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ABSTRACT

Context. Ultraluminous and hyperluminous X-ray (ULX and HLX) sources could constitute interesting laboratories to further im-
prove our understanding of the supermassive black hole growth through super-Eddington accretion episodes and successive mergers
of lighter holes. ULXs are thought to be powered by super-Eddington accretion onto stellar-mass compact objects, while HLXs are of
an unknown nature, but they could be good candidates for accreting intermediate mass black holes (IMBHs). However, a significant
portion of the sample of ULX and HLX candidates derived from catalogue searches are in fact background active galactic nuclei
(AGN).

Aims. Here we build samples of ULXs and HLXs from the three largest X-ray catalogues available, compiled from XMM-Newton,
Swift-XRT, and Chandra detections, and the GLADE catalogue containing 1.7 million galaxies at D < 1000 Mpc. We aim to charac-
terise the frequency, environment, hardness, and variability of ULXs and HLXSs to better assess their differences and understand their
populations.

Methods. After a thorough classification of these X-ray sources, we were able to remove ~42% of sources with a signal-to-noise
ratio (§/N) > 3 which were shown to be contaminants, to obtain the cleanest sample of ULXs and HLXs to date. From a sample
of 1342 ULXs and 191 HLXs detected with a S/N >30, we study the occupation fraction, hardness, variability, radial distribution,
and preferred environment of the sources. We built their Malmquist-corrected X-ray luminosity functions (XLFs) and compared them
with previous studies. Thanks to the unprecedented size of the sample, we were able to statistically compare ULXs and HLXs and
assess the differences in their nature. The interpretation of HLXs as IMBHs is investigated.

Results. A significant break is seen in the XLF at ~10* ergs™!. With our ULX sample, containing $2% of contaminants, we are
able to confirm that ULXs are located preferentially in spiral galaxies and galaxies with higher star formation rates. While X-ray
binaries (XRBs), ULXs, and most HLXs share common hardness and variability distributions, a fraction of HLXs appear significantly
softer. Unlike ULXs, HLXs seem to reside equally in spiral as well as lenticular and elliptical galaxies. We note that 35% of the HLX
candidates have an optical counterpart, and we estimate the mass of 120 of them to be in the range of 2 X 103~10° M. Most of the
HLX population is found to be consistent with an accreting massive black hole in a dwarf galaxy satellite of the primary host. This

diverse nature needs to be confirmed with deeper optical and infrared observations, as well as upcoming X-ray facilities.

Key words. black hole physics — X-rays: galaxies — X-rays: binaries — methods: observational — accretion, accretion disks

1. Introduction

Supermassive black holes (SMBHs, in the mass range
10°-10'" M) have been found in the centres of the most mas-
sive galaxies observed so far and they are thought to play a
major role in galaxy evolution, notably during their violent
episodes of accretion and ejection (Fabian 2012; Padovani et al.
2017). However, the formation mechanisms of these objects
have yet to be fully understood. Some SMBHs observed at
z > 6, which is less than 1 Gyr after the Big Bang, are more
massive than 10° M, (e.g., Mortlock et al. 2011; Wang et al.
2021), implying rapid and efficient growth mechanisms that
may be a mixture of intermediate-mass black hole (IMBH,
10>~10° My) mergers and sustained super-Eddington accre-
tion onto these seeds (Volonteri et al. 2008; Haiman et al. 2013;
Pacucci & Loeb 2022). However, compelling evidence for the
existence of IMBHs is still missing, with the exception of some

* Tables A.1 and A.2 are available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/681/A16

recent discoveries through gravitational waves and X-ray obser-
vations (e.g., Farrell et al. 2009; Mezcua 2017; Abbott et al.
2020).

The search and study of X-ray sources in nearby galaxies,
especially in the luminosity range 10¥-10*?ergs~!, could be
a promising way to gain insight into the SMBH growth mech-
anisms. Indeed, for an object spherically accreting hydrogen
gas, the luminosity must be lower than the Eddington limit —
Leqa = 1.26 x 1038 (Mﬂg) erg s~! — for the accretion flow to be
sustained. It is interesting to note, however, that in rare cases
there appears to be physical mechanisms that help stabilise the
accretion flow in the super-Eddington regime, as suggested by
both recent models and observations (e.g., Inayoshi et al. 2016;
Massonneau et al. 2023; Lin et al. 2017; Belfiore et al. 2020).
However, using L < Lggg iS one way to estimate a lower
limit on the accretor mass. Extra-galactic and off-nuclear ultra-
luminous X-ray (ULX) sources with X-ray luminosities Lx >
10% ergs~! were thus first thought to be good IMBH candidates
(e.g., Colbert & Mushotzky 1999; Liu & Bregman 2005). How-
ever, the spectral curvature seen in ULXs, hinting at an accretion
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regime different than for X-ray binaries (e.g., Bachetti et al.
2013), and the discovery of pulsating ULXs (e.g., Bachetti et al.
2014; First et al. 2016; Israel et al. 2017; Carpano et al. 2018;
Quintin et al. 2021) later revealed that some of these sources
are instead neutron stars accreting above the Eddington limit.
In ULX spectra, the inner temperature of the disc is cooler
than usually found in black hole X-ray binaries (kT =
0.1-0.3keV), while the power law is steeper (I' = 2-4.5)
and cut off at much lower energies (2—7keV compared to
>60keV in black hole X-ray binaries). The absorption is inter-
mediate, with column densities generally in the range 1-3 X
10?! cm~2. This led the community to imagine a different accre-
tion state than in X-ray binaries (XRBs), namely the ultralu-
minous state (Gladstone et al. 2009; Kaaret et al. 2017). ULXs
are also likely to cause important feedback on their environ-
ment, with optical and radio signatures of a ‘bubble’ surrounding
them, inflated by powerful winds and intense photo-ionisation
(e.g., Abolmasov et al. 2008; Berghea et al. 2020; Gurpide et al.
2022), which may seem inconsistent with a narrow beaming of
X-ray emission that could explain a super-Eddington luminosity
(Pakull & Mirioni 2002; Berghea et al. 2010).

On the other hand, the more luminous and much rarer hyper-
luminous X-ray (HLX) sources (Lx > 10*' ergs™') may still
remain excellent candidates to look for IMBHs, as evidenced
with ESO 243-49 HLX-1 (Farrell et al. 2009), which is one of
the best IMBH candidates known, reaching an X-ray luminosity
of 10¥ ergs™! in the 0.3-10keV band. It shows spectral evolu-
tion similar to that observed in Galactic black holes (Godet et al.
2009, 2012; Servillat et al. 2011). The black hole in ESO 243-
49 HLX-1 is thought to be fed by episodes of mass transfer,
induced by repetitive partial stripping of a white dwarf-like star
when passing at periapsis (Godet et al. 2014). This black hole
may be embedded in a stellar cluster or be the central black hole
in a dwarf galaxy stripped by or in interaction with ESO 243-
49 (Webb et al. 2010, 2017; Farrell et al. 2012). Very few other
HLX candidates are known so far, and they are most often
located at a high distance (Swartz et al. 2011; Zolotukhin et al.
2016), where confusion with a nuclear or background source is
more likely. In a recent study, Barrows et al. (2019) identified
a large sample of 169 HLX candidates thanks to the resolving
power and high sensitivity of two surveys, namely Chandra and
a galaxy catalogue based on Sloan Digital Sky Survey (SDSS)
images. However, most of their candidates are at D > 1000 Mpc,
where a background source is difficult to detect in the deepest
large optical surveys. Their median unabsorbed luminosity of
4.6 x 10* ergs™! in the band 2—10keV, as well as the signifi-
cant fraction of HLXs with an optical counterpart (28%), could
also be explained by a significant number of objects being back-
ground sources, although they interpret them as active galactic
nuclei (AGN) in satellites of the host galaxy and report a back-
ground contamination rate of 7—8% estimated from the cosmic
X-ray background curves of Moretti et al. (2003). In contrast,
NGC 5907 ULX-1 occasionally exceeded 10* erg s~ in lumi-
nosity while hosting a neutron star, appearing as an exception in
this class of objects (Israel et al. 2017). In the following, HLX
refers to objects whose average broad-band luminosity over all
X-ray detections by a given instrument exceeds 10* ergs~!,
which is not the case for this one.

Studying ULX samples has led to a statistical picture of
the ULX population, using many catalogues of ULX can-
didates from old (Swartz et al. 2004, 2011; Liu & Bregman
2005; Liu & Mirabel 2005; Walton etal. 2011; Wang et al.
2016) and recent (Earnshaw et al. 2019; Kovlakas et al. 2020;
Inoue et al. 2021; Bernadich 2022; Walton et al. 2022) releases
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of large X-ray catalogues. Focussing on the hardness (e.g.,
Earnshaw et al. 2019) and variability of ULXSs (e.g., Sutton et al.
2013; Bernadich 2022), their environment and counterparts
(e.g., Kovlakas et al. 2020), or on their X-ray luminosity func-
tion (XLF, Mineo et al. 2012; Wang et al. 2016), these stud-
ies showed several features for the ULX population. ULXs are
more prominent in spiral, star-forming galaxies. Their frequency
increases with galaxy mass and their luminosity function may
be explained as a mere power-law extension of the high-mass
X-ray binary luminosity function, for which a break is noted at
a few 108 ergs™! in elliptical galaxies (e.g., Kim & Fabbiano
2004; Wang et al. 2016). A break or cutoff at 1-2 x 10* ergs~!
may also be present (Swartz et al. 2011; Mineo et al. 2012) in
the XLF of spiral galaxies; however, this is still under debate
(see e.g., Walton et al. 2011; Wang et al. 2016). Moreover, no
break is systematically observed in these galaxies at the Edding-
ton luminosity of a 2 M neutron star (Lggg ~ 2 X 108 ergs™)
or a 100 M, stellar black hole (Lggq ~ 10*! ergs™"), as would be
expected if the Eddington luminosity was a hard limit (Fabbiano
2006; Kaaret et al. 2017). ULXs in spiral and elliptical galax-
ies are found to be consistent with a dominant population of
high-mass and low-mass X-ray binaries (HMXBs and LMXBs),
respectively, which is in agreement with the expected environ-
ment for these two classes. HMXBs and LMXBs consist of a
black hole or a neutron star accreting matter from a close and
more massive (respectively less massive) star, either because
of stellar winds (Bondi—Hoyle accretion, Bondi & Hoyle 1944;
Bondi 1952) or by the star overflowing its Roche lobe and form-
ing an accretion disc (e.g., van den Heuvel & De Loore 1973).
In HMXBs, because mass transfer by Roche lobe overflow is
unstable when the binary has a large mass ratio, accretion is gen-
erally driven by stellar winds (e.g., Iben 1993; Nelemans et al.
2000; however see Pavlovskii et al. 2017 where this point is dis-
cussed). LMXBs reside near the galactic bulge or in globular
clusters, while HMXBs, for which the compact object is most
often identified as a neutron star (e.g., Sidoli & Paizis 2018), are
located close to the galactic plane and at larger separations from
the bulge (Grimm et al. 2002; Repetto et al. 2017), where mas-
sive stars are more frequent due to more recent star formation
episodes.

Some differences were still reported between XRB and ULX
populations. However, only a select number of the brightest (and
often closest) ULXs have been studied in detail. Many of the
conclusions on the population of ULXs are often drawn from
simple spectral model fitting, which does not give a physical
description of the data (e.g., Swartz et al. 2004), or from eas-
ily computed quantities such as the hardness ratio between two
bands. A large sample approach was carried out by Walton et al.
(2011) who reported a small offset of ULXs towards harder
accretion states when residing in spiral galaxies. Earnshaw et al.
(2019) found no significant difference between the hardness ratio
distributions of ULXs and XRBs. Likewise, the larger dataset of
Bernadich (2022) showed similar locations for these two pop-
ulations in the hardness—hardness diagrams. In contrast, ULXs
seem less prone to exhibit high variability on the timescale
of years compared to XRBs, and the most variable ones are
hosted in spiral galaxies (Bernadich 2022). Confirmed neutron
star ULXs were reported to be the hardest ULXs, with highly
variable hard radiation (Gurpide et al. 2021). Some ULXs are
also variable on the timescale of a few kiloseconds (within
a single observation), as found by Earnshaw et al. (2019) and
studies of individual ULXs suggest the presence of winds,
outflows, or pulsations (e.g., Sutton et al. 2013; Koliopanos et al.
2019).
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Nevertheless, ULX population studies suffer from a mod-
erately high contamination fraction due to foreground stars
and (mainly) background AGN, often estimated to be ~20%
from the logN-logS diagram of cosmic X-ray back-
ground sources (e.g., Waltonetal. 2011), increasing with
X-ray luminosity (e.g., Bernadich 2022). Despite evidence
for ULXs being super-Eddington stellar-mass accretors, the
physical mechanism behind the apparent super-Eddington
luminosities is still poorly constrained. Modelling over the
last twenty years has suggested different possible scenar-
ios such as anisotropic (beamed) emission (e.g., King 2009;
Wiktorowicz et al. 2019); supercritical accretion discs around
stellar-mass black holes with radiation-driven winds (e.g.,
Poutanen et al. 2007; Middleton et al. 2015) or around neu-
tron stars (e.g., Erkut et al. 2019; Kuranov et al. 2020); thermal-
timescale mass transfer, in particular from a Helium-burning sec-
ondary (e.g., Wiktorowicz et al. 2015; Pavlovskii et al. 2017);
accretion flows around pulsating highly magnetised neutron
stars (e.g., Bachetti et al. 2014; Mushtukov et al. 2015, 2017;
Israel et al. 2017; Koliopanos et al. 2017); and accretion of
clumpy stellar wind enhanced by X-ray ionisation (Krti¢ka et al.
2022).

For this work, we developed a novel approach to build
cleaner ULX and HLX samples, using a general-purpose clas-
sification of X-ray sources developed in Tranin et al. (2022). We
assessed the added value of such a clean sample, and we con-
ducted a statistical study of our sample — the largest to date — to
offer a more complete view of ULX and HLX properties.

In Sect. 2 we explain our ULX selection method, involving
the use of a classification of X-ray sources, and the way we val-
idated the sample and built a complete sub-sample. The sam-
ple of contaminants and the selection of HLX candidates are
also described. In Sect. 3 we present a statistical study of our
clean sample, in terms of the X-ray luminosity function, ULX
rate evolution with the environment, and hardness and variabil-
ity properties. Samples of XRBs, ULXs, and HLXs are com-
pared. We discuss these results in Sect. 4 and compare them to
catalogues and results obtained in previous works. The nature of
HLXs is also investigated. We summarise our study in Sect. 5.
Unless stated otherwise, errors are quoted at the 1-0- level.

2. The sample
2.1. X-ray catalogues

To obtain the largest possible ULX sample, we consider the
three largest X-ray catalogues to date, generated from obser-
vations with XMM-Newton, the Chandra X-ray observatory
and the Swift X-ray telescope (XRT). From the largest of
these catalogues, 4XMM-DR11 (Webb et al. 2020), we select
the 496645 point-like sources that have a detection with a
reasonable detection flag SUM_FLAG < 1 (source parameters
may be affected, but spurious detections are unlikely). A few
extended sources are considered as point-like by the XMM-
Newton pipeline (SC_EXTENT = 0) and remain in this selection.
They have typically SC_EXT_ML > 100 and SC_SUM_FLAG > 1
or SC_EXT_ML > 10% so we remove the 561 corresponding
sources. We also remove sources below the detection likelihood
SC_DET_ML = 10 threshold, to limit the false source rate while
still keeping a high fraction of the catalogue sources (83%).
The Chandra CSC2 catalogue (Evans et al. 2010, 2019) is
treated in a similar way: removing sources flagged as extended
or ambiguous (as given in the source name), saturated or over-
lapping a bright streak. Unlike in the XMM-Newton pipeline,

extended sources seem to be all flagged as extended in the
Chandra pipeline, but some genuinely point-like sources may
also be flagged likewise: from visual inspection, we choose to
keep 1217 sources flagged as extended but not being in a con-
fused area and whose median major axis across energy bands
(computed in the Chandra pipeline) is at most 0.5 arcsec (i.e.,
the pixel scale of ACIS cameras). We keep only sources in the
likelihood class TRUE and with a non-zero flux, having detec-
tions with a conf_code lower than 256 (to remove sources with
unreliable parameters due to an overlapping extended source);
214757 sources remain after this filtering process. As detailed in
Sect. 3.1, 199 sources not included at this stage (because flagged
as extended or confused by the Chandra pipeline) were added a
posteriori to the ULX catalogue, after visual inspection.

Likewise, from the Swift-XRT catalogue 2SXPS
(Evans et al. 2020) we select sources having detflag = 0
and fieldflag < 1 to remove possibly spurious sources and
sources in polluted fields, as well as sources with a zero flux.
Since Swift-XRT has the largest PSF among the three X-ray
telescopes, some supposedly point-like sources may actually
be extended at this stage, and no extent estimate is made
available. This was notably confirmed by a visual inspection of
some fields containing galaxy clusters. We thus flagged 2SXPS
sources matching the extent of an XMM-Newton or Chandra
extended source, unless they also match a reliable source at
less than 10arcsec. In galaxy clusters, because the cluster is
extended, its Simbad and XRT position are sometimes separated
by ~20 arcsec: 188 sources at less than 20 arcsec from a Simbad
galaxy cluster were conservatively flagged as well, as possibly
due to the hot gas extended emission. This leaves a sample of
130 162 clean sources.

