7/16 28703
12989 0.0810:% 1.63109° 78.8/69 <0.007 1.3470 40, [103.0/69] 3.2H02
Stc. 8 0145190201 0.977007 1.887007 409.5/366 0.54 % 0.04 1.6610:C8 [420.0/366] 15.8103
0145190101 0.847007 1.68 + 0.07 267.0/251 0.49 + 0.04 1.9 +0.1 258.5/251 147794
Ste. 9 1666 <0.2 L6704 1.1 per cent/ <0.06 1.4%03 [98.4percent'] 0347005
0112980101 <0.2 1.8703 83.3 per cent/ <0.03 15704 [97.8 per cent'] 0.611005
Stc. 10 0025541001 0.277908 1.9%07 61.3/62 <0.07 1.4%07 66.1/62 4.7793
11230 0.6 +£0.2 42799 [96.7 per cent'] <0.3 0.40%0 05 57.3 per cent/ 0.28109

Notes. Errors shown for spectral parameters are 90 per cent confidence ranges. “ Absorption column density external to our Galaxy (x 10?2 cm~2). PPower-law
photon index. ¢Statistical goodness of the fit, in terms of the 2 statistic and number of degrees of freedom. Numbers in bold indicate which model provided
the best fit to the data, whilst numbers in square brackets indicate a fit that is rejected at 20 significance. “Inner disc temperature (keV). Observed 0.3—10keV
flux, in units of 10~13 ergcm™2 5!, based on the power-law fit./ Total counts from this observation were insufficient for x 2 fitting, instead Cash statistics were
used (Cash 1979). Goodness of fit is shown instead of x 2/dof.
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Figure 4. XMM-Newton EPIC PN (black), MOS1 (red), MOS2 (green) or Chandra spectra for observations with greater than 250 source counts, all of which
are unfolded from the detector response. Multiple observations of sources are shown side by side where possible. Where there are two or more observations of
a source with the same detector, plots are shown on the same scale for direct comparison. Overplotted lines show the best-fitting absorbed power-law spectra
(Table 6), with one absorption component set to the Galactic value and another free to model intrinsic absorption in the ULX candidates. A range of photon
indexes between 1.4 and 2.2 were obtained.
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Figure 4 — continued

notable exception — inner disc temperatures of kT, ~ 1.0-1.9keV,
and rather low modelled absorption columns at <1 x 10*' cm™
where well constrained. The exception was the fainter observation
of Src. 10, where the MCD model was the only acceptable fit, and
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the spectrum was remarkably soft with an inner disc temperature

of kT;, ~ 0.4keV.

An inner disc temperature in the range of 1-2 keV is fairly typical
for a sub-Eddington stellar mass black hole in the thermal dominant
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state, with the accretion disc extending to the innermost stable
circular orbit (McClintock & Remillard 2006). However, for objects
atclose to Ly ~ 10* erg s~!, it would appear somewhat anomalous,
and certainly not indicative of the presence of IMBHs, which should
have much cooler disc-dominated spectra (e.g. Kaaret et al. 2003;
Miller et al. 2003, 2004), as indeed does seem to be the case for the
fainter data set for Src. 10. We investigated whether there was any
evidence for cool disc components in the other spectra by fitting a
two-component, absorbed MCD plus power-law model to the best
data sets (the 12 spectra with = 1000 counts), where we had the best
opportunity of deconvolving the spectra into multiple components.
In all but two cases there was no discernible improvement to the
absorbed power-law spectral fit with the addition of a cool disc
component. Two cases offered marginal improvements: the fit to the
original XMM-Newton detection of Src. 3 (before being resolved
by Chandra) improved by A x? = 10.9 for two additional degrees
of freedom with a ~0.1-keV disc; and the first, most luminous
detection of Src. 1 improved by Ax? = 13.1 for two additional
degrees of freedom with a ~0.07-keV disc. However, in the latter
case, the MCD model alone still offered the most acceptable fit to
the data. This lack of strong cool disc components in the sample is
perhaps unsurprising given the lack of strong soft residuals in the
spectra presented in Fig. 4.

However, one object stands out as possessing interesting residuals
in Fig. 4. Both observations of Src. 8, the highest quality data in
the sample with >5000 counts per data set, appear to show a high
energy spectral turnover beyond ~5 keV. Interestingly, this feature
is the key diagnostic of the putative ultraluminous state that is seen
in many less luminous ULX spectra (Gladstone et al. 2009). We note
that the other main diagnostic of this putative state, a soft excess,
is not seen; although this may be due to the object being buried
in an edge-on galaxy, and hence its soft X-rays being relatively
highly obscured, as is suggested by its spectral fits (cf. Table 6).
Interestingly, this is very comparable to the object NGC 4517 ULX1
(Walton et al. 2011a), which is also located in an edge-on galaxy and
has a highly absorbed soft spectrum, with a break at high energy.
Confirmation was sought of the significance of the spectral break
using the method of Stobbart, Roberts & Wilms (2006), i.e. by
fitting unabsorbed power-law and broken power-law models to the
2-10keV X-ray spectra of both observations of Src. 8. A broken
power-law model provided a better fit to both observations, with
very significant F-test probabilities of 1 x 1072 (0145190201) and
4 x 107% (0145190101); hence, the spectrum is confirmed to be
consistent with the ultraluminous state.

Both Fig. 4 and Table 6 demonstrate that the individual objects
also displayed both flux and spectral shape variations between dif-
ferent observing epochs. In some cases, the spectral variability was
quite subtle, for example a hardening of the absorbed power-law
spectrum with flux in Src. 2. In other objects, the contrasts were
much starker, particularly in Src. 1 and Src. 10. In the former case,
the object transits from an absorbed disc-like spectrum at high flux
to an absorbed power-law spectrum in the two subsequent spectra
where the flux is a factor of >4 lower, and in the latter case the spec-
trum changes from hard and power-law-like at high flux to much
softer and disc-like after a drop in flux of nearly a factor of 20. We
discuss these changes further in Section 5.