2.2. X-ray matches

To assess the number of unique ULXs left in our final sample,
and to be able to probe long-term variability of these sources,
we perform a crossmatch of the three catalogues with each other
using the TOPCAT software (Tool for Operations on Catalogues
and Tables, Taylor 2005). The ‘sky with errors’ algorithm is used
with the 3-0 position error of each catalogue. Grouped matches
are found, meaning the ambiguous association of a source to at
least two sources from the other catalogue, either in crowded
fields (like galaxies) or because of spatial resolution issues (it is
not unusual that two close Chandra sources are confused into a
single XMM-Newton or Swift one, since these instruments can-
not resolve them). We choose to remove these associations and
flag the corresponding source, unless they become ungrouped
when a crossmatch using the 1-o- position error is performed. In
this way, ambiguous associations in which one of the potential
associations is clearly favoured are well retrieved, while more
ambiguous associations are flagged and removed.

From the 412242 XMM-Newton, 214757 Chandra and
130162 Swift unique sources, the cross-correlation retrieves
687291 unique sources including 65366 with detections in at
least two facilities and 4229 with a grouped match flag. In
particular, 1.7% of 2SXPS sources matching a CSC2 source
are in ambiguous association. The median separation between
the two counterparts of an ambiguous 2SXPS-CSC2 (4XMM-
CSC2) association is 8 arcsec. Consequently, for sources asso-
ciated with a galaxy, this fraction of ambiguous associations
increases with galaxy distance and becomes ~10% in galaxies
at 40 Mpc (Fig. 1). Similarly, 0.7% of 4XMM-CSC2 associa-
tions are ambiguous, their median separation is 5.5 arcsec, and
~5% of 4XMM-CSC2 associations are ambiguous in galaxies
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Fig. 1. Fraction of 2SXPS-CSC2 and 4XMM-CSC2 ambiguous
matches as a function of the host distance given by GLADE.

at 40 Mpc. At greater distances, some Chandra sources must be
confused as well. This source confusion issue is important in
ULX studies because tight groups of XRB (resp. ULX) can be
mistaken for ULXSs (resp. HLXSs; e.g., Wolter et al. 2015).

2.3. The galaxy sample

The first published ULX catalogues were constructed by cross-
correlating X-ray catalogues with rather small catalogues of
bright galaxies (in particular RC3, de Vaucouleurs et al. 1991).
More recently, to achieve more complete ULX catalogues,
larger galaxy catalogues were considered, such as HyperLEDA
(Paturel et al. 2003), the Catalogue of Neighbouring Galaxies
(Karachentsev et al. 2004) or HECATE (Heraklion Extragalac-
tic Catalogue, Kovlakas et al. 2021). Here we use a recent com-
pilation of galaxy catalogues, GLADE (Galaxy List for the
Advanced Detector Era, Ddlya et al. 2018), intended to help
locate the origin of gravitational wave events. It is 100% com-
plete in bright galaxies (defined as those accounting for half of
the integrated Schechter luminosity function, Délya et al. 2018)
up to 91 Mpc and 90% complete at 200 Mpc. Unlike more recent
versions, its 2016 version, which is based on HyperLEDA,
GWGC (the Gravitational Wave Galaxy Catalogue, White et al.
2011) and 2MASX (the 2MASS extended source catalogue,
Skrutskie et al. 2006), contains information on the extent of each
galaxy. It contains more than 270000 entries at D < 200 Mpc,
~30% more than HECATE for the same distance range. We
found that some extended infrared sources from 2MASX, con-
sidered as galaxies in GLADE, are actually young stellar objects
or diffuse emission from nebular regions in our Galaxy: from
a visual inspection of the ones matching an X-ray source, we
found that their B magnitude, inferred in GLADE, is gener-
ally brighter than 14, or that their Gaia colours are distinct
from actual galaxies (whose G and BP Gaia magnitudes follow
G — BP > 0). We therefore removed the corresponding 2MASX
entries. We also remove entries matching a stellar object in Sim-
bad within 10 arcsec (typical angular size of the closest young
stellar objects), unless they are also categorised as galaxy. Since
the major axis of 2MASX entries is missing in the catalogue, we
retrieve the r_fe column native of 2MASX. Last but not least,
because GLADE is a compilation of catalogues, some dupli-
cate entries are found. We retrieve 6725 such galaxies from a
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Sky internal crossmatch of 10arcsec. Although their distances
in each catalogue are generally close to each other, large dif-
ferences can occur when the distance is photometrically esti-
mated. In these cases, we favour the distance of HyperLEDA
or GWGC over the one of 2MASX, as they are more consistent
with each other (Ddlya et al. 2018). To remove Galactic globular
clusters present in GLADE, where we do not expect the pres-
ence of ULXs, we limit the sample to distances above 1 Mpc.
The resulting galaxy sample is composed of ~1.7 million galax-
ies essentially at By, brighter than 19 (median By, = 17.3).

Unlike HECATE, GLADE does not contain any information
on the galaxy morphology, star formation rate (SFR) or stel-
lar mass. The latter is however estimated from infrared inte-
grated luminosity in the latest release of GLADE, GLADE+
(Délya et al. 2022), so we retrieve the corresponding column
from this catalogue. The Hubble type t of galaxies is given in
HyperLEDA, so this column is retrieved as well and provides
morphology information for ~460 000 galaxies. Such informa-
tion is necessary to distinguish the study of ULX populations
in spiral and elliptical galaxies, which are significantly differ-
ent as mentioned in Sect. 1. Similar to the definition used by
Earnshaw et al. (2019) and Bernadich (2022) , we define spi-
ral and elliptical galaxies as those with t > O and t < O,
respectively. Irregular galaxies are thus included in the spi-
ral sample in the same way as Walton et al. (2011, 2022).
To get a more complete census of spiral and elliptical galax-
ies, we cross-correlate GLADE with the catalogue of galaxy
morphologies inferred by machine learning on PanSTARRS
images (Goddard & Shamir 2020). As a result, we obtain stel-
lar masses and morphologies for ~1.5 million and ~1 million
galaxies, respectively. Last but not least, as done in HECATE and
introduced by Cluver et al. (2017; see also Kennicutt & Evans
2012), we cross-correlate GLADE with the WISE (Wide-
field Infrared Survey Explorer) catalogue of infrared sources
(Cutrietal. 2012) to estimate the SFR from the W3-band
(12 um) magnitude and the galaxy distance. More than 99% of
our GLADE subset has a WISE counterpart. This method pro-
vides consistent values of SFR for late-type galaxies, while the
heated dust content generally dominates in early-type galaxies,
often leading to an SFR overestimation (e.g., Galliano et al.
2018; Kovlakas et al. 2021).

2.4. ULX candidates

To form the ULX sample, the first step is to identify X-ray
sources matching a galaxy, but outside its nuclear region to
avoid AGN contaminants. We used the matching tool of TOP-
CAT to this end, with the ‘sky ellipses’ algorithm to retrieve all
sources whose X-ray error circle overlap the ellipse represent-
ing the galaxy area. The major axis of the galaxy is chosen to be
the Holmberg diameter Dyom = 1.26 X Dps as in Walton et al.
(2022), where D,s is the isophotal diameter at surface brightness
25 mag arcsec 2, in order to retrieve more candidates and study
the spatial distribution of ULXSs out to large radii. The result-
ing samples of X-ray matches are used later as input for source
classification. They contain 18 506, 13 055 and 7243 sources for
Chandra, XMM-Newton and Swift, respectively.

To exclude the central region, we select sources satisfying
the criterion

d > 3(POSERR + 0.5) (D

where d is the angular separation to the galaxy centre and
POSERR is the X-ray position error at 1o~. A minimal offset of
3 arcsec is required. The 0.5 arcsec term is applied to correct
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for astrometric errors on the galaxy centre reported in GLADE
— it is the typical offset between GLADE and SDSS positions.
The mean observed X-ray luminosity over the instrument broad
band (0.2-12keV for XMM-Newton, 0.5-7 keV for Chandra and
0.3-10keV for Swift) is computed from the mean X-ray flux
given in the X-ray catalogues and the galaxy distance, and must
strictly exceed Ly > 10° ergs™! for the source to be considered
as a ULX candidate. Sources brighter than 10*' ergs™! are kept
in the same sample at this stage.

2.5. Source classification to filter contaminants

One main issue in ULX studies is the high rate of contami-
nants in ULX samples, due to the presence of foreground (essen-
tially stars in our Galaxy) and background (AGN) sources. Some
central AGN may also pass the criterion cited above because
of bad astrometry. Previous attempts to remove these contami-
nants mainly focussed on removing known AGN and stars (e.g.,
Kovlakas et al. 2020; Bernadich 2022) using the large existing
datasets for these types. However, this is not sufficient to remove
all contaminants, since many of them remain uncatalogued.
Another option, applied in Bernadich (2022), is to remove all
sources that are too bright in optical to be a ULX. To this end,
they use Gaia and PanSTARRS magnitudes obtained by a posi-
tional crossmatch with X-ray sources to compute the X-ray to
optical flux ratio: any source with log(Fx/Fop) < —2.2 is con-
sidered as a star, and other sources with log(Fx/Fop) < 0 were
visually inspected to flag likely background sources while keep-
ing the bright HII star-forming regions where ULXs are prefer-
entially found.

While efficient, this process is tedious and also misses all
possible background AGN having Fx > Fop. To overcome
this issue, we make use of the automated probabilistic classi-
fication of X-ray sources we recently developed (Tranin et al.
2022). In a nutshell, the dataset is first prepared by enriching
the X-ray catalogue by completing X-ray sources with the fol-
lowing information: their optical and infrared counterparts from
large ground-based surveys, identified with the Bayesian cross-
matching tool NWAY (Salvato et al. 2018); galaxies hosting the
source, as explained in Sect. 3.3; X-ray variability ratio between
multi-instrument observations; and source identification given
by external catalogues, to form the training sample. The classi-
fication scheme starts with a naive Bayes classifier based on the
densities of the training sample for all source properties obtained
after this enrichment. The scheme is then fine-tuned to maximise
the classification performance of a chosen class (here X-ray
binaries), by increasing the weight of the most discriminating
properties. The probabilities of each class as well as the final
class (giving maximum probability) are computed. Here, the X-
ray sample of sources matching a GLADE galaxy is divided into
a training sample of known sources and a test sample to classify.
The classification is based on three classes: AGN (corresponding
to background contaminants and most sources located in galaxy
centres), X-ray binaries (the sample of in-situ genuine sources)
and soft sources (a miscellaneous class containing stars, super-
novae and supernova remnants, which are in-situ and foreground
contaminants). The properties used in the classification process
and the list of catalogues used to retrieve AGN, stars and XRB
are detailed in Tables 1 and 2 of Tranin et al. (2022). Supernovae
and supernova remnants are retrieved through a match with Sim-
bad. The parameters of the classifier for each catalogue are sum-
marised in Table 1, while the sample size of the training samples
of XMM-Newton, Chandra and Swift catalogues are detailed in
Table 2, as well as the classification results in the training sam-
ples. Four known ULXs are contained in the training samples

Table 1. Classification parameters for 4XMM, CSC2 and 2SXPS.

4XMM

Priors Pagn, Psoft> PXRB
Weights ajoc, Fgpe, Xetps Avar
CSC2
Priors Pacn, Psofi» PxrB
We]ghts Qocs a’spe, Clctps @yar
2SXPS
Priors Pacn, Psott> PXRB
Weights @ioc, Fspe, Xetp, Uvar

67%, 8%, 25%
48,9.1,1.0,55

50%, 10%, 40%
6.9,5.3,3.6,4.2

67%, 8%, 25%
9.6,9.1,1.3,4.5

Notes. For each catalogue are shown (first line) the prior proportions
applied to each class and (second line) the weights for properties related
to location, spectrum, multiwavelength counterparts and variability,
once optimised to maximise the XRB classification performance. See
Table 1 and Eq. (3) of Tranin et al. (2022) for further details.

Table 2. Confusion matrixes resulting from the classification of
4XMM-DR11, CSC2 and 2SXPS training samples.

4XMM
AGN Soft XRB Precision
—AGN 1482 26 10 98%
—Soft 15 33 18 50%
—XRB 29 20 320 87%
Recall 97% 42% 92%
CSC2
AGN Soft XRB Precision
—AGN 996 27 58 92%
—Soft 25 140 27 73%
—XRB 81 80 830 84%
Recall 90% 57% 91%
2SXPS
AGN Soft XRB Precision
—AGN 1568 31 14 97%
—Soft 8 43 13 67%
—XRB 65 36 363 78%
Recall 9%% 39% 93%

of XRBs. The classifier is very efficient at retrieving AGN, and
retrieves more than 80% of X-ray binaries. False positive rates
are also low (515%) and can be further decreased by applying a
probability threshold on the class under consideration. Figure 2
illustrates the results of the classification in the field of the spiral
galaxy NGC 1365.

As a sanity check, we obtain that 99% of sources at Lx >
10*? erg s~! and 94% of sources matching the galaxy centre (see
Eq. (1)) are classified as AGN. The vast majority of other cen-
tral sources are classified as soft sources, mostly being absorbed
(Seyfert II) AGN or hot gas.

To remove contaminants, the probability that the source is an
XRB is simply the probability that it is not a contaminant (indeed
Pxrp = 1 — PagN — Psoft). It is then compared to the fraction
of contaminants in the galaxy area within the source separation.
This fraction is obtained with the formula:

7 ab neont sep2

ﬁ:ont =2 (2)

Nurx

where a and b are the galaxy semi-major and semi-minor axes,
Neont 18 the density of contaminants computed with the analytical
formula of the log(N)—1log(S) relation in Moretti et al. (2003),
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Fig. 2. Illustration of ULX selection on the galaxy NGC 1365.
Left: XMM-Newton X-ray image (right) DSS Optical image. The
Dys ellipse of the galaxy is shown in grey. Blue, orange, green
and red circles represent sources classified as AGN, soft sources,
XRB and initial ULX candidates, respectively. The dashed red cir-
cle corresponds to a candidate classified as a contaminant, and
is indeed a background AGN. An interactive view of this figure
is available at http://xmm-ssc.irap.omp.eu/claxson/xray_
analyzer.php?srcquery=53.4019%20-36.1406
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Fig. 3. Densities of some source properties for each class of the 4XMM-
DR11 training sample. SC_HR2: second hardness ratio of 4XMM-
DRI11 (between bands 0.5-1 and 1-2keV), from EPIC-pn and MOS
cameras. log(Fx/Fwi): logarithm of the X-ray to infrared (W1-band,
3.4 um) flux ratio. Lx: mean 0.2-12keV observed luminosity. Separa-
tion/Gal. radius: galactocentric distance, i.e., the source separation to
the host centre, in units of the host radius at the source position angle.

for the hard cosmic X-ray background, sep is the galactocentric
distance (i.e., the source separation in units of the galaxy radius
at its position angle), and Nyrx is the number of ULX candidates
in the considered galaxy. Regardless of this quantity, sources
with a probability to be a contaminant higher than ~95% are also
classified as contaminant: it is notably the case of many fore-
ground sources, and many of the few spurious sources remain-
ing in the sample. Selected candidates are thus those following
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Pxrp > max(0.05, f.on). Here, Pxgrp should be understood as the
probability that the ULX candidate is not a background or fore-
ground contaminant, rather than the probability that the ULX is
actually an XRB, which requires further study to be affirmed.
From visual inspection of 150 sources, we estimate that more
than 90% of reliable ULXSs are retrieved (as detailed in Sect. 2.9)
and that at most 15% of selected candidates are compatible with
background contaminants. Removed candidates represent ~42%
of the initial candidates. This high fraction is the result of three
factors: first, the selection out to 1.26D;s increases the galaxy
area by 60% and the number of background contaminants by
the same amount. Second, foreground contaminants and spuri-
ous sources (resulting from the X-ray detection pipelines) are
also removed in this process. Third, a few valid ULX candidates
are removed as well, because their properties used in this work
are also compatible with an AGN (e.g., NGC 3921 ULX X-2,
Jonker et al. 2012).

2.6. Filtering remaining contaminants

We visually verified a large number of our selected ULX can-
didates, which greatly helped to develop and assess the filter-
ing pipeline described above. To this end, we used the virtual
observatory tools Aladin Lite' (Bonnarel et al. 2000; Boch et al.
2014), the Simbad database’ and the VizieR catalogue access
tool® (Ochsenbein et al. 2000), developed at CDS, Strasbourg
Observatory, France.

Some contaminants remain after the filtering process
described above: to remove them, we match our sample with
Simbad (3 arcsec) and exclude objects of types AGN or stellar
objects (75% of these objects were already successfully identi-
fied by the classification). We also visually inspect all sources
with an optical counterpart and selected as ULX, having optical
colour b — r > 0.5, due to the redder nature of background AGN
(about 700 sources). There are 135 sources from XMM-Newton,
139 from Chandra and 53 from Swift that are discarded in this
process, bringing the expected contamination rate to about 2%
(Sect. 4.2). In the following, we refer to the resulting cleaned
sample as “selected ULXs”.