3.3 X-ray timing
3.3.1 Short-term variability

In addition to extracting X-ray spectra, we also extracted
background-subtracted light curves for each observation. A repre-

sentative selection of these light curves is shown in Fig. 5, covering
the differing data qualities, exposure lengths and amounts of vari-
ability in the data (see below). The light curves are binned such that
there are ~25 counts per element of temporal resolution.

The fractional variability amplitude, F,:, was used to determine
whether statistically significant short-term variability was present
in the incident count rate of the sources. Here we define F ', as

1 N -2 1N 2
N—1 Zi:l(x[ —X) - N Zi:l Oerr,i
Foar =

e o
as per Vaughan et al. (2003), where N is the number of temporal
bins used, x; are the individual count rates per bin, X is the mean
count rate and o2, ; are the variances on the individual count rates.
Variability was tested for on two separate fixed time-scales, 200 s
and 2 ks, and the results are shown in Table 7. Unfortunately, in most
of the 24 observations the low count rates resulted in insufficient
counts per temporal bin (<20), or short exposure times limited the
available number of temporal bins (again, <20), which made such
an analysis impractical. These data sets are shown as dashes in
Table 7. In fact, the data were only adequate for these analyses in
nine observations at 200 s, and seven at 2 ks. In determining F,,
temporally incomplete light curve bins (e.g. due to overlapping
with the end points of GTIs, or the on/off times of instruments)
were excluded so that the errors on the data points were normally
distributed. Short-term variability was detected at greater than 2o
significance in observations of four (and at greater than 3¢ in two) of
the eight sources in the sample, most notably from both observations
of Src. 8 on 200-s time-scales. The other marginally significant
detections and upper limits were of sufficient quality to constrain
values that were consistent with similar levels of variability, mainly
at ~10 per cent of the total count rate.

3.3.2 Long-term variability

In order to study the long-term variability of the sources, fluxes were
obtained for each observation, which were converted to luminosities
using the distances in Table 1. Where an observation contained suf-
ficient counts to allow spectral fitting, fluxes were determined using
the absorbed power-law continuum spectral fit. For observations
with insufficient counts for spectral fitting, light curves were x>
fitted with a constant count rate, and the resultant best-fitting value
was converted to a flux using pimms.'3 A characteristic spectral in-
dex of 2.0 and an intrinsic absorption column of 1.0 x 10?! cm™2
were assumed, except for observation 10120 of Src. 10, where the
parameters of the much softer disc-like spectrum seen in observa-
tion 11230 were used instead. The observed luminosities are shown
in Table 7, alongside the F\,, values.

Most objects display long-term luminosity variations at some
level between the observations. In three objects the initial high
luminosity that led to them being included in the sample is not
maintained in subsequent observations, and appears to drop by fac-
tors of >4. Indeed, as a result of spectral fitting, two objects appear
to be slightly underluminous compared to the selection criteria of
the sample (Src. 2 and Src. 8), although in both cases their peak
luminosity is still considerable at ~4 x 10*°ergs~'. In contrast,
the most luminous object, Src. 7, remains persistently extremely
luminous at ~3 x 10*' ergs™! in both observations obtained to
date.

13 http://heasarc.nasa.gov/Tools/w3pimms.html
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Figure 5. A selection of background-subtracted light curves of the ULX candidates, chosen to show a variety of behaviours and data quality: continuous,
moderate count rate data (top row); sparse data (middle row); low count rate data (bottom left); variability about a mean count rate (top row) and an apparent
maintained shift in the mean count rate (bottom row). XMM—-Newton light curves are summed over all EPIC detectors, except for 0093630101, where only PN
and MOS2 detections were used. The dashed line shows the minimized 2 best-fitting constant count rate for each observation.

4 COMPARING THE CHARACTERISTICS
OF THE SAMPLE SOURCES TO OTHER ULXs

In the previous sections we have examined the characteristics of a
small sample of the most luminous ULXs. Here, we will attempt to
place these results in the wider context of ULX and HLX studies.

4.1 Spatial properties

Similar to other ULXs, all but one of the sample remain unresolved
and point-like at the X-ray spatial resolution of the Chandra ob-
servatory, which is the highest currently available. In the one case
where the original XMM—Newton source detection was resolved to
reveal underlying structure, Src. 3, it resolved into three luminous
ULXSs, each of which is point like. However, the sum of luminosities
in the three resolved objects is substantially below the luminosity
of the original XMM-Newton detection. Moreover, by virtue of the
short-term variability in the original detection we can conclude that
itis likely that just one of the three objects was substantially brighter
in the first epoch, such that it was the dominant source of flux in

© 2012 The Authors, MNRAS 423, 1154-1177
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the XMM-Newton detection. As it is unclear which of the three
subsequently resolved objects was brightest in the original data, we
retain all three in this work. However, for the purposes of constrain-
ing the relative changes within this object (e.g. its luminosity with
time), we base the second epoch measurement on the brightest of
the three resolved objects, Src. 3a, in the remainder of this paper,
which effectively provides a lower limit on the long-term change in
flux.

The locations of the candidate ULXs within their host galaxies
may also be used as a comparator. The objects that lie coincident
with face-on spiral galaxies all appear associated with the outer re-
gions of their hosts, close to spiral arm structure. In three galaxies
that have had their H 1 regions mapped, the ULXs all lie close to
known H 1 regions. This evidence would seem indicative of these
objects being associated with recent star formation; and this ap-
pears in common with less luminous ULXs. Indeed, an association
with star formation has long been qualitatively established by the
discovery of populations of ULXs in star-forming galaxies in the
early years of the Chandra mission (e.g. Fabbiano, Zezas & Murray
2001; Roberts et al. 2002; Gao et al. 2003), with subsequent studies
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Table 7. Luminosity and variability of the extreme luminosity
ULXs.

Obs. ID Lx“ Fuyar (2005)? Fyar 2ks)?
Sre. 1
0200780101 10.2193 <0.2°¢ -
10562 2.5%01 - 0.11 % 0.06
0601670101 1.907007 - <0.1¢
Src. 2
0093630101 28402 - -
0306230101 3.6%0) - 0.05 + 0.04
0553300401 4.670) 0.09 + 0.04 0.10 + 0.02
12988 34705 <0.1¢ 0.13 +0.02
Src. 3
0022340201 6.1£03 - 0.08 £ 0.04
4968-a 1.017058 - -
4968-b 0.467096 - -
4968-c 0.521098 - -
Src. 5
0147610101 5.8702 0.13 + 0.06 -
7863 9t} <0.3¢ -
Src. 7
0092970801 3012 <0.3¢ -
12989 3512 - <0.1¢
Src. 8
0145190201 419709 0.07 + 0.02 -
0145190101 3.9£0.1 0.11 £0.02 -
Src. 9
553 29£09 - -
1454 32£06 - -
1666 3.8107 - -
0112980101 6.8107 - -
0112980401 59£0.8 - -
0112980501 5+£1 - -
7698 1.9£0.7 - -
Src. 10
0025541001 6.1£0.3 0.10 £ 0.06 -
11230 0.3670% - -
10120 0.40 £ 0.05 - -

Notes. “0.3-10keV observed luminosity, in units of 1040 erg s—1

calculated as per the text. The quoted errors are the 1o confidence
ranges on the luminosity. *Fractional variability amplitude. Values
and errors are shown where variability is detected at >1o signifi-
cance (the quoted errors are the 1o confidence ranges). Upper limits
shown are 3¢ limits, and are calculated where the variability was
less than white noise. The FrooL Lcstats was used to provide this
upper limit.

quantifying the relationship with the amount of ongoing star for-
mation (e.g. Gilfanov, Grimm & Sunyaev 2004; Swartz et al. 2004,
2009). Furthermore, the quoted separation of the extreme ULXs
from known Hu regions is of the order of ~200pc in NGC 470
and NGC 7479, consistent with the separation of ULXs from stellar
clusters in the Antennae (Zezas et al. 2002) and other nearby star-
forming galaxies (Kaaret et al. 2004). In the two face-on galaxies
with HST imaging, NGC 2276 and NGC 7479 (both ~33 Mpc dis-

tant, where the ~1-arcsec diameter error region equates to 2160 pc),
the objects appear near to likely star-forming complexes in the spiral
arms. All four of these ULXs possess candidate counterparts, con-
sistent with stellar clusters in the three NGC 2276 ULXs (Src. 3a—c),
and a possible supergiant stellar counterpart to the NGC 7479 object
(Src. 10). Thus, the objects remain at the very least associated with
a star-forming environment, even in HST imaging. This is also a
characteristic in common with two of the three best studied HLXSs;
M82 X-1 is located in the centre of an archetypal starburst galaxy
(e.g. Kaaret et al. 2001; Matsumoto et al. 2001), and object N10 is
in the famous star-forming ring of the Cartwheel galaxy (Gao et al.
2003).

Src. 8 presents an interesting case; it lies coincident with a dust
lane in the edge-on galaxy NGC 5907, and is relatively highly
absorbed in the X-rays, consistent with being embedded within the
dust lane, yet has a very blue counterpart that is also relatively
luminous with M p4sow = —9.4. It is difficult to interpret this as a
young stellar cluster or a single giant star as there is no evidence
for further star formation in its vicinity; but this object cannot be
a background object as the high extinction through the NGC 5907
dust lanes would not permit a background object with blue colours
to be visible. Given the X-ray characteristics of this object discussed
later, it would seem to be a plausible ULX; therefore, its blue colour
and high absolute magnitude suggest that its optical emission is
dominated by reprocessed X-ray emission from the outer regions
of the accretion disc, as suggested for some fainter ULX optical
counterparts (e.g. Tao et al. 2011; Grisé et al. 2012) and ESO 243-
49 HLX-1 (Farrell et al. 2012; Soria et al. 2012), although the high
X-ray absorption column remains a problem for this interpretation.

After the exclusion of two of the sample near elliptical galaxies
as background QSOs, we are left with Src. 7 alone in this type of
habitat. It is somewhat surprising that we find any HLX in this type
of environment, given their lack of star formation. Indeed, previ-
ous results show that the X-ray luminosity functions of elliptical
galaxies are steep (e.g. complete sample of Walton et al. 2011b;
also Kim & Fabbiano 2010), and Irwin, Bregman & Athey (2004)
demonstrated that the numbers of ULX candidates with luminosities
above 2 x 10*° ergs~! found in and around elliptical galaxies were
consistent with background expectations, with a couple of notable
exceptions. Hence, this detection is quite remarkable, particularly at
a luminosity of ~3 x 10*' ergs~!, which makes it the second most
luminous ULX candidate known after ESO 243-49 HLX-1 (Farrell
et al. 2009). We caution that there is a non-negligible chance of it
being an unidentified background object. However, we note that its
location — close to a peculiar SO galaxy that possesses a dust lane,
somewhat like Cen A but with no indication of nuclear activity
— is also interesting, particularly as ESO 243-49 HLX-1 shares a
very similar environment (Farrell et al. 2012). This object therefore
deserves further study to elucidate its nature.

4.2 X-ray characteristics

In Section 3.2 we investigated the X-ray spectra of the objects in this
sample, finding a general preference for a power-law-like spectrum,
which was intrinsically hard. We place these results in the context
of other work on ULXs in Fig. 6, where we compare the photon in-
dexes of the power-law fits to the objects in our sample to three more
samples of ULXSs fitted with power-law continua, all as a function
of luminosity. The three comparator samples are from: Gladstone
et al. (2009), containing 12 of the best quality ULX data sets in
the XMM—Newton archive, and covering the 103°-10* ergs~! 1u-
minosity regime; the larger sample of Chandra data sets analysed