In the same way as the contamination rate, the false negative
rate is expected to increase with luminosity, because the likeli-
hood of the AGN class is enhanced (Fig. 3, lower left panel).

2.7. HLX sample

Hyperluminous candidates were selected as described in
Sect. 2.4, as off-nuclear sources with a mean observed X-ray
luminosity >10* ergs~! in the broad energy band. To limit the
fraction of spurious sources, only candidates having a S/N > 3
were kept. Respectively 195, 360 and 110 sources from CSC2,
4XMM and 2SXPS satisfy these criteria. Each of these HLX
candidates was visually inspected to remove spurious sources
(notably due to source confusion issues) and contaminants such
as stars, hot gas overdensities and jet hotspots. This step led to
the removal of 157 sources. Likewise, 33 sources were removed
as being mistakenly associated to GLADE galaxies, whose
extent was manifestly overestimated.

Unlike ULXSs, which have well-constrained properties that
are essentially similar to XRBs for the classifier, selecting
HLXSs from the classification results can induce important biases.

! https://aladin.u-strasbg.fr/AladinlLite/
2 https://simbad.cds.unistra.fr/simbad/
3 https://vizier.cds.unistra.fr/viz-bin/VizieR
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In particular, bright, reliable HLX candidates having a Gaia
(Gaia Collaboration 2021), PanSTARRS (Chambers et al. 2016)
or DES (Dark Energy Survey, Abbott et al. 2018) optical coun-
terpart are misclassified as background AGN. A more robust
approach to eliminate background AGN is to use the redshift
(spectroscopic or photometric) of the optical counterpart (as
done by Barrows et al. 2019). Recently, in addition to spectro-
scopic measurements of the redshift for a few million sources
(e.g., in the SDSS-BOSS survey, Bolton et al. 2012), large and
deep surveys led to the release of several billion photometric red-
shifts. In SDSS, this work was notably performed by Beck et al.
(2016), inferring the redshift of 208 million sources up to z ~
0.6 from their (u, g, r, i, z) magnitudes. Tarrio & Zarattini (2020)
computed the photometric redshift of 1.1 billion sources using
the (g,r,i,z,y) PanSTARRS bands, extending up to redshift
z ~ 1. Zouetal. (2022) performed a similar work using the
(g,1,i,2,Y) and (g,r,z, W1, W2) bands from the Dark Energy
Survey and the DESI Legacy Survey, respectively. These three
studies provide highly reliable photometric redshifts, with a
typical accuracy better than o (Azyorm) = 0.03. Besides, most
recently, identification as quasars or galaxies and redshifts were
provided for 7.8 million Gaia DR3 sources (Gaia Collaboration
2023), using the low-resolution optical Gaia spectra. We use
this set of redshift catalogues to identify background and fore-
ground contaminants: X-ray sources at <3 arcsec of an optical
source with a redshift measurement inconsistent with the dis-
tance of the assumed host (i.e., |Zhost — 2| > Zew, With z and
Zerr the redshift value and error in the external catalogue) were
discarded. This led to the removal of 283 background and 5
foreground sources, respectively. In contrast, sources having a
distance match (|znost — 2| < Zerr) have more chance to be indeed
located in their associated galaxy: this is the case of 37 sources.
At the end of this selection process, 115, 75 and 13 HLX can-
didates are found in 4XMM-DR11, CSC2 and 2SXPS respec-
tively, totalling 191 unique sources including 11 observed by
multiple X-ray instruments at the HLX level according to their
mean luminosity (for X-ray sources observed with several instru-
ments, the entry of smallest position error is kept). From them,
63% have no counterpart in Gaia, PanSTARRS and DES cata-
logues, 24% have a counterpart but no redshift measurement and
13% have a redshift consistent with their host.

2.8. Complete sub-sample

As introduced for example in Walton et al. (2011), ULX prop-
erties and the luminosity function have to be assessed on a
complete sample, so that the contribution of brighter ULXs
is not overestimated. Indeed, the limiting sensitivity of the
instrument defines the minimum flux that a source should
have to be detected; for extragalactic sources, this translates
into a limiting luminosity for each distance bin. Usually, ULX
surveys keep only galaxies with limiting luminosity below
10 ergs™' to ensure that all ULXs are well-detected. For
instance, Kovlakas et al. (2020; resp. Bernadich 2022) keep
galaxies closer than 40 Mpc (resp. 29 Mpc). This leads to the
removal of most bright ULXs located in more distant galaxies.
In this study, we keep all sources with luminosities above the
galaxy limiting luminosity Ly, = 47F imD?. As further detailed
in Sect. 3.1, the contribution of ULXs in each luminosity bin is
later weighted by the number of galaxies having Ly, below this
luminosity.

The only prerequisite is thus to compute the sensitivity Fjip,
for each galaxy in the sky coverage of each instrument. We use
here a data-driven approach, for simplicity and because sensi-

L0t csc2(0<6) —
-- CSC2 (6>6
0.8 (6>6)
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Fig. 4. Cumulative distribution of GLADE galaxies X-ray 3o sensitivi-
ties, computed from Eq. (3) as a function of flux. 8 refers to the Chandra
off-axis angle.

tivity maps are not accessible for all 3 instruments. For each
X-ray catalogue, we infer the flux — effective exposure time
relation from subsets of ~10° detections with signal-to-noise
close to 3. Chandra sources show the highest deviation from
a single power-law model, because a third parameter, the off-
axis angle 6, is determinant in the sensitivity value. We empir-
ically find that once we consider a Chandra effective exposure
time ¢ = 2t/ max(6, 2 arcmin), the three X-ray subsets show a
+0.5 dex deviation from a single power-law model. The result-
ing Fyin, relations are as follow:

-1510.75
(L2027 for CSC2
Fiim = { (2402 for 4XMM 3
-1310.8
(212) for 2SXPS.

The limiting X-ray sensitivities of Chandra, XMM-Newton and
Swift are illustrated in Fig. 4, showing the cumulative distribu-
tion of the limiting X-ray flux for GLADE galaxies in their sky
coverage. The difference between on-axis and off-axis Chandra
galaxies is to be noted. Once applied to X-ray sources matching
a GLADE galaxy, the F > Fyi, cut keeps 70-95% of sources
with §/N > 3 and removes 80 to 90% of sources with S/N < 3.
This empirical sensitivity can thus be considered as a proxy for
the 30 sensitivity.

2.9. Sample of contaminants

To validate the automatic filtering method of the test sample, we
compiled a sample of objects classified as contaminants from the
three catalogues to compare it with the compilation of selected
ULX. They are ULX candidates following d > 3(POSERR + 0.5)
and Pxrg < max(0.05, foont), and having no identification as
one of the three classes AGN, soft source or XRB in Simbad
or other catalogues, in order not to bias the classification assess-
ment. This results in a sample of 1431 sources (1331 unique)
with 494, 715 and 222 sources from CSC2, 4XMM and 2SXPS,
respectively.

We visually inspected 100 sources having S/N > 3 from
this sample: 83% were indeed contaminants (mostly background
AGN), 7% may be reliable ULXs missed by our classification,
and 10% were ambiguous cases, either lying far from the galaxy
optical extent but having no optical counterpart, or having source
confusion issues leading to unreliable properties.
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Fig. 5. Normalised distributions of some properties of selected ULX
candidates and candidates classified as contaminants, from the compi-
lation of CSC2, 4XMM-DR11 and 2SXPS.

The distributions of galactocentric distance, mean X-ray
luminosities, GLADE distance and Hubble type are shown in
Fig. 5 for both selected ULXs and contaminant samples. These
results agree with what is reported in previous works: sources
further from the galaxy centre, of higher luminosities or in ellip-
tical galaxies are more prone to be contaminants. In particular,
before the selection of the HLX candidates, all but six sources
above 10*2 ergs™! were classified as contaminants. One of the
6 sources is 2CXO J115324.3+493104, an AGN jet hotspot
(Sambruna et al. 2006), proving the presence of unexpected
types of contaminants in the ULX sample. We thus removed
it from the HLX sample, as well as 2CXO J003703.9-010904,
another jet hotspot in the HLX luminosity range (Martel et al.
1998; Kataoka et al. 2003).

Figure 6 shows the fraction of sources classified as con-
taminants among initial ULX candidates as a function of the
mean X-ray luminosity: in particular, for a search within the
Holmberg diameter 1.26 X Dj,s, more than 30% of candi-
dates above 10*’ ergs™! are contaminants, even after removing
known contaminants. This evolution is quantitatively consis-
tent with the 70% contamination rate observed for HLX candi-
dates (Zolotukhin et al. 2016; Kaaret et al. 2017), although this
is dependent on the apparent size of selected galaxies. Conse-
quently, previous analyses of the bright end of the X-ray luminos-
ity function of ULXSs (e.g., Swartz et al. 2011; Mineo et al. 2012;
Wang et al. 2016) may be severely affected by contamination.

3. Results

The final ULX samples are made up of 1234, 667 and 304
sources from Chandra, XMM-Newton, and Swift, totalling a
compiled sample of 1901 unique sources (i.e., after removing
duplicate entries for sources observed by several instruments;
this sample is hereafter called the compiled sample). The rates of
HLX candidates in each sample are 6%, 16% and 1.9%, respec-
tively. This difference is expected because of the different capa-
bilities of these X-ray facilities, as detailed in Sect. 3.1. Table 3
summarises the number counts of ULXs, complete ULXs (i.e.,
with Lx > Lyny), HLXSs, and galaxies of different morphologies
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Fig. 6. Fraction of contaminants per luminosity bin, for candidates in the
Dys and 1.26 X D,s ellipses, among the initial ULX candidates (before
filtering).

Table 3. Samples of ULXs, HLXs and galaxies under study.

CSC2 4XMM 2SXPS Total (unique)

ULX 1234 667 304 2205 (1901)
cULX 925 470 266 1661 (1448)
HLX 75 115 13 203 (191)
cHLX 63 92 13 168 (158)
Galaxies 741 599 207 1547 (1303)
Spiral 377 320 171 868 (713)
Elliptical 206 112 19 337 (325)

Notes. Number counts of ULXs, complete ULXs (i.e., with Lx > Ly,
Sect. 2.8), HLXs, complete HLXs and number of galaxies that host
them (all types, spiral and elliptical), for CSC2, 4XMM-DR11, 2SXPS
and their sum (in parenthesis: minus duplicates). In the compilation of
unique sources, for X-ray sources observed with several instruments,
the entry of smallest position error is kept. By construction of the HLX
sample, the sources all have S/N > 3 and thus a higher fraction of them
are complete.

in each ULX sample. To our knowledge, our work provides both
the cleanest (about 2% of contaminants, Sect. 4.2) and the largest
census of ULXs, just above the recently published multi-mission
catalogue of Walton et al. (2022; 1843 sources). Only a handful
of well-known ULXs are absent from our sample. For instance,
out of the 17 well-studied ULXs compared in Gurpide et al.
(2021), only three ULXs are missed: Holmberg IX X-1 and
Circinus X-5, because the 1.26x D5 ellipse given in GLADE are
somewhat smaller than the actual galaxy area ; and NGC 55 X-1,
because its mean X-ray luminosity is just below 10* ergs~! for
each instrument. All the pulsating ULXs known so far, includ-
ing the recent pulsating ULX (PULX) candidate of Quintin et al.
(2021), are retrieved in our sample. ESO 243-49 HLX-1 (along
with other HLXSs, Sect. 3.4) is retrieved as well. Conversely,
supersoft ULXs studied by Urquhart & Soria (2016) are not in

our sample because of having (Lx) < 10*° ergs'.

3.1. Malmquist-corrected XLF

Previous works on the X-ray luminosity function of ULXs
only kept galaxies with limiting X-ray luminosities Lj, <
10*° erg s~!. While this method gives the intrinsic shape of the
XLF, by probing the same volume in all bins, it also cuts out
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most of the detected bright sources, located in further galax-
ies. Here, we keep all sources brighter than the limiting lumi-
nosity of their galaxy Lx > Liimnost- Thus, the distribution of
Ly is the XLF convolved with the survey volume, each lumi-
nosity bin [Lx, Lx + dLx] comes from a different survey vol-
ume (Malmquist bias, also known as the Eddington bias), and a
1/Vimax correction has to be applied to each bin. This volume V.«
is here given by the number of galaxies complete to the luminos-
ity of the bin, that is to say having Lyn < Lxpin. The decon-
volved differential XLF is computed by dividing the luminosity
distribution of ULXs by the cumulative limiting luminosity dis-
tribution of galaxies, N(Lim < Lxpin). Although this approach
has been extensively used to constrain the luminosity func-
tions of stars (e.g., Leggett & Hawkins 1988; Stobie et al. 1989;
Kroupa 1995), galaxies (e.g., Binggeli et al. 1988; Loveday et al.
1992; Bouwens et al. 2011) and quasars (e.g., Lynden-Bell 1971;
Ueda et al. 2003; Aird et al. 2010), it seems absent from the lit-
erature of XRB and ULX statistical studies at the time of writing.
The underlying assumption is that a universal XLF exists and is
the same in the different survey volumes, which seems reason-
able since we study the very local Universe z < 0.16 (however
see Sect. 4.4 for further discussion).

Figure 7 shows the deconvolved cumulative XLF (com-
plete in each bin) for spiral (top panel) and elliptical (bottom
panel) galaxies. It includes selected ULXs below 10*' ergs™!
from the complete sample, and complete robust HLXs for the
bright end. Poisson errors are assumed in each bin on the num-
ber of X-ray sources and the number of complete galaxies. The
three datasets are in good agreement (consistent at the 90%
level except at faint luminosities where the different resolution
capabilities lead to substantially different numbers of detections,
Sect. 4.3) after making a correction on the CSC2 sample. Indeed,
we noted a deficit of Chandra sources at medium luminosities
(210* erg s™"), which after a thorough inspection of 4XMM-
CSC2 intersecting fields was found to be caused by genuine
ULXs that were flagged in CSC2 as extended or confused, or not
detected by the Chandra pipeline which is less sensitive close
to the edges of the field of view. After visual inspection of 480
flagged sources, we retrieved 199 such sources including 51 at
Lx > 100 ergs.

We verified that both deconvolved and ULX-complete XLF
had the same shape. Notably, we considered sources at low lumi-
nosities 10¥-10* ergs™! in spiral galaxies, so that the sample
becomes comparable to that of Wang et al. (2016; who have only
20 candidates above this luminosity). Using a single power-law
model, as they did in this luminosity range, we retrieve an XLF
slope consistent with their result, @ = 0.93 + 0.03 instead of
a = 0.96 £ 0.05 (10 errors). In elliptical galaxies, we generally
find flatter slopes than in the literature; this point is discussed in
Sect. 4.4.2.

Each XLF is then fitted with two models, a single power law

n(> L) = n3o(L/10%)*

and a broken power law

n(> L) = nao(L/10°)) if L < Ly,
n(> L) = n3o(L/10°°)® otherwise

where n3g9 is the total ULX rate and L, is the break luminos-
ity. Parameters of the XLF fits and their uncertainties are proba-
bilistically estimated in a bayesian framework, by sampling the
XLF with 40 000 Monte-Carlo trials using observed values and
errors. Flat priors are applied on each parameter, in the ranges
n3y € [0,1], @ € [0,2] (single power law) and n39 € [0, 1],
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Fig. 7. Cumulative X-ray luminosity functions of ULX candidates from
4XMM, CSC2 and 2SXPS. Top panel: deconvolved XLF of spiral
galaxies, and residuals from the single (middle) and broken (bottom)
power-law fits detailed in Table 5. Bottom panel: deconvolved XLF of
elliptical galaxies, and residuals from the single power-law fits detailed
in Table 4. For comparison, we overlay the cumulative distributions of
sources matching their host nucleus, and of ULX candidates classified
as background contaminants.

a; € [0.3,2], ap € [0,2], log(Ly) € [39,41] (broken power law).
Results from the single power law and broken power law fits of
the deconvolved cumulative XLF are detailed in Tables 4 and 5.
Unlike the XLF of elliptical galaxies, in spiral galaxies, the
broken power-law fit is always preferred over a single power-
law fit. However, the different catalogues disagree on the exact
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Table 4. Parameters of the fits of the deconvolved XLF with a single
power-law model.

Sample 39 a x? (d.o.f)
CSC2,ETG 0317001 099709 054 (28)
AXMM, ETG 0167002 0.99*005 0,09 (27)
2SXPS,ETG 0037002 1021030 0,68 (9)

Compiled, TG 0.297001  1,06:0%2 67 (28)

Notes. ‘ETG’ refer to the sample of complete ULXs in elliptical galax-
ies. n3y and « are the amplitude and slope of the power-law model,
respectively. See the text for more details.

location of the break, even at the three sigma level. This discrep-
ancy is further discussed in Sect. 4.4. However, it is to be noted
that all three datasets are well-fitted by a power law breaking at
Lx preak = 5 x 10% erg s7! (fixed parameter), with y? < 1.