© 2012 The Authors, MNRAS 423, 1154-1177
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Figure 6. The relationship between power-law photon index I" and observed luminosity for ULXs. Data points from our sample are plotted only where
sufficient data were available for spectral fitting, and are plotted against the observed 0.3—10keV luminosity, calculated using the power-law spectral fit and
assuming that sources are at the distance of the identified host galaxy. All error bars are 1o uncertainty regions. Different sources are identified by the symbols
shown in the key (top right). Three samples of lower luminosity ULXs are included for comparison (smaller data points). Data are taken from: purple plus sign
— Berghea et al. (2008), where luminosities were calculated from spectral parameters using a dummy response in xspec; blue filled circles — Gladstone et al.
(2009), luminosities were obtained from a coupled disc-corona model (DkBBFTH; Done & Kubota 2006); red crosses — Winter, Mushotzky & Reynolds (2006),
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Table 8. Mean photon index for various ULX

with (I") ~ 1.6. This is clear evidence of a difference in the prop-
erties of the most luminous ULXs from the more ordinary ULX
population. Interestingly, similarly hard spectral indexes have been
seen in two well-studied HLXs: M82 X-1 withe.g. I' =1.55 £ 0.05
(Kaaret, Feng & Gorski 2009), and Cartwheel N10 withI' = 1.75 £+

0.25 (Wolter, Trinchieri & Colpi 2006). However, the most lumi-
nous ULX, ESO 243-49 HLX-1, appears somewhat different; in its
brightest phases it is distinctly soft, with e.g. I' = 3.4 £ 0.2 (Godet

samples.

Sample (')
Gladstone et al. 2.19 £0.01
Berghea et al., <100 ergs™! 2.10 £ 0.07
Berghea et al., >10* ergs~! 1.54 £ 0.06
This sample (all) 1.72 £ 0.07
This sample, >5 x 10¥ergs™"  1.61 £ 0.07

by Berghea et al. (2008), ranging from 10* to 5 x 10*ergs™!

in luminosity; and the large sample of ULXs with XMM-Newton
data presented by Winter et al. (2006); although after removing
their correction for absorption, we find the observed luminosities of
many objects in the Winter et al. sample to lie significantly below
10 ergs™!.

Fig. 6 suggests a hardening of the average photon index with
increased observed luminosity; we investigate this further in
Table 8, where we calculate the weighted mean value for the photon
index for various samples shown in Fig. 6. This clearly shows that
the average spectrum of ULXs is harder at higher luminosities, as
originally suggested by Berghea et al. (2008). Indeed, the effect
appears quite pronounced; the two samples composed of sources
below 10* ergs~! (Gladstone et al. 2009, and the less luminous
Berghea et al. 2008 objects) have weighted mean photon indexes
(I") > 2, whereas the more luminous samples are significantly harder

© 2012 The Authors, MNRAS 423, 1154-1177
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et al. 2009),'* although it hardens significantly to I' ~ 2 when at
fainter fluxes (Farrell et al. 2011; Servillat et al. 2011), such that it
appears similar to the sources presented here (see Section 5.1).

We also previously examined evidence for intra-observation
variability in our objects. Here, we compare the results to well-
constrained variability measurements from less luminous ULXs.
Specifically, in Fig. 7 we compare the fractional variability over the
0.3-10keV range for our sample of luminous ULX candidates to
the fractional variability of a selection of lower luminosity ULXs,
on time-scales of both 200s and 2 ks. The comparison samples
were selected for having both a well-constrained power spectrum
in Heil, Vaughan & Roberts (2009) and a well-constrained flux by
Gladstone et al. (2009). Their fractional variabilities were calcu-
lated by integrating the power-law and broken power-law power

14 The best quality X-ray spectral data currently available for ESO 243-49
HLX-1 at its peak luminosities show its spectrum to be dominated by a cool
(kTin < 0.26keV) disc component, see Servillat et al. (2011).
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Figure 7. Fractional variability amplitude (Fy,) shown as a function of the 0.3—-10keV luminosity. This is plotted for time resolutions of 200 s (top) and 2 ks
(bottom). The upper limits shown are 20 significance levels in all cases, and error bars are 1o confidence regions. Each object from the luminous ULX sample
is labelled by a different symbol; a key is provided in the top left of each panel. Lower luminosity ULXs (small crosses) are shown for comparison; these data
points were obtained by the integration of fits to the power spectra for a selection of sources from Heil et al. (2009). Count rates from Gladstone et al. (2009)
for the same observations were used to calculate Fy,.. The comparison sample includes (from left to right) NGC 2403 X-1, NGC 1313 X-1, NGC 1313 X-2,
NGC 5204 X-1, Ho IX X-1, NGC 4559 X-1 and Ho II X-1.
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Figure 8. Long-term light curves of the objects in our sample. We show the observed 0.3—10 keV luminosity, plotted against observation date. Filled symbols
correspond to observations with greater than 100 counts, where the fitted absorbed power-law models were used to calculate luminosity. Unfilled symbols
correspond to observations with insufficient counts for spectral fitting, where instead spectral parameters were assumed as per Section 3.4. The low-luminosity
data point for Src. 3 corresponds to the most luminous of the resolved sources (Src. 3a) in the Chandra observation.

spectra from Heil et al. (2009), and normalizing by flux using the
values from Gladstone et al. (2009). As Fig. 7 demonstrates, the
variability levels of the less luminous ULXs are low (typically 2 per
cent fractional variability or less where well constrained), consis-
tent with many reports of low short-term variability levels in ULXs
(e.g. Swartz et al. 2004; Feng & Kaaret 2006; Heil et al. 2009). In
contrast, the measurements and constraints on the higher luminosity
objects are consistent with higher levels of variability, ~10 per cent
or more fractional variability in most cases, although most error bars
are relatively large due to the poorer data quality in these objects.
This, then, tentatively points to a second observational difference
between ‘normal’ ULXSs and their higher luminosity cousins; more
short-term variability in the more luminous objects.

In Fig. 8 we show the changes in the luminosity of the objects
with time. It is immediately obvious that the data are extremely
sparse, with no more than 2-6 measurements per object over a
baseline of up to a decade; hence, any conclusions made on their
long-term behaviour must be very tentative as we simply cannot
tell how the objects behaved when they were not being observed.
With this caveat in mind, we can tentatively sort the objects into two
groups: first three objects that appear to fade substantially from an
initial peak in luminosity, down to more ‘usual’ ULX luminosities
(<2 x 10%erg s7!). This includes the only HLX candidate with a
spiral host, Src. 1 in NGC 470, the XMM-Newton detection subse-
quently resolved by Chandra, Src. 3, and Src. 10 (which we discuss
further below). The remaining five objects all sustain their extreme
luminosities, within a factor of ~2, most notably Src. 7 which is
detected at a luminosity of ~3 x 10*' erg s~! in both epochs. Given
the sparse data available from our sample, and the lack of extensive
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monitoring of less luminous ULXs, we are also able to do little to
compare the long-term variability properties of our objects to other
ULXs. Recently, Swift monitoring programmes have been under-
taken for a small handful of objects that appear persistently bright
with typical flux variations of factors up to ~5 over the course of
the monitoring campaigns (e.g. Kaaret & Feng 2009; Grisé et al.
2010). The HLX candidate M82 X-1 also appears to vary similarly
in RXTE monitoring, although it also displays a periodic signal
on 62-d time-scales (Kaaret & Feng 2007). The brightest HLX,
ESO 243-49 HLX-1, again appears different — its variability resem-
bles an outburst cycle in an ordinary X-ray binary, with a fast rise
to peak luminosities followed by a slow decay in flux, and a 375 £
13 d gap between two outburst peaks (Lasota et al. 2011; Servillat
etal. 2011).

Further inspection of Fig. 6 shows that several of the objects dis-
play significant X-ray spectral variability, in this case represented
by a change in photon index at different flux levels (or, indeed,
at different observation epochs with similar flux levels, as is the
case for Src. 8). However, these changes are not consistent across
the small sample, with some objects hardening with increased flux
(e.g. Src. 2) and others softening (e.g. Src. 1). This at least is con-
sistent with the varied picture seen across the population of lower
luminosity ULXs, where many different behaviours are observed
with changing luminosity (e.g. Feng & Kaaret 2009; Kajava &
Poutanen 2009; Grisé et al. 2010; Vierdayanti et al. 2010; Servillat
et al. 2011). Perhaps more revealing are the situations in which
the preferred spectral model changes with luminosity, as they may
indicate direct analogies with known spectral state transitions. We
discuss this in the following section.
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5 DISCUSSION: ON THE NATURE OF THE
MOST EXTREME ULXs

This work has highlighted that there are possible differences be-
tween the standard population of lower luminosity ULXs, and those
most luminous objects that we study here. Most notably, the bright-
est objects are spectrally harder, well described by power-law con-
tinua with photon indexes I' ~ 1.7, and there is tentative evidence
that they display higher amplitude flux variability, with typical F\,;
of ~10per cent on time-scales of 200-2000 s. But what does this
mean physically for the objects in our sample?

5.1 Intermediate-mass black holes?

Perhaps the most interesting question we can ask is: do these ob-
jects finally offer evidence for a population of IMBHs underlying
some ULXs? As discussed earlier, most super-Eddington models
for stellar mass black holes struggle to explain the high luminosi-
ties of this sample (e.g. Zampieri & Roberts 2009), and there are
suggestions that a different class of objects is required to explain
sources above the X-ray luminosity function break (Swartz et al.
2011). It is therefore quite a straightforward step to infer that we
may be looking at IMBHs.

Crucially, this inference does appear to be supported by the ob-
servational characteristics of the sample. In particular, the X-ray
spectra and timing properties are consistent with the hard (formerly
low/hard) state as described by McClintock & Remillard (2006),
sharing both a power-law spectrum (with I' ~ 1.7) and a fractional
variability level consistent with ~10 per cent. Given that the hard
state is typical only found at Eddington fractions of 10 per cent or
less, this immediately constrains the masses of our black holes to be
in the IMBH regime. We calculate individual lower limits for each
object, based on the highest observed luminosity with a power-law-
like spectrum and the 10 per cent Lggq limit, in Table 9 as mass M.
This implies black hole mass lower limits of 1.9-27 x 10° Mg
across our sample.

One issue with the timing result is that McClintock & Remillard
(2006) note that 10-30per cent fractional variability is expected

Table 9. Limits on the black hole mass for an
IMBH from hard state Eddington arguments
and the X-ray-radio Fundamental Plane.

Source ID M /Mp* M2/M@h
Sre. 1 >1900 <2 x 10°
Sre. 2 >3500 <2 x10°
Src. 3 >4700 <2 x 10°
Sre. 5 26900 <5x10°
Sre. 7 >2.7 x 10* <2x 108
Src. 8 23200 <3 x 10*
Sre. 9 >5200 <3 x 107
Src. 10 >4700 <4 x 10°

Notes. “Black hole mass limit from Edding-
ton arguments, assuming that the source is in
the hard state and accreting at <10 per cent of
the Eddington rate when at maximum lumi-
nosity with a power-law spectrum. For seven
of the eight objects this is the highest lumi-
nosity seen; for Src. 1 its highest luminosity
spectrum is far better described by an MCD,
so we use the second highest luminosity data
set for this object. ?Black hole mass derived
from the X-ray-radio Fundamental Plane.

in the 0.1-10 Hz range in the hard state, whereas we only probe
frequencies as high as ~0.1 Hz in the best of our data. However, if we
are dealing with large black holes we would expect their variability
time-scales to increase proportionally to their mass for the same
accretion rate (McHardy et al. 2006); hence, a 1000-M, black hole
would vary on 100 times longer time-scales than a 10-M) black
hole. So, the 0.1-10 Hz section of the power spectral density (PSD)
for a stellar mass black hole scales to the 10~ —0.1 Hz regime, that
we probe here, for a ~1000-M IMBH.

An important test of whether these objects really are in the hard
state would be to observe them transit into other states that are also
seen at sub-Eddington luminosities in Galactic binaries. Such tran-
sitions have been suggested for ESO 243-49 HLX-1 (Servillat et al.
2011) and M82 X-1 (Feng & Kaaret 2010), with in both cases the
high luminosities at which these transitions occur providing a strong
argument for IMBHs. Interestingly, ESO 243-49 HLX-1 appears to
possess a hard power-law X-ray spectrum at similar luminosities to
the objects in this sample. We potentially see a similar transition in
one case: Src. 1 is far better described by an MCD, representative of
the thermal dominant state, than a power law at its highest luminos-
ity (~10* ergs™"), and vice versa in subsequent lower luminosity
data sets (<2.5 x 10%° erg s7!). Unfortunately, the timing data are of
insufficient quality to confirm these states (with the little or no vari-
ability expected in the thermal-dominant state potentially providing
a distinction). However, the temperature of the disc appears highly
anomalous for an IMBH, at ~1 keV, making the identification of a
classical transition for an IMBH very dubious in this case.