Unlike the lower luminosity break seen in the XLF of ellip-
tical galaxies at a few 10°® ergs™! which is consistent with the
Eddington limit of neutron star binaries (Kim & Fabbiano 2010),
the physical origin of this higher luminosity break has been
poorly understood. Previous works consider it as the sugges-
tion for a different class of objects above the break luminosity,
in particular intermediate mass black holes, as it corresponds to
the Eddington luminosity of a ~80 M, black hole (Swartz et al.
2011; Wang et al. 2016; Kaaret et al. 2017). The reasons for this
break are further examined in Sect. 4.4.1.

3.2. ULX rates in different environments

Generally speaking, precursory studies found that spiral galax-
ies were more prone to host ULXs, in particular in their
star-forming regions (e.g., King et al. 2001; Swartz et al. 2004;
Liu & Bregman 2005). Elliptical galaxies also host a significant
ULX population, especially those that have undergone a recent
star-formation event (Kim & Fabbiano 2004). The luminosity
function of ULXs and their location in their host (distance to the
centre) seem to be consistent with the extrapolation of HMXB in
spiral galaxies and LMXB in elliptical galaxies, at higher lumi-
nosities (Gilfanov et al. 2004; Swartz et al. 2011; Mineo et al.
2012; Kovlakas et al. 2020). Other demographic studies showed
an excess of ULXs in dwarf galaxies and in low-metallicity galax-
ies (e.g., Swartz et al. 2008, Kovlakas et al. 2020). The scaling
relations linking ULX rates with galaxy mass, SFR, and metal-
licity were even calibrated in recent works (Anastasopoulou et al.
2019; Kovlakas et al. 2020; Lehmer et al. 2021).

Figure 8 shows the evolution of ULX rates ny x with var-
ious galaxy parameters. The qualitative trends reported in the
literature are also present in our cleaned ULX sample. We find
that ULX rates globally increase with the galaxy stellar mass,
regardless of the SFR. Besides, ULX rates increase with the
SFR, at least in spiral galaxies. The rate of ULX is higher in
spiral galaxies, regardless of the SFR; and a significant ULX
population does exist in elliptical galaxies.

Modelling this ULX rate — SFR relation with a power law,
log(nyrx) = alog(SFR) + 8 where « is the slope and S the nor-
malisation, we obtain @ = 0.43 + 0.04 for spiral galaxies shown
in the middle panel of Fig. 8. This is in excellent agreement with
the value obtained by Kovlakas et al. (2020) on average over all
types of spiral galaxies: @ = 0.45%0.9%. Elliptical galaxies seem
to present a sharper scaling relation, with a slope a = 0.84+0.07
at SFR < 1 M, yr™! and a drop above this value. However, the
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SFR estimator we used is unreliable for elliptical galaxies, being
degenerate with the dust mass, so this result is inconclusive.
In the top panel of Fig. 8, we can see an excess of ULXs in
dwarf galaxies (hardly significant since it disappears with a dif-
ferent binning) and a tenfold increase of the ULX rate over five
orders of magnitude in stellar masses covered by the sample: the
specific ULX rate nypx /M. thus decreases with stellar mass, in
agreement with Walton et al. (2011) and Kovlakas et al. (2020).

We find tentative evidence that ULXs and HLXs do not share
exactly the same environment: the latter tend to be hosted in
equal rates in spiral and elliptical galaxies (Fig. 9). We note that
this trend was reported in Bernadich (2022), but not found in
Kovlakas et al. (2020). This trend can be interpreted in terms of
the mean slope of the XLF of ULXs, which (in our sample) is
shallower for elliptical galaxies than for spiral galaxies. This is in
tension with the trend reported in the literature (e.g., Wang et al.
2016). This point is discussed in Sect. 4.4.2.

The radial distribution of ULXSs in their host also gives con-
straints on their favourable environments. However, it cannot be
studied in galaxies of small angular size or large distance, due
to source confusion issues and the exclusion of ULXs close to
the nucleus. We thus examine the number of ULXSs in spiral
and elliptical galaxies having a major axis D,s > 30 arcsec, as
a function of their galactocentric distance. The result is shown
in Fig. 10, where the first bin is not shown since the ULX cen-
sus in this inner part of the galaxy (<0.15 X Dys) is incomplete.
Regardless of the sample in use, the surface density of ULXs
in spiral galaxies smoothly decreases towards larger separations,
while it becomes flatter in elliptical galaxies before being cut
off beyond D,s. In the sub-sample of spiral galaxies, containing
enough ULXs to probe several luminosity bins, the form of the
distribution seems independent of the source luminosity. This is
in agreement with the results of Kovlakas et al. (2020), perform-
ing the same analysis in galaxies closer than 40 Mpc. However,
our ULX selection extending beyond the D,s ellipse as well as
our filtering of contaminants allow us to observe for the first time
the drop in ULX density in the outer part of elliptical galaxies.

3.3. Comparison of XRB and ULX

It is now widely accepted that most ULXs below ~10*! ergs™!

contain either neutron stars or stellar-mass black holes accreting
above the Eddington limit. However, the geometry of their accre-
tion flow, as well as the mechanisms explaining their spectral
states are still poorly understood. From the few nearby individual
ULXs that have been observed multiple times with large expo-
sures, two decades of detailed spectral study led to the results
cited in the introduction.

For the three X-ray catalogues studied in this work, XRB
are well-detected only in nearby galaxies (D < 20 Mpc) which
have larger apparent sizes and thus overlap numerous back-
ground sources. For this reason, and because they correspond to
a source type actually present in the training sample, we select
them using a different criterion to avoid background and fore-
ground contaminants: sources following Pxgrg > 0.7, sep < 0.8
and Lx < 10*ergs™' make up our sample of XRB candi-
dates. The contamination rate among these selected candidates is
10-12% from visual inspection.

3.3.1. Hardness

Figure 11 shows three hardness — hardness diagrams compar-
ing ULX and XRB from each survey. In all three samples, their
distributions are mostly overlapping, consistent with previous
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Table 5. Parameters of the fits of the deconvolved XLF of spiral galaxies with a broken power-law model.

Sample n39 2 s log(Loyreak) sz (d.o.f)
CSC2, LTG 0.457002  0.6770%  1.36*00¢  39.45*007 037 (27)
4XMM, LTG 0.35%002 0.81709  1.24*30>  39.73* 011 0.19 (33)
2SXPS, LTG 0.297002  0.80*00: 1.73*013 39.97*307 033 (24)
Compiled, LTG 0417091 0.86*00¢  1.31*903  39.66709%  0.77 (33)
CSC2, LTG39 24012 0.80%09%  1.90*097  39.67*0%  1.13(12)
4XMM, LTG39 168*10  0.71709%  1.807017  39.74*010  0.17 (14)
2SXPS, LTG39 150715 0657019 1.39*92  39.70%029  0.13 (18)
Compiled, LTG39 424713 0.89*00>  1.97*003 3971709 0.60 (12)

Notes. ‘LTG’ refer to the samples of complete ULXs in spiral galaxies. ‘LTG39’ stands for the samples of spiral galaxies having Ly, < 10*° ergs™!;

1.

they correspond to the classical, non-renormalised XLF. n39, @1, @, and log(Ly..x) are the amplitude, faint-end slope, bright end slope and break
luminosity of the broken power-law model, respectively. See the text for more details.
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Fig. 8. Rates of ULX as a function of different properties characterising
galaxy environment.

studies. Except for the minority of nearby ULX sources observed
with long exposure times, this hardness information is not suf-
ficient to probe differences in the spectral shape. We also plot
ULX candidates classified as background (Pagn > Psoft) and
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Fig. 9. Evolution with X-ray luminosity of the ratio between ULX rates
N(Lx) in spiral and elliptical galaxies.

soft (Pagn < Psoft) contaminants. The locus of sources clas-
sified as background contaminants is significantly offset from
these populations, and as expected, it matches precisely the locus
of AGN. This gives further credit to their classification as con-
taminants, and is in agreement with previous studies on AGN
colours. Soft contaminants are fewer and dispersed at different
loci of this parameter space.

More conclusive results may be found by exploring the
hardness evolution when the flux varies. Indeed, hardness-
luminosity studies of black hole XRBs have shown a hys-
teresis cycle between two canonical states, high soft and low
hard (Shakura & Sunyaev 1973; Remillard & McClintock 2006)
while neutron star and some black hole ULXs globally harden
when they brighten (Kaaret et al. 2017; Gurpide et al. 2021). In
ULXGs, a softening occurring when the ULXs brighten may indi-
cate the presence of a black hole (e.g., Narayan et al. 2017), as
found in black hole XRBs; however this does not apply to at
least some ULXSs (e.g., NGC 5907 ULX1, Gurpide et al. 2021).
We thus looked at the hardness evolution of a sample of XRB
and ULXs having varied significantly between detections. While
such a study would require a detailed spectral modelling of each
source, we implement a simple approach to identify sources
showing large hardness variations. To combine the detections
coming from all three instruments, we built a flux hardness ratio
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Fig. 10. Radial distribution of ULXs in elliptical (top) and spiral (mid-
dle, bottom) galaxies, showing their surface density as a function of
galactocentric distance. The last panel shows the surface density of dif-
ferent luminosity bins in the compilation of Chandra, XMM-Newton
and Swift selected ULXSs.

HR67 between the bands 0.2-2 and 2-12keV:

Fr_1o — Fyo_
mRe7 = F2-12 = Foaz @)
Fr 12+ Fooo

This corresponds to existing XMM-Newton energy bands, and
an extrapolation of Swift and Chandra energy bands, for which
we used fixed conversion factors. To this end, although this is a
severe approximation, we assume an absorbed power-law model
with (T = 1.7, ng = 3 x 10?°cm™2) as already done in CSC2,
4XMM and part of Swift catalogues to convert count rates into
fluxes. From the ULX and XRB samples in all three surveys,
we select 59 unique sources that varied by a factor of at least
ten during their follow-up, and we consider their 799 detections
that have HR67_err < 0.25. This selection targets high S/N
sources having a good follow-up, thus most of them are already
well-studied (32 have an entry in Simbad). Sources having their
peak flux below (resp. above) 10°° erg s~! are considered as XRB
(resp. ULX). Figure 12 shows the detected luminosities of these
59 sources, with hardness being colour-coded.

While a substantial fraction (~50%) of sources do not
present a significant hardness evolution (AHR < 0.2), most
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Fig. 11. Hardness—hardness diagrams of XRB and ULX candidates
from 4XMM (top panel), CSC2 (middle panel) and 2SXPS (bottom
panel). Contours are shown to ease visualisation. The greyscale density
in the background refers to known AGN. Candidates classified as fore-
ground and background contaminants are shown as orange circles and
pale blue contours, respectively. The hardness ratios plotted here cor-
respond to the following energy ranges: between 0.5—1 and 1-2keV
(SC_HR2), between 1-2 and 2-4.5keV (SC_HR3), between 0.5-1.2
and 1.2-2keV (hard_ms), between 1.2—-2 and 2-7keV (hard_hm),
between 0.3—1 and 1-2keV (HRI1), and between 1-2 and 2—-10keV
(HR2).

of the other sources — which have variable hardness — fol-
low the expected trend: from the lower luminosity state to the
higher luminosity state, a significant fraction of XRBs become
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Fig. 12. Luminosity—hardness evolution of the subset of 59 variable XRB and ULX. HR67 is the hardness ratio between 0.2—2 and 2—12keV
bands. All detections having HR67_err < 0.25 are shown. To ease visualisation, for each source, the correlation, anti-correlation, or absence of

correlation between Lx gerection and HR67 are highlighted at the bottom of the graph by the “+”,

softer and most ULXs harder. A few outliers are to be noted:
some ULXs become softer instead, such as M101 ULX-1
(ObjID=38) which is a well-known supersoft ULX thought to
host a black hole (Liu et al. 2013; Shen et al. 2015), or ESO 243-
49 HLX-1 (ObjID=59) having a well-studied high soft state
(e.g., Servillat et al. 2011; Godet et al. 2009, 2012). NGC 4490
ULX-3 (ObjID=57) has a very low HR at peak (Swift) detec-
tion, which is unreliable (Lx ger > 10%! erg s7h), probably due
to its confusion with the ambient hot gas and the vicinity of
ULX-1 which is softer — indeed the Swift coordinates are off-
set in this direction, by 5arcsec from the Chandra source.
While 4XMM J095524.8+690113 (ObjID=24) is always very
soft, it matches SN 1993]J. NGC 5907 ULX-1 (ObjID=55) and
4XMM J022239.1+422328 (ObjID=25) are always very hard
(this is confirmed by an inspection of their XMM-Newton spec-
tra), as expected from their locations right inside a gas-rich,
edge-on host galaxy suggesting an important absorption. This
sample of 59 sources represents a large sample of uniformly
selected, highly variable extragalactic XRBs and ULXs.

3.3.2. Variability

The variability within an observation is hard to characterise on
a systematic basis, as it takes various forms depending on the
source type and is strongly affected by the binning. Additionally,
automated processing of the detailed light curve is time con-
suming and subject to biases. However, some variability indi-
cators are made available as columns of the X-ray catalogues:
for instance, the fractional variability Fy, represents the dis-
persion of the flux between snapshots, weighted by the flux
error, and is given in 4XMM-DRI11. It can be used to isolate
the most significantly variable objects. The probability that the
source is constant within the observation is available as well

EIERTIIRL) ”

and “=" signs, respectively.

in all three catalogues, using various tests. 2SXPS records the
maximum rate among snapshots in each band, which is valuable
to spot short-term outbursts. For each 2SXPS source, we com-
pute the ratio between the maximum and the median rate among
all snapshots in the most variable band. Since Swift snapshots
are shorter (20-30 min) than the typical duration of our multi-
mission observations (~10ks), this indicator probes variability
on shorter timescales.

We find no significant difference between the two popu-
lations for XMM-Newton and Chandra variability indicators.
However, 2SXPS ULXs seem less variable than XRBs between
observations and (especially) snapshots (Fig. 13, y-axis). On
average, the former varied by 0.71 dex between snapshots, while
the latter varied by 1.15 dex (the standard deviation are 0.4 and
0.5 dex, respectively). This difference may be intrinsic, due to the
physics behind these populations; but it may also be an observer
bias, because unlike other telescopes, the Swift monitoring of
an XRB is generally performed to track its particular variabil-
ity. To remove this doubt, we also computed the variability ratio
between snapshots for XMM-Newton sources, by rebinning the
4XMM light curves to 20 min long bins, and recording the peak
rate of each band. The result is shown in the bottom panel of
Fig. 13: the same offset is visible, with ULXs varying of 0.56 dex
between snapshots on average and XRB varying of 0.93 dex.

However, this indicator is subject to at least two biases: first,
the exposure time, because episodes of high flux variations are
more likely to be detected in longer exposures. XRB have to be
at lower distances to be detected, in particular in better-studied
galaxies, targeted by longer or more numerous observations.
This is why they are detected at lower fluxes in our samples.
In the Swift sample, 112 out of 293 XRB are located in just four
galaxies observed for more than 200ks: M 51, M 81, M 101 and
NGC 300. After removal of these galaxies, the ratio between the
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Fig. 13. Variability between snapshots of XRB and ULX candidates
from 2SXPS (top panel) and 4XMM (bottom panel), as a function of
their flux. Contours are shown to ease visualisation.

mean variability of XRBs and ULXs is reduced by 30%. The
second important parameter is the flux, because the noise contri-
bution to the source flux is more significant at low flux and equal
exposure. At equal fluxes and exposure time, both populations
have similar variability distributions in both surveys. This is ten-
tative evidence that both populations undergo a short-term flux
variability of equal amplitude, however this result would need a
detailed treatment of the light curves to be confirmed, which is
beyond the scope of our study.

3.4. The hyperluminous X-ray sample

In our work, thanks to the high completeness of GLADE even
at several hundred Mpc, we are able to retrieve 13, 115 and 75
HLX candidates from Swift, XMM-Newton and Chandra sam-
ples, respectively. Of these 191 unique candidates, 76 sources
have a bright optical counterpart and are split in two categories:
‘galaxy pair candidates’ (22 objects), if the source matches the
nucleus of a known galaxy in interaction with the host; and
‘weak HLX candidates’ (54 objects), for other point-like opti-
cal sources or sources considerably offset from the galaxy area.
The latter could indeed be background AGN, as suggested by
the identification of four such sources as mid-infrared-detected
AGN (Secrest et al. 2015). However, they could also be dwarf
satellite galaxies of the host, which are a favourable environ-
ment to look for IMBH (Webb et al. 2010; Greene et al. 2020;
Barrows et al. 2019); and actually seven of them have photomet-
ric redshifts consistent with the host distance. The 115 remaining
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HLXs with no optical counterpart, or a faint counterpart over-
lapping the area of the galaxy, are qualified as ‘robust HLX can-
didates’. Figure 14 shows a random selection of 15 candidates
belonging to one of these three categories, taken from the three
X-ray surveys. For clarity, we summarise the number counts
of each sub-sample of initial and selected HLX candidates in
Table 6.