One prediction that we can make is that if these are IMBHs
in the hard state, then they should be emitting a steady radio jet. If
so, the peak observed X-ray luminosity can be used in conjunc-
tion with the radio luminosity to provide limits on the black hole
mass via the so-called X-ray—radio Fundamental Plane (Merloni,
Heinz & di Matteo 2003). We have attempted to do this using the
currently available data. To this end, the Very Large Array (VLA)
FIRST (Becker, White & Helfand 1995) and NVSS (Condon et al.
1998) 1.4-GHz radio surveys were searched at the source positions
for any radio counterparts. However, none were detected, so the
radio catalogue completeness limits were used as an upper limit
to the radio flux instead. A flat radio spectrum was assumed to
extrapolate the radio flux from the observed band to 5 GHz, and
2-10keV X-ray fluxes were extracted from the highest 0.3-10keV
flux of each source using piMms and spectral parameters from the
appropriate power-law fit. Before presenting the limits, we high-
light two important caveats: first that the Fundamental Plane is not
calibrated for IMBHs/ULXs, which may lead to some uncertainty;
and secondly we are severely limited in what conclusions we can
draw by the lack of simultaneous X-ray and radio observations.

Nevertheless, we present the upper limits on the IMBH masses in
Table 9 as M. For a number of the sources, the Fundamental Plane-
estimated limits on black hole mass are several orders of magnitude
greater than the hard state mass limits, and in the SMBH mass
regime. For these sources, large improvements in radio detection
limits would be necessary to use the X-ray—radio Fundamental Plane
to test for IMBHs. However, for the closest source (Src. 8) the
upper limit is already in the IMBH regime, and only approximately
an order of magnitude above the lower limit from the hard state
identification. For two more objects (Src. 2 and Src. 5) a modest
improvement of less than an order of magnitude would begin to
constrain the mass within the IMBH regime.

However, there are problems with interpreting these objects as
IMBHs. One such issue is the location of the objects, the majority
of which are found in the same star-forming environments as lower
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luminosity ULXs. While the necessity to form only one such object
in any galaxy neatly sidesteps the strong arguments for the bulk of
the populations of ULXs in these regions having to be predomi-
nantly stellar mass objects (King 2004; Mapelli et al. 2008), one
still has to both form these very massive objects, and then capture
a high-mass star, in order to appear as a ULX. Even so, processes
such as the assembly and subsequent collapse of a very massive
star at the centre of a young, massive star cluster have been sug-
gested as viable IMBH formation channels in star-forming regions
(e.g. Portegies Zwart et al. 2004), and may provide a natural en-
vironment in which to capture a star to feed the IMBH (Hopman,
Portegies Zwart & Alexander 2004). However, in this case the lack
of particularly bright and massive stellar clusters coincident with
the ULXs may be an acute problem, even more so than the lack of
such coincidences noted for less luminous ULXs (e.g. Zezas et al.
2002). Alternatively, if the IMBHs are not newly formed, the small
number of such objects we observe may be commensurate with the
predicted difficulties of capturing a young star into a close orbit by
an IMBH (Madhusudhan et al. 2006), presuming such objects could
find their way into a star-forming region.

For the one object not readily related to star formation, Src. 7
in the SO galaxy IC 4320, assuming the identification as a hard
state binary is correct, then an older IMBH must be required. In
this case the possibilities include a primordial Population III star
remnant (e.g. Madau & Rees 2001), or the stripped nucleus of an
accreted dwarf galaxy (e.g. King & Dehnen 2005; Bellovary et al.
2010), although the requirement to accrete from a massive stellar
reservoir likely remains. Again, we note the only established HLX
with a luminosity in excess of Src. 7, ESO 243-49 HLX-1, is also
associated with an SO host (Farrell et al. 2012).

5.2 The most extreme super-Eddington objects?

While there are possible means of explaining the most luminous
ULXs in star-forming regions as IMBHs, as discussed above, it is
incontrovertible that this is the same environment as that in which
the majority of lower luminosity ULXs are found. We should there-
fore explore whether it is possible that these most luminous objects
are driven by a more extreme version of the super-Eddington pro-
cesses now thought to power the majority of the lower luminosity
ULXs.

There are possible scenarios in which we might explain most
of these luminous objects by super-Eddington emission. First, we
note that Zampieri & Roberts (2009) argue that the black holes
underlying some ULXs in low-metallicity regions may be formed
from the collapse of a single low-metallicity star which, by virtue
of reduced wind-driven mass-loss during its lifetime, can leave a
black hole remnant as large as ~90 M@, (see also e.g. Belczynski
et al. 2010 for mass transfer binaries). A combination of this high
mass and similar maximal Eddington rates as are inferred in some
stellar mass ULX models could raise the maximum luminosity for
stellar remnant ULX models to ~10*! ergs~!. In support, we note
that the apparent locations of many of the ULXs studied here, on the
outskirts of their host galaxy (cf. Fig. 2), may indeed be consistent
with the lower metallicity regions required to form such objects.
Secondly, King (2009) suggests that the degree of beaming due
to geometric collimation by the inflated inner disc and outflowing
wind at high accretion rates, which constrains the escape path of
the X-rays from the central region, scales directly proportionally to
the accretion rate. Hence, extreme luminosities may be explained
by a high beaming factor (which may also help explain the rarity
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of such objects, as significant numbers could be present, but would
not be visible outside their narrow beam).