The distributions of the distances and mean observed 0.5—
10keV X-ray luminosities of the 191 HLX candidates are shown
in Fig. 15. As usually found, HLXs are detected much further
away than ULXs. Most of them have luminosities in the range
10*'-10*? erg s™!, with galaxy pair candidates being the most
luminous. By construction, all candidates have S /N > 3. However,
we note that only 17% of the sample of 169 (robust+weak) can-
didates have S /N > 10. The median S/N for this sample is 4.9.

Eight candidates that were removed, but are present in the lit-
erature are discussed here. Some sources are simply not present
in our sample: NGC 2276 ULX-1 is located outside the GLADE
1.26 X D»s ellipse, which does not fit the actual galaxy area
(this is the case for a small proportion of GLADE galaxies).
Reported in Zolotukhin et al. (2016) as a reliable candidate,
XMMO0838+24 is here located outside the extent of its GLADE
association, its separation being 1.5 times the galaxy radius at
its position angle. The other reliable candidate cited by this
study, XMM1226+12, was discarded during visual inspection as
lying visibly outside the extent of the host. M 82 X-1 is flagged
as confused, or extended, in all three surveys. Thus these two
sources are not present in our sample. The candidate in IC 4320
(an elliptical galaxy at ~93 Mpc), proven to be a background
AGN (Sutton et al. 2015), was discarded due to a PanSTARRS
photometric redshift higher than the host (z,, = 0.18 = 0.06,
Tarrio & Zarattini 2020). Because we use the mean luminos-
ity in each survey for selection criterion, the candidates located
in NGC 5907, NGC 4077, UGC 6697 and Cartwheel are not
in our HLX sample, due to their (Lx) < 10* ergs~'. We still
retrieve some well-known candidates in our work: they include
ESO 243-49 HLX-1, NGC 470 HLX-1 (Walton et al. 2011;
Sutton et al. 2012) and 3XMM J161604.0-223726 in IC 4596
(Earnshaw et al. 2019).

3.5. Comparison of ULXs and HLXs

Because of the low number of known HLXs, few studies have
attempted to characterise their typical environment. The loca-
tion of ESO 243-49 HLX-1 outside the disc of its host may
be due to it being embedded in a stellar cluster or the stripped
core of a dwarf galaxy (e.g., Webb et al. 2010) but ESO 243-
49 HLX-1 in itself seems to be an outlier among HLXs (e.g.,
Sutton et al. 2015). Other HLX discoveries led to the sugges-
tion that HLXs and ULXs share the same type of environ-
ment, namely star-forming, spiral galaxies (Sutton et al. 2015;
Barrows et al. 2019). This is at odds with the ratio of our HLX
rates between spiral and elliptical (Fig. 9), suggesting an equal
rate of robust HLXs in these two morphologies. We compare the
behaviour followed by ULX and HLX rates as a function of three
environmental parameters (Fig. 16): the galaxy stellar mass, its
SFR and its Hubble type. Unlike ULXs, our HLXs tend indeed
to be hosted equally in (regular) spiral and elliptical galaxies.
However we note that only 38 HLXs have a Hubble type value
provided in HyperLEDA, and that 40% of them have errors on
this type e; > 3 (equivalent to 1.5 major graduations in Fig. 8).
On the other hand, similarly to the trends obtained on ULXs, we
find a positive correlation between the HLX rate and the stellar
mass and SFR.
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Fig. 14. Images of a random sample of new HLX candidates. The images are structured as follows: Cols. (1,2), (3,4) and (5) display CSC2,
4XMM-DR11 and 2SXPS candidates, respectively. (odd numbers) and (even numbers) rows show the X-ray and optical image at the same
scale — the white line corresponds to 10 arcsec. Rows (1,2), (3,4) and (5,6) correspond to galaxy pair, robust and weak candidates, respectively.
These candidates have the following names: 1-2CXO J124208.4+331854, 2-2CX0 J025921.5+132913, 3-4XMM J123441.0+020846, 4—-4XMM
J104444.7-012018, 5-2SXPS J164652.0+234011, 6-2CXO0O J082215.9+210535, 7-2CXO0 J105210.4+552243, 8-4XMM J062447.9-372122,
9-4XMM J125708.6—044144, 10-2SXPS J111416.1+481833, 11-2CX0O J005151.7+474019, 12-2CXO J131133.3-011656, 13-4XMM
J083235.2-225804, 14-4XMM J145753.6—113959 and 15-2SXPS J115109.2+570340. X-ray images correspond to the Chandra and XMM-
EPIC images displayed in ESASky, or the science exposures of Swift-XRT where the green circle has a 10 arcsec radius. Optical images come
from the PanSTARRS survey (Chambers et al. 2016), except candidate 8 (Digitized Sky Survey, McLean et al. 2000) as it lies in a region not
covered by PanSTARRS. The 30~ X-ray position error circle is shown in cyan.

3.5.1. Hardness obtained from XMM-Newton, Chandra and Swift data, after

discarding sources with HR = —1 or 1 to limit unreliable mea-
We investigate the locus of the 191 HLX candidates in a surements. The HLX and ULX distributions are mainly over-
hardness—hardness diagram. Figure 17 shows the diagrams lapping, with only a fraction of XMM-Newton HLX candidates
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Table 6. Sub-samples of HLXs under study.

CSC2  4XMM 2SXPS  Total (unique)

Initial candidates 195 360 110 665 (619)
With redshift 96 187 41 324 (298)
Background 82 165 35 282 (259)
Foreground 2 3 0 5(5)
Distance match 12 19 6 37 (34)
Selected candidates 75 115 13 203 (191)
Robust 51 66 5 122 (115)
Weak 15 35 7 57 (54)
Galaxy pair 9 14 1 24 (22)
With opt. counterpart 29 63 8 100 (94)
Soft (HR67 < —0.6) 2 5 1 8 (6)
Hard (HR67 > —-0.6) 67 110 12 189 (179)

Notes. Number counts of initial and selected HLXs in different sub-
samples (see Sects. 2.7 and 3.4, respectively, for details on the sub-
samples). The sample of ‘soft HLXs’ is defined in Sect. 3.5.1, and is
the complementary of ‘hard HLXSs’ (note that six Chandra candidates
are not included in these samples, because their HR67 could not be
calculated).
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Fig. 15. Distribution of some properties of selected samples of ULXs
and HLXSs. Left: distance of the host. ULXs are detected up to 500 Mpc
and HLXs up to 1100 Mpc. Right: 0.5-10keV observed mean X-ray
luminosity of the 191 HLXs candidates, including the 22 galaxy pair
candidates.

looking harder above 4.5keV (SC_HR4). They consist mainly
of 15 robust HLX candidates having SC_HR4 > 0 on average
among detections; their low signal-to-noise ratio (S/N < 10)
does not allow a more in depth spectral study. However, the
energy range covered by SC_HR4 essentially probes the photon
index of the spectrum if it were an absorbed power-law spec-
trum, and in this case such values would only be produced by
<2

Besides, in the Swift sample, ESO 243-49 HLX-1 is an out-
lier located far in the lower left of the distribution. Three other
outliers are found in 4XMM: 4XMM J215022.4-055109, a
well-known IMBH candidate which underwent a tidal disruption
event (Lin et al. 2018), 4XMM J161534.3+192707, a variable
HLX possibly consistent with another offnuclear tidal disruption
event (Soria et al., in prep.), and 4XMM J085253.8+180110, a
weak candidate located in a cluster of galaxies. Another soft out-
lier (not visible in Fig. 17 because of having SC_HR4 = —1) is
4XMM J231818.7—-422237, a variable soft source already cited
as a candidate IMBH in Lin et al. (2014). It could actually be
associated with two GLADE galaxies, and would be of ULX
luminosity if belonging to the one closer to us. It is however
softer than all other ULXs (SC_HR2 = —0.73, SC_HR3 = —0.85).
The outlier nature of such soft HLXs is even more visible in the
distribution of HR67, the hardness ratio between bands 0.2—2 and
2—12keV, where they form the peak close to —1 (HR67 < —0.6)
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Fig. 16. Rates of ULX and HLX as a function of different properties
characterising galaxy environment.

in Fig. 18. All but two of them are also seen as outliers by the
source classification, with an outlier measure >12 (Tranin et al.
2022), higher than 99% of ULX candidates.

3.5.2. Variability

Some extreme ULXs were seen to approach or overcome the
luminosity threshold of HLXs for transient periods. Super-
Eddington radiation well above the Eddington limit seems pos-
sible for the timescale of an observation (Israel et al. 2017), and
in this case the Eddington limit cannot give accurate mass esti-
mations of the central object. HLX candidates detected only
once could thus be powered by stellar-mass accretors. However,
we find that out of the 191 HLX candidates, 96 were detected
several times (up to 20 times, and even more for ESO 243-
49 HLX-1, NGC 470 HLX-1 and the AGN in a galaxy pair
XMMU J134736.6+173403). Only 26 of them have a detec-
tion below 10" ergs™' — including the known candidates in
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Fig. 17. Hardness—hardness diagrams of ULX and HLX candidates
from Chandra (top), XMM-Newton (middle) and Swift (bottom). Grey
and red dots correspond to ULXs and HLXs, respectively. Contours at
25th, 50th and 75th percentiles are shown to ease visualisation.

ESO 243-49, IC 4596 and NGC 470 — suggesting that a major-
ity of our HLX sample is actually persistent. The time between
the first and the last observation is >1 yr for 75% of persistent
candidates. Figure 19 shows the distribution of their variability
ratio between observations, along the one of ULXs. No signifi-
cant variability excess is seen in either of these two categories.

4. Discussion
4.1. Comparison to other studies

Recent releases of large X-ray surveys and complete galaxy cat-
alogues enabled the discovery of large samples of ULXs and
HLXSs. We discuss our findings in the context of previous studies
on this subject.
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Fig. 18. Distribution of the hardness ratio HR67 between the 0.2-2 and
2-12keV energy bands for selected HLX candidates.
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Fig. 19. Distribution of the variability ratio between observations
(logFratio = log(F‘"“* )), for ULXs and HLXs.

Fnin

Kovlakas et al. (2020) found 629 ULX candidates in 309
galaxies in the local 40 Mpc volume, from Chandra CSC2 cat-
alogue matched with HECATE (Kovlakas et al. 2021). They
estimated a contamination rate of 20%, using the log N—1log S
method. Because of the high Chandra sensitivity, their sample is
likely to be complete. In our work, despite the use of a different
galaxy catalogue and slightly different selection criteria, we find
a similar number of Chandra ULX candidates (567) in galaxies
closer than 40 Mpc. However, we remove 58 candidates of this
sample from their classification as contaminants, 16 others from
their identification as another type in the literature, and 41 are
also flagged during visual inspection. This leaves a sample of
442 sources located within 40 Mpc, representing 78% of the ini-
tial sample. Adding Swift and XMM-Newton candidates, the size
of the sample is almost doubled (839). This outlines the need to
cross-correlate several X-ray catalogues to find these sources,
since focussing on one catalogue decreases the survey cover-
age and misses some candidates as they may have been fainter
than 10* erg s~! at the time of the observation. Besides, we were
able to confirm key results present in their work, namely the pre-
dominance of contaminants in uncleaned samples at luminosities
Lx > 10*3 ergs~!, the evolution of the ULX rate with SFR and
the decrease of specific ULX rate with galaxy stellar mass.

Bernadich (2022) used a recent release of the 4XMM cat-
alogue, 4XMM-DR10, matched with HECATE galaxies, to
build a clean ULX sample. Similarly to our work, their clean-
ing pipeline relies on removing the known AGN and fore-
ground contaminants, as well as visual inspection of the sources
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having optical counterparts (from PanSTARRS and Gaia). How-
ever, without an automatic classification, they were not able to
remove contaminants having Fx > Fop or no optical counter-
parts. Besides, we were able to improve this cleaning by visual
inspection of faint counterparts in the southern hemisphere,
using the DES survey. Overall, their sample of 779 candidates
is somewhat larger than our cleaned sample (667 candidates).
They however consider a source as ULX as soon as Lx + Lx ¢ry >
10* erg s™! in at least one detection, and only 632 of their can-
didates have (Lx) > 10*° ergs~!.

Their work also focusses on the statistical study of bright
ULXs, having Lx + Lxerr > 5 X 10% erg cm~2s7! in at least one
detection. While this bright sample contains 94 such sources,
it is significantly different from our sample of HLXs for sev-
eral reasons: first, because we use the mean luminosity to select
them, and because we use the more conventional threshold of
10*' ergs™! (only 25 of their bright candidates have (Lx) >
10" ergs™'). A large fraction of their sample is thus likely to
be similar to luminous ULXs powered by a stellar-mass accre-
tor. Second, because we use GLADE, which is more complete
than HECATE as it is a compilation of catalogues (including
HyperLEDA), and because HECATE is limited to galaxies at
D < 200Mpc, our HLX sample contains significantly more
candidates. As a result, we find significant differences in the
preferred environments and counterparts of ULXs and HLXs
(Sect. 4.5). We do not find evidence in our sample for the softer
average spectra for HLXs reported in Bernadich (2022).

Walton et al. (2022) is similar to our work in the sense
that they included the same three X-ray surveys. However,
their galaxy sample is different, compiling HyperLEDA and
the Catalogue of Neighbouring Galaxies. While they used the
same matching limit as we do, 1.26 X D,s, the contamina-
tion rate of their sample must be high (Fig. 6) given that
they only cleaned out known contaminants. Their final sample
contains 1843 unique candidates, compiled from the 4XMM-
DR10, 2SXPS and CSC2 samples containing 641, 501 and 1031
sources, respectively. This total is similar to the 1901 ULXs con-
tained in our compilation, with however slightly different pro-
portions from each survey (667, 304 and 1185). Our slightly
larger sample, despite our strict cleaning, was possible thanks to
the use of GLADE. Our sample thus constitutes both the largest
and the cleanest ULX catalogue to date.

We examine the classification of X-ray sources that we have
in common with these three studies. We find 601 sources of
Kovlakas et al. (2020) in our sample, of which only 423 pass the
offnuclear and (Lx) > 10* ergs™! criteria. The rest are mostly
discarded because of insufficient luminosities, due to their use of
CSC2 fluxes from the PSF 90%-energy width (flux_aper90_b)
instead of the source region aperture (flux_aper_b). 359
sources are selected as ULXs after classification and manual
screening, hence ~15% of candidates are discarded as contami-
nants. Similarly, in the clean ULX catalogue of Earnshaw et al.
(2019) claiming a contamination rate of 24%, we find 17% of
candidates removed in our pipeline. From the ULX sample of
Walton et al. (2022), 1734 sources are included in this study, of
which 1291 pass the first criteria (their luminosity criterion being
less stringent). We obtain 27% of these sources discarded as
contaminants, which is higher than their estimated background
contamination rate (18-23%). Most of the ULXs of Bernadich
(2022) are present in our sample (746), and 574 have ULX-
consistent positions and luminosities in our sample. However,
27% of these sources are discarded by the classification and
manual screening, considerably higher than expected from their
contamination estimation (~2%). Their estimation is however
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calculated for their entire X-ray sample (including non-ULX3s),
perhaps explaining this discrepancy.

Last but not least, Barrows et al. (2019) produced a cata-
logue of 169 HLX candidates from the CSC2 catalogue and
SDSS images. This unprecedented sample size is allowed by
their detailed treatment of optical images to detect galaxies up
to greater distances and fainter surface brightness; as a result,
most of their candidates are located at distances >1000 Mpc, and
present X-ray luminosities >10*? ergs™!. Few of their galaxies
are present in the GLADE catalogue: as a result, only ten of their
candidates are present in our CSC2 sample. Two of them have
(Lx) < 10" ergs™', and one is discarded when excluding the
galaxy central region. Interestingly, 2CXO J122148.2+491131
is flagged as background contaminant due to its photometric red-
shift zp, = 0.46 = 0.1 (Beck et al. 2016, also consistent with
PanSTARRS and DESI estimates), leaving only six candidates
out of the possible ten in our sample. Whilst their study has the
advantage of a low contamination rate (7-8%) and probes the
HLX population to greater distances in the Universe, our sam-
ple is more likely to contain candidates well-suited for a follow-
up as well as HLXs of lower luminosity, probing lower IMBH
masses and possibly earlier stages of black hole growth. These
points are further discussed in Sect. 4.5.

4.2. Number of contaminants

The cosmic X-ray background (CXB) has been extensively stud-
ied for several decades by several X-ray missions, revealing
that it is essentially due to radiation from unresolved point-like
sources, in particular AGN (e.g., Moretti et al. 2003 and ref-
erences therein). As such, its flux distribution has often been
used in ULX and HLX studies to assess the number of back-
ground contaminants behind a given galaxy. For instance, the
log N-1log S relation of Moretti et al. (2003), gathering wide-
field and pencil-beam surveys probing six orders of magni-
tude in flux, was used by Walton et al. (2011), Zolotukhin et al.
(2016) and Barrows et al. (2019) to compute their number of
contaminants. To this aim, they converted the broad band flux of
their sample to the hard energy band of Moretti et al. (2003; 2—
10keV) which yields the most contaminants, using an absorbed
power-law spectrum with I' = 1.69 and ny ~ 3 x 102 cm™.
However, a possible caveat of this method is that CXB sources
present a variety of spectra (Mushotzky et al. 2000) that can-
not be accurately represented by this model. To alleviate this
problem, we also compute the number of contaminants using
log N—log S distributions calibrated in an energy band sim-
ilar to the broad bands of our sample, namely 0.2-12keV
(XMM-Newton), 0.3-10keV (Swift) and 0.5-7keV (Chandra).
This is the case of the relations of Georgakakis et al. (2008)
and Kim et al. (2007), respectively used in the ULX studies of
Zolotukhin et al. (2016) and Kovlakas et al. (2020). After con-
verting our fluxes in the proper energy band, we find excellent
agreement between the results obtained from each relation.