However, both these scenarios would still have to explain why
the X-ray characteristics of these ULXs appear so similar to the
very sub-Eddington hard state, and not akin to the ultraluminous
state spectra described by Gladstone et al. (2009). One possibility
is that the low quality of the data in most cases masks both the
soft excess and the subtler high-energy break of the ultraluminous
state, and the underlying spectra are similar to those observed in
Ho IX X-1 or NGC 1313 X-1 by Gladstone et al. (2009), where the
best-fitting power-law continua have indexes ~1.6—1.85. However,
these observations both have particularly low fractional variability
(cf. Fig. 7), unlike the objects in the higher luminosity sample,
which appear variable on short time-scales (albeit with large errors,
or only upper limits in some cases). One way around this would be if
the higher luminosity objects are more prone to displaying extrinsic
variability. This is suggested by Middleton et al. (2011a) to explain
the variability of NGC 5408 X-1, where it could originate in blobs
of outflowing material driven off the surface of the accretion disc by
the extreme radiation pressures from its central regions that cross
the line of sight to those regions. Better data are required to resolve
these issues; but it is notable that in the one data set within this
sample with reasonably good data quality (Src. 8 in NGC 5907),
an ultraluminous state spectrum is observed. However, we note that
the distance to NGC 5907 is uncertain, and recent estimates (e.g.
d = 13.4Mpc by Tully et al. 2009) place the host galaxy near
enough that the luminosity of Src. 8 is reduced by a further 20 per
cent, such that it is consistent with the top end of the ‘normal’ ULX
population. Itis therefore questionable whether it should be included
within this sample. Even so, its hard power-law-like spectrum and
detected fractional variability provide important testimony that an
ultraluminous state object can possess observational characteristics
similar to the sub-Eddington hard state in moderate quality data.

One further mass limit could be placed assuming that the sample
contains high accretion rate objects. Both Gladstone & Roberts
(2009) and Yoshida et al. (2010) note that the low-luminosity ULXs
in NGC 4490 and (in the latter paper) M51 appear to transit between
a power-law spectral state at ~10* erg s~' to an MCD-like model at
slightly higher luminosities. Gladstone & Roberts suggest that this
could be a transition from a sub-Eddington steep power-law state
to a ~Eddington rate state; if so, the highest luminosity in which a
power-law spectrum is observed provides an estimate of the black
hole mass from the requirement Lx/Lrqqa < 1. However, without
seeing the transition luminosity to an MCD spectrum itself, this
measurement does not provide strong constraints (as with further
observations we might see the power law at higher luminosities);
for the sources in the sample this estimated upper limit is in the
range of ~200-2700 M, with the only possible constrained limit
(from Src. 1) as <800 M) from the observed luminosity of the
observation where an MCD fit is much preferred.

5.3 Contaminants?

A final point to consider is whether any more of our objects could be
background (or, plausibly, foreground) contaminants. A calculation
based on that performed by Walton et al. (2011b) was used to
establish the expected contamination of this sample by background
objects; it was found that three were expected out of the 10 selected
sources with luminosities above 5 x 10* erg s~! within 100 Mpc.
In the analysis, we were able to identify two background QSOs
near elliptical galaxies, including one new z = 3.25 QSO near
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NGC 4874. The calculation predicts one more background object,
likely to be associated with a spiral galaxy, but no such object has
been identified at present. We note that we would be unlikely to
identify such an object from its X-ray properties alone. In Table
A.1 of Appendix A we present X-ray spectral fits to the QSO data
sets, using the same models as for the ULXs (cf. Table 6). Although
Src. 4 does appear somewhat softer than the luminous ULXs, errors
on its spectral parameters are large. Large errors also dominate the
measurements for Src. 6, and we were not able to derive short-term
variability characteristics for either source due to the paucity of
data. We would not, therefore, have been able to distinguish these
objects from ULXs without the optical follow-up data. We therefore
caution that without further optical follow-up (which, as the case
of Src. 6 shows, must go several magnitudes deeper than the DSS),
we cannot rule out a QSO nature for the several ULXs currently
lacking follow-up data.

Further possible contaminants include foreground objects and
other rare types of objects within the host galaxies. We can at least
rule out foreground stars as none are evident in the DSS images in
Fig 2. However, one possibility that should be mentioned is that of
recent supernovae in the host galaxies, which are not accounted for
in the contamination calculation of Walton et al. (2011b). Such su-
pernovae have been seen with typical X-ray luminosities in the range
of 1037-10* ergs~' and fade over a variety of time-scales, e.g. SN
1988Z decreased by ~5 over 2 years, whilst SN 1980K decreased
by a similar factor between days 35 and 82 after outburst (Immler
& Lewin 2003). Interestingly, the X-ray spectra of some objects
have been seen to soften as the flux decreases, for example in SN
1999em (Pooley et al. 2002), where the early X-rays are thought to
originate in the circumstellar gas shocked by the initial blast wave,
whereas the later soft emission comes from the lower temperature
reverse shock region (see Fransson, Lundqvist & Chevalier 1996
for details). We do see several objects in the sample whose X-ray
emission appears to fade in the years following their initial detec-
tion, including one object (Src. 10) that also softens dramatically.
However, each of these objects shows some degree of fractional
variability within at least one observation, consistent with a com-
pact object and rejecting the recent supernova hypothesis. This, and
the lack of any identified optical supernovae associated with the
ULXs in this sample, argue that we do not have any such objects
amongst our sources.

A second rare class of objects that may be associated with the
host galaxies are recoiling SMBHs, as has been suggested for the
HLX candidate CXO J122518.6+144545 (Jonker et al. 2010). Such
objects are predicted to form via the binary coalescence of SMBHs
during galaxy mergers, where anisotropic gravitational wave emis-
sion imparts a kick of up to several thousand km s~! on the new,
single SMBH (see Komossa 2012 and references therein). This kick
is sufficient to displace the SMBH from the centre of its host galaxy,
and in some cases even expel it completely. Such objects might ap-
pear both X-ray and optically luminous, as they are predicted to
retain a reservoir of gas and stars to accrete from; a key indicator
of their SMBH nature would then be broad emission lines in their
optical spectra. However, we again regard the chances of detecting
such an object in our sample to be low; none of our spiral galax-
ies is undergoing (or appear to have recently undergone) the major
merger necessary to create such an object. Interestingly, the only
early-type galaxy in our sample, IC 4320, possesses a dust lane, a
characteristic that has been linked to minor galaxy mergers in such
systems (Shabala et al. 2012). It also hosts the most luminous ULX
in our sample. The detection and characterization of the optical
counterpart to this object is therefore of great interest.