The number of contaminants in each galaxy is computed by
multiplying the cumulative flux density, log(N(>S)) at a given
flux §, by the extent of the galaxy used for finding ULXs (i.e.,
after the centre exclusion criterion has been applied). The flux
to consider is directly given by the galaxy distance (such that
the contaminant is found in the ULX luminosity range) and
the X-ray sensitivity (so that the contaminant is detectable), as

. 109 eras—!
min(f3o, fiim) Where fzg = =75~

Because our centre exclusion radius 3(POSERR+0.5) depends
on the source position error, we estimate the number of
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Table 7. Number of contaminants estimated using different published
log N-1log S relations, in the ULX and HLX samples.

Survey Moretti+03  Georgakakis+08  Kim+07  Identified
2SXPS ULXs 140*7, 14177, 139*7, 171
2SXPS HLXs 1372 1373 132 25
4XMM ULXs 58233 558+ 554+%3 541
4XMM HLXs 136434 13743 135433 121
CSC2 ULXs 483+38 45143 45243 482
CSC2 HLXs 7504 734 7347 64

Notes. Positive and negative errors correspond to the estimates at 10%
and 90% of the exclusion radius (3(POSERR +0.5)) distribution. The last
column gives the number of candidates filtered out by our pipeline as
background contaminants, or identified as HLX weak candidates.

contaminants using the 10%, 50% and 90% percentiles of the
position error distribution in each sample of candidates. Results
are given in Table 7 for the ULX and HLX contaminants, where
error bars correspond to the variations in position error. For
ULXs, it is comparable to the number of candidates known or
classified as AGN, or removed by visual inspection of the opti-
cal source. For HLXS, it is similar to the number of background
sources (using photometric redshifts) added to the number of
HLX candidates flagged as weak. This is a further indication that
the selection of ULX and HLX candidates, and thus the auto-
matic classification and the photometric redshifts estimates, are
reliable and robust.

Except in the 4XMM sample, our filtering process iden-
tifies more ULX candidates as background contaminants than
expected from the CXB. Using the CXB curves of Moretti et al.
(2003), yielding the larger contamination rates, the 41 remaining
background contaminants in our sample thus represent 2.2% of
the sample of selected ULXSs.

4.3. Heterogeneity of the sample and instrumental biases

Because of the different capabilities of Swift-XRT, XMM-Newton
and Chandra, we do not expect to probe exactly the same ULX
populations in each survey. Chandra on-axis observations are
more sensitive and have a higher angular resolving power, so
it can probe larger distances where the galaxies look smaller.
XMM-Newton and Swift have covered larger sky areas, and the
superior follow-up capabilities of Swift can also reveal popula-
tions of variable ULXs. The design of Swift as a gamma-ray
burst monitor has led to a more uniform sky coverage, less
biased towards galaxies of special interest, so we can expect a
lower observer bias of its ULX population. However, the centre-
excluding criterion (Eq. (1)) leads to exclude a significant frac-
tion of actual ULXs at low galaxy angular separation. This is
particularly the case of Swift HLX candidates, which are all off-
set from their host centre by >10arcsec, while half of XMM-
Newton and Chandra HLX candidates have lower separations.
This probably causes the steeper slope of the 2SXPS XLF above
Lx > 10 ergs™.

Another bias in our selection of ULXs and HLXs is the sig-
nificant difference between Swift, XMM-Newton and Chandra
energy bands: in particular, the narrower energy band of the latter
probably removes valid candidates just below the ULX luminos-
ity threshold. Assuming a phenomenological absorbed power-
law model for ULX spectra, with typical parameters I' = 2.4,
ng = 2 % 10* ecm™? (Gladstone et al. 2009), the conversion fac-
tor from the XMM-Newton 0.2-12keV band to the Chandra

0.5-7keV band is 0.85, and becomes as low as 0.7 for a pho-
ton index I' < 2. If this conversion is valid on average, the
Chandra XLF break in spiral galaxies would be shifted to up
to ~4 x 10°° erg s~!, better matching the other XLFs.

Nevertheless, results obtained from the XLF and the com-
parison with XRBs, ULXs and HLXs are comparable between
instruments, showing the robustness of both our cleaning
pipeline and our statistical study with respect to instrumental
biases.

The XLF inferred from 2SXPS, 4XMM and CSC2 are com-
patible at the 2-0 level except at the faint end Lx < 5 X
10*% ergs™! . At these luminosities, most of the sample is made
up of sources in galaxies in the distance range of 5-60 Mpc:
those sources are most often resolved by Chandra, whereas a
substantial fraction of XMM-Newton and Swift-XRT sources are
confused (Fig. 1). Moreover, because of the higher noise level
and the poorer spatial resolution, sources hidden in diffuse X-ray
emission are harder to detect with those facilities. Consequently,
the intrinsic slope of the XMM-Newton and Swift XLF are sub-
stantially underestimated at the faint end.

A similar problem occurs at fainter luminosities for Chandra
sources: as explained in Wang et al. (2016), sources fainter than
1038 ergs™! are more likely to be below the detection threshold,
in particular when located in diffuse emission. This leads to the
flattening of the XLF at these luminosities, so that diagnostics
on the XLF faint end of XRB must rely on deep observations
of close individual galaxies, as done in Mineo et al. (2012) or
include a completeness correction as in Wang et al. (2016).

Another moderately significant difference is the steeper slope
in the bright end of 2SXPS XLFs, above ~2 X 10% erg s~!. while
4XMM and CSC2 are consistent with each other. A closer look
at each sample above this luminosity reveals that half of 4XMM
and CSC2 candidates are detected in galaxies of apparent diam-
eter Dys < 20 arcsec, whereas 2SXPS candidates in such galax-
ies are systematically discarded by the centre exclusion criterion
due to their larger position error. There is thus a lack of HLXs
in the 2SXPS sample. As a result, the XLF based on Chandra
sources is probably the most representative of the intrinsic, ‘uni-
versal’ XLF of spiral galaxies.

4.4. X-ray luminosity function
4.4.1. XLF break

Our work shows significant evidence of the existence of a break
between 3 x 10*° and 10*° ergs~!. This somewhat agrees with
the findings of Swartz et al. (2011) and Mineo et al. (2012), sug-
gesting a cutoff luminosity of 1-2 x 10*’ergs™!. In contrast,
Wang et al. (2016) reported that this break is spuriously caused
by the lack of statistics in these studies, and stated that no break
is needed at this point of their XLF. We see two reasons for
this inconsistency: first, their sample is made up by searching
X-ray sources within twice the Dys of the galaxy, and they do not
implement any procedure to remove the abundant contaminants
this implies. These contaminants have an important influence at
high luminosities (Fig. 6) and thus can flatten the XLF around
10" erg s~! . Second, they only considered the differential lumi-
nosity function in their XLF fits, showing higher dispersion, so
that a break can be buried in this “noise”. In their Fig. 9 showing
the cumulative XLF, there might be an hint for a break around
10 ergs!.

The precise location of the break varies between samples,
with 2SXPS sources yielding the largest value. We argue that
the lack of low-luminosity ULXs due to source confusion issues,
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given the lower spatial resolution of Swift-XRT, and of HLXs
due to the large Swift exclusion radius, are likely to distort the
XLF and shift the break towards higher luminosities. This effect
was already pointed out by Wang et al. (2016) when consider-
ing more distant elliptical galaxies, increasing the population of
unresolved sources. Similarly, if ULXs and HLXs have differ-
ent nature (see Sect. 4.5), adding HLXs in the ULX cumulative
XLFs will distort it so that the break will shift towards fainter
luminosities and there will be a flattening at the high-luminosity
end.

We test how the location of the break is changed when
sources >10*! erg s™! are removed before fitting the XLF: while
itis unchanged for 2SXPS ULXs, the best-fit break luminosity is
found increased to (5.7+1.2)x10* erg s™! (log(Lyreax [ergs™']) =
39.75) and (9.1 + 2.6) x 10*° erg 57! (log(Lpreak [e1g s =
39.96) for the CSC2 and 4XMM samples, respectively. The
single power-law fit is still excluded. Once converted to the
XMM-Newton broad energy band of 0.2-12keV (assuming an
absorbed power-law spectrum with I' = 1.7, ny = 3 X
10?° cm~2), the CSC2 break is further moved to ~8 x 10* erg s~!
(log(Lpreak [e1g s71]) = 39.9), consistent with the break fitted to
the 4XMM sample.

More generally, although the use of cumulative XLFs pro-
vides higher statistics and may reveal more features, it is also
subject to more biases. In particular, the faint end of the cumu-
lative XLF is impacted by all the selection biases, leading to its
flattening, while having the smallest poissonian error bars. This
is likely to force the faint end of the XLF fit to flatten, potentially
shifting the fitted break luminosity towards fainter luminosities
to alleviate the tension between the model and the data. When
the differential XLF is fitted (in the form dN/dIn Lx so that the
slopes of the cumulative version are conserved), the break is
shifted to (6.4+2.4)x 10%, (6.5+4.2)x 10%°, (1.21£0.27) x 10%
and (7.9 £ 2.5) x 10¥ ergs™! for the samples of CSC2, 4XMM,
2SXPS and all ULXs, respectively. As a result, the break is
probably the cutoff feature reported by Mineo et al. (2012) and
Swartz et al. (2011) for spiral galaxies. Most recently, this fea-
ture was also found in the XLF from deep Chandra observa-
tions of the Virgo cluster (Soria et al. 2022), with a normalisa-
tion jump occurring in the range 4—5 x 10% ergs™.

We investigate the physical reasons for this break. The first
possibility is that a different galaxy population is probed in each
luminosity bin of the XLF. Indeed, the XLF shape was found to
significantly depend on the galaxy properties, with, for example,
a flatter slope for more star-forming galaxies (Wang et al. 2016).
We find a moderate increase of the mean SFR of ULX hosts in
bins of increasing luminosity, with typical values <0.5 Mg yr™!
below 5x10*° erg s~! and >3 M, yr~! above 10*' erg s~!. Extrap-
olating the result of Wang et al. (2016) to higher luminosities,
this should produce a flattening of our XLF with luminosity,
whereas we find the opposite behaviour. The stellar mass fol-
lows the same trend as the SFR, so that each bin probed similar
specific SFRs. The XLF break is thus unlikely to be a selection
effect of different environments.

Another possibility is that the luminosity break corresponds
to the Eddington luminosity of a given class of objects, such as
neutron stars or a certain population of black holes. For example,
the Eddington luminosity of ~2 M, neutron stars was argued to
be consistent with the 5 x 1038 erg s~! break seen in the luminos-
ity function of LMXB, when accounting for beaming effects and
the accretion of helium-rich material (Kim & Fabbiano 2004;
Wang et al. 2016). With the same arguments, we could expect
the break found in this study to be due to the Eddington lumi-
nosity of ~25 M, black holes. Recent modelling works show
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that radiative processes allow a luminosity as high as 10** erg s~!

from supercritically accreting 20 M, stellar-mass black holes
(Krticka et al. 2022). However, the >50 M, black holes detected
by gravitational wave facilities rule out this break to match the
maximum mass of stellar-mass black holes, unless the mass dis-
tribution of stellar-mass black holes is bimodal (which could
be the case if black holes in XRBs and black holes in mergers
do not share the same formation channels, Fishbach & Kalogera
2022, but see Belczynski et al. 2021). Moreover, the same lumi-
nosity could be reached by the most magnetised neutron stars
(Mushtukov et al. 2015), but the discovery of pulsars reaching
even greater luminosities (e.g., Israel et al. 2017) may have chal-
lenged this interpretation.

On the other hand, the source spectrum, and hardness ratios,
may allow better diagnostics of the source nature. Using a sam-
ple of 17 ULXs including six PULXs, Gurpide et al. (2021) find
that the secure neutron stars of their sample are among the hard-
est sources. To probe which type of accretor dominate at differ-
ent luminosities, and if they all present the same XLF features,
we divide our samples in three bins of HR67: soft (HR67 < 0.2),
medium (0.2 < HR67 < 0.5) and hard (HR67 > 0.5) ULXs.
The result is plotted in Fig. 20, showing no significant difference
between each XLF. The possible reason is that HR67 is ineffi-
cient to distinguish neutron star and black hole ULXs, or per-
haps more interestingly, that a similar break should exist in both
populations even if for different physical reasons. For instance,
since the contribution of LMXB in spiral galaxies is known to
be non-negligible even at ULX luminosities (e.g., Mineo et al.
2012; Lehmer et al. 2019), the break could be the manifestation
of a normalisation jump in the XLF due to a luminosity cutoff
at a few 10% ergs™! for LMXBs, as mentioned in Soria et al.
(2022).

Alternatively, the HMXB XLF was found to present a
large dispersion in the range 103¥—10%*0 erg s~! related to galaxy
metallicity (Lehmer et al. 2021), with a high luminosity cut-
off located between 3 x 10 ergs™! (low metallicity galaxies,
12 +1og(O/H) = 7.6) and 10*° erg s~! (galaxies of solar metallic-
ity, 12 +1og(O/H) ~ 8.7). The metallicity information is absent
from GLADE, but we find 106 galaxies in our ULX sample that
have a match in HECATE with a metallicity value: 85% of them
are in the range 8.4 <12 +1og(O/H) < 8.9, close to solar metal-
licity, supporting this explanation for the break. In this scenario,
the XLF break we obtained may be due to the combination of
an excess of luminous HMXB in low metallicity environments
followed by a cutoff, and an increasingly large contribution of
another type of object at the bright end, possibly intermediate-
mass black holes, corresponding to the bulk of HLXs.

4.4.2. XLF slopes

Throughout this Section, we compare the best-fit slopes obtained
on cumulative XLFs to slope values reported in the literature.
Since the latter are often obtained on differential XLF, e.g.,
dN/dLx o« LY® for a simple power-law model, we convert these
values to the cumulative case whenever needed (N(> Lx) x L;("'
where @’ = a — 1).

As discussed in the previous section, the fits to the cumu-
lative XLFs are subject to a number of biases which affect the
fitted parameters, including the XLF slopes. For example, the
inclusion of HLXs flattens the bright end of the distribution.
Analysing the cumulative XLF with HLXs removed, we obtain
best-fit high-luminosity slopes (a;) of 1.82 + 0.1, 1.66 + 0.13,
1.79 £ 0.14 and 1.80 = 0.10 for CSC2, 4XMM, 2SXPS and all
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Fig. 20. Deconvolved XLFs of Chandra, XMM-Newton and all selected
ULXSs in spiral galaxies, after removal of HLX candidates. Three bins
of hardness ratio HR67 (see the text for details) are also shown, rep-
resenting soft (HR67 < 0.2), medium (0.2 < HR67 < 0.5) and hard
(HR67 > 0.5) sources.

ULXSs, respectively, in better agreement with the values inferred
on the ULX-complete galaxies and close to the value 1.73f(1):g§
obtained by Mineo et al. (2012) for HMXBs in the same lumi-
nosity range.

In addition, resolution effects are also likely to distort the
XLF, flattening it at the faint end when two low-luminosity
ULXs are mistaken for a unique, brighter source. This also
explains why the number of ULXSs per galaxy decreases between
CSC2, 4XMM and 2SXPS samples, with decreasing spatial res-
olution. Similarly, given the centre exclusion criterion, the larger
position errors of Swift lead to the removal of some ‘bona fide’
HLXSs, steepening the high-luminosity slope of the XLF.

Some of these biases can be alleviated by fitting differen-
tial XLFs, rather than their cumulative version. The slopes we
obtain are indeed different from the cumulative XLF fits, with
(a1, ay) being (0.64+0.16,1.69+0.17), (0.88+0.27,1.16+0.12),
(0.58+0.11,1.70+0.18) and (0.82+0.09, 1.38 +£0.09) for CSC2,
4XMM, 2SXPS and all ULXSs, respectively. These low luminos-
ity slope values better agree with the slope of the HMXB XLF in
Mineo et al. (2012) and Lehmer et al. (2019), however the high
luminosity slopes are not well-constrained.

1.75 —$— (CSC2
4XMM
1.50 —4— 25XPS

. 1.25 \’ﬁ\’ I
M(J%VW W—%

50 70 100 140
Sample distance limit (Mpc)
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Fig. 21. Best-fit slope of the deconvolved cumulative XLF of elliptical
galaxies, as a function of the distance limit of the sample.

Unlike spiral galaxies, the XLF we obtained for elliptical
galaxies are in disagreement with the steeper ones reported in
the literature. For instance, Walton et al. (2011) find a best-
fit slope @« = 1.5 = 0.4 for their elliptical galaxies, while
Wang et al. (2016) obtain steeper slopes 1.80 +0.03, 2.74 = 0.10
and 2.29 + 0.18 for elliptical, lenticular and all early-type galax-
ies, respectively. Note that the definition of elliptical galaxies in
the present paper includes lenticular galaxies. In nearby galax-
ies, the XLF of LMXBs is found to present a break at a few
10*8 ergs™! followed by a power-law decrease of slope ~1.8
(Humphrey & Buote 2008; Kim & Fabbiano 2010).

The flatter slope of the XLF for elliptical galaxies in our
study is examined. One possibility is that the hot gas content,
prominent in these galaxies, is drowning the signal of ULXs
well above the limiting luminosity we compute, which does not
depend on the background level. In that case the census of ULXs
is largely incomplete, up to a higher luminosity. For instance,
M 86 has a CSC2 limiting luminosity of 2 x 10*® ergs™! from
Eq. (3) but the only sources detected within the D,s5/2 ellipse
have Ly > 2 x 10% ergs™ and S/N < 3. At fixed hot gas den-
sity, the hot gas flux in a typical aperture increases with galaxy
distance, affecting the detection of increasingly bright sources.
To test this effect, we fit the deconvolved XLFs for samples with
a range of distance limits. Figure 21 shows a clear flattening of
the XLF when extending the sample to further distances. Below
70 Mpc, the XLF of 4XMM ULXs becomes flatter than that
of CSC2, probably because of the lower spatial resolution of
XMM-Newton. Even the closest elliptical galaxies have few low-
luminosity ULXs detected by Swift-XRT because of its lower
spatial resolution, hence the flat faint end of the XLF and the
inconsistent slope. For a distance limit of ~40 Mpc, as adopted
in previous studies of this XLF (e.g., Wang et al. 2016), we find
a slope in the range 1.6—1.8, in good agreement with values
reported in the literature.

Actually, Mineo et al. (2012) noted a large diversity of XLFs
from different spiral galaxies. This diversity of XLF is arguably
due to different star formation histories, metallicities and initial
mass functions. Ongoing efforts to constrain these quantities for
a large fraction of galaxies is thus valuable in this regard. The
assumption of a universal XLF thus cannot hold regardless of the
galaxy environment, and ideally the XLF should be considered
in specific bins of (morphology, specific SFR, M,, metallicity),
which is beyond the scope of this study.
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4.5. Nature of HLXs

Taking advantage of the large sky coverage and sensitivities of
the catalogues we used, we were able to constitute a sample
of 191 HLX candidates. Unlike ULXs, their classification by
the classifier (mostly as AGN) cannot be used to identify their
nature. Their high luminosities and galactocentric distances tend
to bias the classifier towards the AGN class, particularly given
that no HLX is present in the training sample of the classifier.
However, Barrows et al. (2019; hereafter B19) found that their
HLX population is at least partly consistent with accreting black
holes at the centre of dwarf galaxies, satellites of the matched
host. On the other hand, some HLXs are seen to have soft spec-
tra, with most events detected below 1 keV, some of which being
explained by the total or partial tidal disruption of a star by
an intermediate-mass black hole (Godet et al. 2014; Lin et al.
2018). Their classification as soft sources is therefore expected.
The filtering of HLXs thus relies on visual inspection and the
removal of known background and foreground sources.

A few contaminants may be left in the sample of selected
HLXs. From the log N—log S estimations reported in Table 7,
the fraction of contaminants in the 2SXPS, 4XMM and CSC2
samples are ~20%, ~70% and ~60%, after removal of spuri-
ous sources and before removal of known background and fore-
ground sources. The shallower sensitivity of 2SXPS results in
HLX candidates in nearby galaxies only, hence the lower con-
tamination rate. The high contamination rates obtained for other
surveys agree with the 70% estimate of Zolotukhin et al. (2016),
but are in contrast with the 7% of contaminants reported in
B19. As they explain, this difference is mainly driven by the
lower angular sizes of their galaxies, most of them being located
beyond 1000 Mpc, a distance range which is not probed by our
sample. By using large and deep photometric redshift surveys,
we were able to drastically reduce our high initial contamina-
tion fraction (background sources represent 85-95% of sources
reported in the last column of Table 7). Following the reasoning
of Sect. 4.2 on ULX candidates, we conservatively expect the
contamination rate among robust candidates (resp. robust and
weak candidates) to be ~20% (resp. ~30%). Thus, our slightly
larger HLX sample is the result of the larger sky coverage of
GLADE, Swift-XRT and XMM-Newton, to provide local ana-
logues to their HLX population, better suited for future individ-
ual follow-ups.

We investigate the possible nature of our HLX candidates.
First of all, the bimodality of HR67 as shown in Fig. 18 sug-
gests a difference of nature between soft and hard HLXs, the
former being rarer and sometimes transient, with at least some of
them consistent with partial or full tidal disruption events (e.g.,
Godet et al. 2014; Lin et al. 2018). No such candidates were
present in the sample of B19, rather showing intrinsically hard
spectra or important absorption. By construction, some AGN in
galaxy pairs are also included in our HLX sample, and flagged
as “galaxy pair” candidates. Since such objects are discarded
when their true host is in the GLADE sample, the remaining
sources represent a minority of our HLX candidates, but their
luminosity distribution is consistent with the one of ‘nuclear’
sources (Fig. 7). In contrast, robust HLXs candidates (having
no clear optical counterpart and visibly overlapping the area of
the galaxy) and weak HLX candidates (having an optical coun-
terpart in Gaia, PanSTARRS, or DES, or visibly offset from the
area of the galaxy), taken together or separately, present a steeper
luminosity function, consistent with the bright end slope fitted to
ULXs. This maybe supports a common mechanism behind the
X-ray emission of these objects, such as accreting black holes
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Fig. 22. Radial distribution of all ULXs (filled circles) and robust HLXs
(empty squares), showing their surface density as a function of galacto-
centric distance. Examples of typical galaxy light profiles are shown in
solid lines.

of stellar to intermediate mass. However, following the method
described in Sect. 3.2 for ULXs, we find a moderately significant
difference between the radial distribution of ULXs and HLXs.
Figure 22 illustrates this discrepancy: unlike ULXs, HLXs may
not follow typical light profiles and may be equally distributed in
the extent of their host. This behaviour perhaps supports the sce-
nario in which they are the central accretor of a galaxy satellite
or globular cluster.

Unlike ULXs, a significant fraction (~35%) of HLXs is
found to have an optical counterpart. The X-ray to optical flux
ratio can often give clues on the source nature. For instance, in
AGN, the optical-UV emission of the disc scales with the soft X-
ray emission, so that their ratio is generally in the range 0.1-10
(e.g., Maccacaro et al. 1988; Barrows et al. 2019; Tranin et al.
2022). Following the methodology of B19, we first convert
the B- and R-band fluxes given different matched optical sur-
veys (PanSTARRS, DES, Gaia, SDSS and the Beijing Arizona
Sky Survey) to the V-band, using the conversion of Jester et al.
(2005). X-ray broad band fluxes are converted to the 0.3-3.5 keV
band using the same fixed spectrum as above. While this is surely
a limitation of our study, the heterogeneity of our sample and the
low signal-to-noise levels do not allow for a more detailed spec-
tral study. For HLXs present in both B19 and this work, we find
a mean bias of our CSC2 fluxes of —0.2 dex with respect to their
rest-frame unabsorbed fitted fluxes (+0.3 dex deviation), so this
estimation is still reasonable for a population analysis. Finally,
for X-ray sources having no counterpart, we attempt to compute
an upper limit on their optical flux. B19 estimated the local back-
ground level directly from optical images, using an annulus of
width being twice the radius of the host. However, we argue that
such a large area is likely to contain other optical sources and
thus bias the sensitivity at the HLX location towards shallower
values, as suggested by the bright locus of flux upper limits in
their Fx—Fy plane. We adopt a simpler approach in which this
sensitivity is assimilated to the flux of the faintest optical source
having S/N > 5 within a radius of 15 arcsec around the HLX
candidate. Flux limits obtained with this method are found to
scale well with the limits computed in B19 (+0.5 dex deviation,
bias-subtracted), but are on average ten times fainter. Figure 23
shows the Fx—Fy plane resulting from this analysis. In agree-
ment with the finding of B19, most of Fx/Fy values in our sam-
ple are consistent with expectations for AGN. The use of more
optical surveys allows us to obtain more stringent constraints on
the optical flux upper limit.
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Fig. 23. Fx—Fy plane of robust and weak HLX candidates, showing
their observed 0.3-3.5 keV X-ray flux as a function of the V-band flux of
their optical counterpart (filled circles), or the upper limit on Fy at this
location (arrows). The grey solid lines indicate ratios of Fx/Fy = 0.1,
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Considering the scenario that HLX candidates are indeed
accreting black holes associated with their host, we estimate
their mass and the mass of their stellar counterpart. Black
hole masses are estimated using bolometric corrections of
Marconi et al. (2004) and a fixed Eddington ratio. Unlike B19
who compute bolometric luminosities from their unabsorbed
hard (2-10keV) X-ray flux obtained after spectral fitting, we
rather use the softer (0.5-2keV) part of the spectrum which
better matches the union of several energy bands in CSC2,
4XMM and 2SXPS, and is less affected by background emis-
sion. Since we do not correct for absorption, this approach is
likely to yield some underestimated masses, but we estimate
this bias to be <0.6 dex from a comparison of CSC2 fluxes with
B19 fluxes. The derived bolometric corrections are in the range
10-30 depending on the source luminosity (for comparison, the
band 2-10keV would yield corrections in the range 7-20, and
B19 use the fixed value 10). Assuming spectral properties sim-
ilar to their sample, we adopt a value fggqq = 0.24 to derive
black hole masses, and the standard formula Lggg[erg s71] =~
1.26 x 10°® Mgy [M,]. The resulting masses are in the range 2 x
103-2x 10° M., for robust and weak HLXs, with a median value
of 4x10* My, In particular, 122 of these 169 (robust+weak) can-
didates fall in the IMBH mass range, below 10° M. Being more
luminous, HLXs in galaxy pairs have an estimated black hole
mass 210* M, with a median at 2 x 105 M.

Concerning galaxy stellar masses, as done in B19, we use
the mass to light ratio calibrated on optical colours (Bell et al.
2003). Since some optical surveys in our sample do not provide
i-band magnitudes, the relation giving M. /L, as a function of
the (g — r) colour is used, allowing us to compute M,. Point-
like optical counterparts of HLXs are assimilated to their stellar
associations (we note as a caveat that this neglects the optical
contribution from the putative AGN, while on the contrary we
previously interpreted Fy as the AGN flux). Another perhaps
important bias is that the point source flux F, is used in this
step, instead of the flux integrated over the Sérsic component.
Except for galaxy pair candidates, for which M, may well be

108
<« ® robust HLXs
3 o © weak HLXs _
I e HLXs in galaxy pair
g — Reines et al. 2015
& 100 e,
£ -
2 o
[%] R .
®o10° { e
E{;:
£ 10 g °
=

10 10° 100 107 108 10° 10 10t 10

M, (Mg) from (g — r) color (Bell et al. 2003)

Fig. 24. Black hole mass — stellar mass plane, estimated from the 0.5—
2keV X-ray flux and the (g — r) colour as detailed in the text. Different
types of HLX candidates are shown. Upper limits correspond to the
stellar mass of the primary host.

largely underestimated, we do not expect this effect to have a
large impact on the computed stellar masses. We obtain that most
of stellar counterparts of robust and weak HLXs are in the dwarf
regime, M, < 3 X 10° M.

The resulting Mgy—M. plane is shown in Fig. 24, also show-
ing the scaling relation calibrated by Reines & Volonteri (2015)
on local AGN in low-mass galaxies. Upper limits correspond-
ing to the stellar mass of the host are shown for HLXs having
no optical counterpart detected in both g and » bands. While
some robust and weak HLXs appear under-massive, most of
them are hard sources, with Fj5_5kv accounting for less than
30% of their broad-band flux: their black hole mass is likely to
be underestimated. A second estimation using the extrapolated
band 2-10keV gives black hole masses in the range 2 x 1032 x
107 M, for robust and weak HLXs (median 9 x 10* M), with
these sources all above 3 x 10* M. Some galaxy pair candidates
are largely under-massive, probably because of an underesti-
mated Mgy (occurring for instance if fggq < 0.24, as is generally
observed in such massive galaxies). Interestingly, we find a sig-
nificant proportion (~25%) of overmassive black holes among
robust and weak HLXs, supporting a scenario in which these
black holes have undergone a merger-free growth and/or that
their stellar counterpart have been tidally stripped by the primary
host, or is instead a globular cluster.

This contrasts with B19 results who find a broad align-
ment of their HLXSs to the relation of Reines & Volonteri (2015),
maybe because our work is focussing on the more local Uni-
verse and thus probes lower black hole masses and an earlier
growth regime. The proportion of overmassive black hole is fur-
ther increased if a lower Eddington ratio is applied to compute
black hole masses. For example, Baldassare et al. (2017) find a
median Eddington ratio of fggq = 0.05 in their sample of active
dwarf galaxies, that they obtain through the unabsorbed X-ray
luminosity and the black hole mass inferred from the broad Ha
line width (e.g., Greene & Ho 2005; Reines et al. 2013). In our
study, nevertheless, a more detailed modelling of X-ray spec-
trum and optical emission, in particular to securely estimate
galaxy masses, would be needed to confirm this overmassive
locus.

5. Summary

Using the three largest X-ray surveys to date, and a galaxy cat-
alogue of unprecedented completeness for the field, we were
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able to build the largest and cleanest catalogue of ULXs. It
contains 1901 unique sources, built from 304, 667, and 1185
reliable ULXs from 2SXPS, 4XMM, and CSC2, respectively.
They result from a strict filtering pipeline involving off-centre
selection, the removal of all known contaminants, the use of
an automatic, probabilistic classification, and visual inspec-
tion. The contamination rate is estimated to be no greater
than 2%, which is a considerable improvement on recent ULX
catalogues.

We conducted a statistical study of the ULX luminosity func-
tion and preferred environments, and compared them with a
clean XRB sample in terms of hardness and variability. We also
isolated a sample of 191 HLX candidates and investigated their
properties. We report the following results:

1. Thanks to the use of Malmquist-corrected XLFs, consider-
ably enlarging the number of bright sources usable in the
XLF, the presence of a significant break at ~10% ergs™!
is confirmed in all three surveys, in contradiction with the
recent claim of Wang et al. (2016).

2. We confirm the trends followed by the ULX rate with the
galaxy environment, found in previous studies. The ULX
rate is positively correlated with the SFR and stellar mass.
While low-luminosity ULXs tend to be hosted more often in
spiral galaxies, the occupation fraction of spiral and elliptical
galaxies becomes similar at HLX luminosities.

3. No clear hardness or variability difference is seen among
the whole populations of ULXs and XRBs. However, from
a sample of significantly variable sources, we confirm the
opposite evolution of hardness with luminosity between
ULXSs and XRBs. Half of the sample shows no hardness evo-
Iution with luminosity.

4. The 191 HLX candidates include 115 robust HLXs and 54
less certain HLXs. Their optical counterparts and radial dis-
tribution, together with the XLF break, suggest a diverse
nature as to the X-ray sources at such luminosities. We note
that 120 of them are consistent with an accreting IMBH in a
dwarf galaxy satellite of the identified host.

In the future, we will study in greater detail the hardness—
luminosity evolution of ULXs and HLXs to better assess their
nature (Amato et al., in prep.), and conduct individual studies of
some HLX outliers. A statistical study of X-ray sources in dwarf
galaxies is also in preparation, to seek IMBHs and wandering
black holes in isolated galaxies and investigate the ULX excess
previously reported in these galaxies.
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Appendix A: List of candidates

The following tables present a partial sample of the ULXs and
HLXs identified in this study. The full samples are available at
the CDS.

Table A.1. List of HLX candidates obtained in this study.