6 CONCLUSIONS

Even in the absence of definitive black hole mass measurements
for ULXSs, various arguments have resulted in the wide acknowl-
edgment that the majority of these extraordinary objects are most
probably powered by super-Eddington accretion on to stellar rem-
nant black holes. However, the luminosities that can be produced
in this manner are limited by both a maximum Eddington ratio and
maximum stellar remnant black hole mass, which complicates the
unification of the brightest ULXs with the less luminous population.
These particularly luminous, extreme ULXs may instead remain as
potential IMBHs, with their rarity consistent with arguments as to
the difficulties in producing stable high accretion rates in many such
objects.

Here we have presented a study of 10 candidate extreme ULXs.
We were able to identify two as background QSOs, resulting in a
sample of eight good candidates for further study. By examining
the X-ray emission characteristics of this sample, we note that these
extreme sources do indeed appear to be distinctly different from
the lower luminosity ULXs. Not only are they typically spectrally
harder, they are also consistent with being more variable (albeit at
low statistical significance in many objects). This combination of
spectral and timing characteristics is highly suggestive of the sub-
Eddington hard state, which given the luminosities involved would
strongly argue for large (10°~10* M) IMBHs. This is however
not entirely conclusive, as accretion at the highest plausible super-
Eddington ratios on to the most massive stellar remnant black holes
could potentially produce ULXs up to ~10*' erg s—!. Further high-
quality X-ray observations are therefore required to test this, with the
capability to detect ultraluminous state-like signatures, especially
for the sources that lie in the transition zone between the brightest
local ULXs (~3 x 10* ergs~!) and the HLX luminosity range.

The sample of eight candidate ULXs includes two candidate
HLXs. One is a transient HLX, which subsequently fades to high
ULX luminosities; but the other appears persistent between two
snapshots separated by 8 years, at a luminosity that is second only
to ESO 243-49 HLX-1 amongst the known HLXs. These join the
very small number of HLXs identified in the literature. As they are
particularly difficult to explain as stellar remnants, they must be
regarded as some of the best known IMBH candidates. Given the
cosmological and astrophysical importance of IMBHs, HLXs are
highly compelling targets for further observations with current and
future missions, to both better constrain the presence of a massive
black hole and better understand the astrophysics of these remark-
able objects.
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APPENDIX A: THE TWO IDENTIFIED
BACKGROUND CONTAMINANTS

In the course of our work we were able to identify two extreme
ULX candidates as background contaminants. These were Src. 4,
initially associated with NGC 4065 by Walton et al. (2011b) and
identified as a background QSO on the basis of SDSS spectroscopy;
and Src. 6, initially associated with NGC 4874 but later identified
as a background QSO using Gemini GMOS spectroscopy. In Ta-
ble Al we present the results of the simple X-ray spectral fits to the
data for these objects, for comparison with the presumed bona fide
extreme ULXs analysed in the body of the paper (see Section 5.3
for the discussion related to this comparison). Here we also present
the Gemini GMOS spectrum of the optical counterpart to Src. 6
in Fig. Al. The broad emission lines present at ~5177, 5265 and
8076 A are identifiable with the Lyman o 1216 A, Nv 1240 A and
Cur 1909 A lines (respectively) at a redshift of z ~ 3.25, demon-
strating this is very likely to be a high-redshift QSO.

Table Al. X-ray spectral fitting results for the background contaminants.

Absorbed power law

Absorbed multi-colour disc

Source ID Obs. ID Nu @ re x2/dof Ny @ kTin € x2/dof Luix @ Lgso©
Sre.4 0112270601 - - - - - - 7609 12402
0112271001 <02 2470¢  4lpercentt <0.04  0.6707  88percentt  12£3  1.9£05
0112271101 <0.1  2.5703  62percent®t  <0.02 0437007 88 per cent® 12+ 1.979¢
12990 - - - - - - ey 1.14+02
Sre. 6 556 - - - - - - 45+£08" 3717
0124711401 <03 2373, 23.9/32 <1 <04 27.4/32 <9 <70
0153750101  <0.1 14703  41.3/42 <01 13708 39.9/42 114 9013
0300530701 <04  1.7%, 42.0/45 <02 11708 41.3/45 <10 <80
0300530601 <02 1.670% 36.6/31 <01 11198 36.6/31 <20 <200
0300530501 <03 2372, 45.7/44 <02 05703 45.6/44 7+2 60 + 20
0300530301 <4  2.0%3, 45percentt <l 1.070% 35 per cent? <120 <1000
0300530101 <02 1.579% 33.7/41 <0.1 1375 36.4/41 1012 80720
9714 - - - - - - 19+£04"  15+3
10672 <02 2277 46percentt <006  0.6703  75percentt  2.970¢ 2473

Notes.  Absorption column density external to our own Galaxy (x 10??> cm~2). ?Power-law photon index. “Inner disc temperature
(keV). 90.3-10keV luminosity (x 10* ergs~!), estimated from a power-law spectral fit, and assuming that the object is at the
distance of the foreground galaxy. ¢0.3-10 keV luminosity (x 10* erg s~!), estimated from a power-law spectral fit, and assuming
that the object is at the distance derived from its optical spectral redshift measurement. / This observation had insufficient counts
for spectral fitting, so a power-law spectrum with the same spectral index and absorption column as observation 0112271001 was
assumed when estimating the flux. €Goodness of the minimized Cash-statistic fit. ” Again, insufficient counts were available for
spectral fitting, so a power-law spectrum was assumed with a typical spectral index of 2 and an intrinsic absorption column of 1 x

102! em—2.
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Figure A1l. Gemini GMOS-N long-slit spectrum of the optical counterpart to Src. 6, taken using the R150 grating and the 0.75-arcsec slit. It was suggested
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that this source may be a bright ULX in a UCD in the Coma cluster; however, lines identified in this spectrum (shown by dashed red lines; see text for details)

instead identify it as a QSO at redshift ~3.25.
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