Name RA Dec POSERR Fx D Gal. type Sep. Ly Mpy M, gen Sub-sample
deg deg arcsec ergcm™ 57! Mpc kpc ergs™! Mo Mo

2CX0 J001143.2-285548 2.9303 -28.9301 1.1 1.4x 1071 267.9 E 11.2 1.2 x 104 2.5x%10* 1.8 x 107 robust
2CX0 J002234.1+001609 5.6424 0.2693 0.7 3.7x107" 485.3 S0° 15.6 1.0 x 104 23x10* robust
2CX0 J005151.7+474019 12.9658 47.6720 0.8 1.8x 1071 682.5 167 10.0x 10"  1.9x10° weak
2CX0 J010739.2+541226 16.9134 54.2074 0.4 9.9x 1073 497.8 143 29x10" 4.1x10* robust
2CX0 J011028.2-460422 17.6178  -46.0729 0.4 49x 1073 90.9 So* 32 4.9 x 101 robust
2CX0 J011751.9-265850 19.4664 -26.9808 1.3 8.5x 10713 463.4 20.6 2.2 x 104 7.1x 10* weak
2CX0 J011854.9-010551 19.7288 -1.0976 0.5 20x 1071 557.2 E 134 75x 10" 12x10° robust
2CXO0 J023659.5-511548 39.2481 -51.2636 2.8 47x 1074 343.6 246  6.6x 10" 1LI1x10°  58x107 robust
2CX0 J024106.1-081711 40.2757 -8.2865 0.6 33x107" 636.8 24.6 1.6 x 104 23x10* robust
2CX0 J024228.5-000202 40.6188 -0.0340 0.4 7.1x 1071 691.8 E 27.3 4.1x10% 8.8 x 10* robust
2CX0 J025843.0-523930 44.6794  -52.6584 0.5 471079 428.3 9.5 1.0 x 104 robust
2CX0 J025921.5+132913 44.8398 13.4871 0.6 8.0x 1071 487.5 8.2 23 x 10" 3.0x 10* galaxy pair
2CX0 J031049.4-265431 477062 -26.9088 0.8 2.0x 1071 597.0 148  8.6x 10" 1.6x10° robust
2CX0 J034115.1+152335 55.3129 15.3932 0.4 2.7x 1071 184.4 3.8 1.1x 104 15x10*  35x107 weak
2CX0 J034231.8-533841 55.6325  -53.6449 0.4 23x 1071 270.4 E 122 2.0x 10" 33 x10* robust
2CX0 J041338.6+102803 63.4112 10.4678 0.5 6.0x 1071 405.5 10.7 1.2x 104 1.7 x 10* robust
2CX0 J043338.4-131612 68.4101 -13.2702 0.4 52x 1071 141.9 N 19.8 1.2 x 104 2.0x 10* robust
2CXO0 J044921.6-485545 72.3403  -48.9294 0.9 6.7x 10713 355.9 6.7 1.0 x 104 1.3 x 10* robust
2CXO0 J055107.0-570640 877793  -57.1111 0.5 1.5x 1071 267.9 153 1.3x 101 29x10* robust
2CX0 J061620.8-215616 94.0867 -21.9379 0.5 1.8x 1071 1.0x 103 13.2 23 x10% 2.1x10° robust
2CXO0 J062648.6-543208 96.7028  -54.5357 0.4 75% 1071 225.9 E 279  4.6x 10" 43x10* robust
2CX0 J071051.5-561009 107.7150  -56.1694 0.8 1.9x 1074 562.3 143 7.2x 10" 1.3x10° robust
2CX0 J071644.9+372828 | 109.1875  37.4746 1.3 25x 1071 317.9 140  3.0x10% 4.0x10* robust
2CX0 J074735.8+554113 116.8994  55.6870 0.5 40x 107 152.1 42 1.1 x 104 1.6 x 10* 2.5x%10° weak
2CXO0 J081654.4-073931 124.2271 -7.6588 1.4 13x107 311.2 13.7 1.5x 104 2.8x10* robust
2CXO0 J082215.9+210535 | 125.5665  21.0933 0.5 12x107"13 923 S0~ 1.9 1.2 x 104 22x 10" 3.0x10" robust
2CX0 J084128.8+322447 | 130.3700  32.4133 0.4 12x1071 295.1 S0° 11.4 1.3 x 104 24x10* robust
2CX0 J084135.0+010156 | 130.3962 1.0323 0.4 6.6x 1074 503.5 7.0 2.0x 102 3.8x10° galaxy pair
2CXO0 J091449.0+085321 138.7045 8.8892 0.4 6.8x 10713 648.6 E 7.9 3.4 %108 1.7 x 107 galaxy pair
2CX0 J101239.8-010628 153.1662  -1.1078 0.5 9.5x 1071 438.5 Sa 9.4 22x 104 41x10*  26x10* robust
2CXO0 J103619.8-273939 159.0827  -27.6610 0.9 8.6x 1071 430.5 S0+ 27.1 1.9 x 104 2.9 x10* robust
2CXO0 J103844.2+485220 | 159.6845  48.8724 0.4 9.2x 10715 539.5 139  32x10* 5.4x10* robust
2CX0 J104142.2+400035 | 160.4262  40.0098 0.9 1.5x 107 642.7 247 7.6x 10" galaxy pair
2CX0 J105210.4+552243 | 163.0435 553786 0.5 6.9x 1071 669.9 Sb 122 37x10% 5.7x10* robust
2CXO0 J111610.0+013035 | 169.0418 1.5098 0.5 1.7x 1071 500.9 Sbe 119  52x10% 1.1x10° galaxy pair
2CXO0 J112002.6+132830 | 170.0112 13.4752 2.0 42x 1079 586.1 Sc 20.6 1.7 x 104 22x10* robust
2CXO0 J112110.9+232331 | 170.2958  23.3922 0.6 42x 1075 513.2 E 13.1 1.3 x 10* 25x10* weak
2CXO0 J112255.5+010601 170.7313 1.1004 0.4 24x1071 342.0 E 17.5 3.4 x 104 8.1 x 10* 33x10% weak
2CXO0 J121756.3+280941 | 184.4849  28.1615 0.5 12x 107 613.8 E 17.1 5.3 x 104 1.1x10° robust
2CX0 J122155.1+271022 | 185.4796  27.1728 0.4 1.2x 1074 363.1 E 6.4 1.9 x 10 2.0x 10* robust
2CX0 J123307.6+091942 | 188.2820 9.3285 0.6 33x1071 309.0 Sd 6.1 3.7 x 104 8.0 x 10* robust
2CX0 J123605.6+163213 | 189.0235 16.5370 1.4 9.7x 1071 318.0 E 12.5 1.2x 104 1.3x 10* weak
2CX0 J124208.4+331854 | 190.5351 33.3151 0.4 8.9 x 10714 701.9 E 152 53x10% 1.3 x 10° galaxy pair
2CX0 J130155.9+291815 | 195.4833  29.3044 12 1.8x 1071 776.2 30.3 1.3 x 10* robust
2CXO0 J131133.3-011656 197.8891 -1.2824 0.4 6.6 x 10713 895.4 22.3 6.3 x 104 12x10° weak
2CXO0 J131619.4+620610 | 199.0809  62.1029 0.9 1.4x107 610.9 E 144 6.1x 10" 9.3x10* robust
2CX0J132519.7-313607 | 2013324  -31.6021 0.4 55x 1071 214.8 4.0 3.0x 104 8.1x 10* robust
2CX0J133338.8-314045 | 2034120  -31.6792 0.5 23x1071 214.8 S0* 55.0 1.3 x 10" 22x10° robust
2CXO0 J134736.4+173404 | 206.9018 17.5680 0.4 32x107"13 199.2 Sbe 8.2 1.5x 102 45%x10° galaxy pair
2CX0 J140155.7-113809 | 210.4823  -11.6360 0.4 32x107 230.3 5.4 2.0 x 104 3.1x 10* robust
2CX0 J142010.7+533348 | 215.0448  53.5635 0.6 12x1071 293.8 Trr 8.3 1.2 x 10* 1L6x10*  2.1x10° robust
2CXO0 J145409.9+183700 | 223.5415 18.6169 1.6 40x 1075 520.0 Sc 24.2 1.3 x 104 23x10* robust
2CX0 J150930.4+333330 | 227.3769  33.5585 0.6 3.1x107 1.0x 10° 243 4.0x10% 93x10°  55x10° weak
2CXO0 J150940.1+333033 | 227.4172  33.5094 0.6 7.6x 1071 549.5 E 134 28x10% 6.9x10* weak
2CX0 J152435.6+295302 | 231.1486  29.8841 0.7 32x107" 557.2 147 1.2x 104 45x10* robust
2CX0 J153143.24240421 | 2329304  24.0725 0.4 5.7x 1071 438.5 Sab 5.9 1.3 x 102 6.4x10* galaxy pair
2CXO0 J160211.7+155437 | 240.5491 15.9103 0.4 39%x107 159.2 S0° 12.5 1.2 x 104 2.8x10* robust
2CX0 J161249.8+540832 | 2432076  54.1423 0.5 3.8x 1071 711.2 E 148  23x10%® 4.6x10° robust
2CX0 J162953.8+394601 | 247.4743 39.7670 6.2 4.1x 107" 143.2 Sbe 21.2 1.0 x 104 1.7 x 10* robust
2CXO0 J163121.5-750652 | 247.8397  -75.1145 0.4 1.8x 1071 498.9 57.1 5.3 x 104 8.5 x 10* robust
2CX0 J163249.0+053852 | 248.2045 5.6479 0.5 7.1x 107" 376.4 13.6 1.2 x 104 1.1x10* weak
2CXO0 J164237.14272634 | 250.6548  27.4428 0.4 3.1x 107 469.9 E 387  83x10% 1.4x10° robust
2CX0 J170932.2+342542 | 257.3845  34.4286 0.5 1.7x 1071 353.2 Sc 9.5 2.6 x 104 47x10* robust
2CX0 J171215.5+640212 | 258.0646  64.0368 0.5 1.1x 1074 335.1 E 7.1 1.5 x 104 2.5x%10* robust

Notes. Column (1): name of the source. (2—4): source coordinates and position error. (5): broad-band mean X-ray flux. (6): galaxy distance. (7):
galaxy morphology. (8): physical separation of the source to the galaxy centre. (9): broad-band mean X-ray luminosity. (10): black hole mass using
the r-band luminosity and g — r colour (Bell et al. 2003). (11): galaxy mass given in GLADE+ (Ddlya et al. 2022). (12): category assigned to the
HLX in our study.
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Table A.2. List of ULX candidates obtained in this study.

Name RA Dec POSERR Fx D Gal. type  Sep. Lx Pxrp  feomt
deg deg arcsec ergcm™2 5! Mpc kpc ergs”!

2CX0 J000120.2+130641 03342 13.1114 0.4 55x%x1071 76.5 SO/E 13 39x10¥ 056 0.01
2CX0 J000125.1+130708  0.3549  13.1189 0.5 20%x 1071 75.0 S 88 13x10% 041 020
2CX0 J000126.7+130649  0.3616  13.1136 0.5 83x 10713 75.0 S 39 56x10° 082 0.08
2CX0 J000141.1+232949  0.4215  23.4972 0.4 28x%x1071 62.5 S 34 13x10% 055 002
2CX0 J000142.3+232941  0.4263  23.4947 0.4 3.9x 1071 62.5 S 1.9 1.8x10% 043 0.00
2CX0 J000142.9+232935  0.4290  23.4933 0.4 3.9%x10°13 62.5 S 50 1.8x10% 080 0.02
2CXO0 J000254.5-354308  0.7274  -35.7189 0.5 49x10°1 2128 SO/E 106 2.6x10% 056 040
2CX0 J000619.5-413019  1.5814  -41.5054 0.4 23%x 10714 19.5 S 19 1.1x10® 058  0.00
2CXO0 J000620.2-413005  1.5842  -41.5016 0.4 8.9 x 10714 19.5 S 07  40x10¥ 044  0.00
2CXO0 J000952.94+255547  2.4708  25.9299 0.5 44 %1071 65.8 S 7.1 23x10%

2CXO0 J000953.2+255454 24720  25.9153 0.5 2.1x1071 65.8 S 95 1.1x10* 083 029
2CX0 J000955.1+255536 24800  25.9267 0.7 25%1071 65.8 S 81 13x10% 075 032
2CX0 J001106.9-120631  2.7788  -12.1088 0.4 8.7x 10713 83.3 S 22 72x10%® 025  0.09
2CXO0 J001815.4+300343  4.5646  30.0620 0.7 1.9x 1071 93.9 SO/E 43  20x10¥ 059 0.3
2CX0 J001827.1+300210  4.6131  30.0363 0.5 6.7x10°1  106.7 S 1.1 9.1x10* 063 034
2CX0 J001849.8-102134  4.7077  -10.3596 0.4 97x10°1 1164 S 45  1.6x10° 043 028
2CX0 J001850.4-102228  4.7102  -10.3746 0.4 48x10° 1197 S 57 82x10% 058 005
2CX0 J001850.9-102232  4.7122  -10.3757 0.5 1.1x107% 1197 S 22 1.8x10% 057 001
2CX0 J001850.9-102249  4.7125  -10.3804 0.5 1.8x10°15 1197 S 7.1 3.0x10¥ 076 0.12
2CX0 J001851.2-102244  4.7134  -10.3791 04 75%x10°1%  119.7 S 51 13x10% 056  0.05
2CXO0 J002751.6-014813  6.9653  -1.8037 27 14x10713 57.6 S 69 54x10* 030 024
2CX0 J003358.1-094222  8.4922  -9.7062 0.5 1.2x 10714 52.9 S 172 42x10%° 075 054
2CXO0 J003404.3-094248 85182  -9.7133 0.5 1.1x 10714 52.9 S 93 37x10® 079 035
2CXO0 J003404.5-094239 85191  -9.7110 0.6 7.8 x 10713 52.9 S 84 26x10¥ 041 024
2CX0 J003408.4-094140  8.5351  -9.6947 1.2 1.3x 10714 67.8 26  71x10* 029  0.02
2CXO0 J003413.6-212803  8.5568  -21.4676 0.7 1.5%x 10715 96.3 S 47 17x10¥ 061  0.09
2CX0 J003414.9-212455  8.5622  -21.4155 0.5 1.8x 10715 2704 SO/E 126 16x10° 084 0.8
2CXO0 J003416.0-212517  8.5669  -21.4215 04 27x10°1 2704 SO/E 189 24x10* 060 046
2CX0 J003654.5-010737  9.2271  -1.1271 1.1 14x10715 3266 S 98 1.7x10° 026 023
2CXO0 J003703.9-010904  9.2665  -1.1514 0.4 1.0x 1074 328.1 SO/E 52 13x10M 024  0.07
2CX0 J003737.5-334255  9.4067  -33.7153 0.4 6310715 1265 S 255  12x10%

2CXO0 J003738.1-334306  9.4088  -33.7183 04 9.0x 10710 1265 S 222 1.7x10% 067 015
2CX0 J003738.3-334309  9.4098  -33.7192 0.4 1.0x 10715 1265 S 208 19x10® 061 0.3
2CXO0 J003738.7-334316  9.4114  -33.7212 0.4 75%x10°1% 1265 S 200 14x10* 037 013
2CX0 J003739.1-334229  9.4131  -33.7083 0.4 2910715 1265 S 220 56x10¥ 075 013
2CXO0 J003739.2-334250  9.4134  -33.7139 04 44%x10°1 1265 S 146 85%x10%° 083 0.06
2CX0 J003739.3-334323  9.4141  -33.7231 0.4 26x1071% 1265 S 189 50x10% 038 0.11
2CXO0 J003740.2-334327  9.4177  -33.7242 0.4 1.5%x10°15 1265 S 176  29%x10*° 032 0.10
2CX0 J003740.4-334324  9.4185  -33.7236 0.4 1.0x 10715 1265 S 159 2.0x10® 066 0.08
2CXO0 J003740.7-334258  9.4198  -33.7161 04 53x10710 1265 S 27  10x10* 053  0.00
2CX0 J003740.8-334331  9.4203  -33.7253 0.4 4110715 1265 S 188 7.8x10® 056 0.11
2CX0 J003741.2-334232  9.4218  -33.7090 0.4 1.3x10° 1265 S 154 26%x10%° 083 007
2CX0 J003741.3-334331  9.4223  -33.7254 0.4 89x1071° 1265 S 190 1.7x10® 068 0.11
2CXO0 J003742.4-334249  9.4267  -33.7138 0.4 37x1075 1265 S 108  7.1x10*® 070 0.04
2CX0 J003742.4-334304  9.4270  -33.7178 0.4 9.1x10710 1265 S 104 1.7x10° 0.81 0.03
2CX0 J003742.7-334212  9.4283  -33.7035 0.4 L.1x10° 1282 S 67 23x10* 087 0.03
2CX0 J003742.8-334314  9.4286  -33.7207 0.4 87x1071° 1265 S 156 1.7x10%® 080 0.07
2CXO0 J003742.9-334204  9.4289  -33.7012 0.4 24x10°1 1282 S 47  48x10¥ 063 0.01
2CX0 J003743.8-334209  9.4327  -33.7028 0.4 24%x10715 1282 S 30 47x10% 069 001
2CXO0 J003745.3-334228  9.4388  -33.7079 0.4 22x10°1 1554 SO/E 63 63x10* 082 020
2CX0 J003747.0-333953  9.4459  -33.6647 0.5 1.8x10°1% 1279 55 36x10% 070 0.07
2CXO0 J003912.0+005153  9.8000  0.8650 1.2 2.7 %1071 59.7 S 59 11x10* 074 031
2CXO0 J003913.2+005142  9.8051  0.8617 0.5 29x 10714 59.7 S 26 12x10% 068 0.03
2CX0 J003917.1+031940  9.8214  3.3279 0.4 3.4x1071 61.6 SO/E 72 15x10¥ 070  0.10
2CX0 J003919.7+031945  9.8324  3.3294 0.4 42x 1071 61.6 SO/E 56 19x10%° 083 0.10

Notes. Column (1): name of the source. (2—4): source coordinates and position error. (5): broad-band mean X-ray flux. (6): galaxy distance. (7):
galaxy morphology. (8): physical separation of the source to the galaxy centre. (9): broad-band mean X-ray luminosity. (10): probability that the
source is an XRB, given by the classifier. (11) fraction of ULX candidates being background contaminants within the separation of the ULX, given
by the log N — log S method.
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