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ABSTRACT

A prime motivation for compiling catalogues of any celestial X-ray source is to increase our numbers of rare subclasses. In this
work, we take a recent multimission catalogue of ultraluminous X-ray sources (ULXs) and look for hitherto poorly-studied ULX
candidates that are luminous (Lx > 10* ergs™"), bright (fx > 5 x 1073 ergcm~2s7"), and have archival XMM—Newton data.
We speculate that this luminosity regime may be ideal for identifying new pulsating ULXs (PULXs), given that the majority of
known PULXSs reach similar high luminosities. We find three sources that match our criteria and study them using archival data.
We find 4XMM J165251.5—591503 to possess a bright and variable Galactic optical/IR counterpart, and so conclude it is very
likely to be a foreground interloper. 4XMM J091948.8—121429 does appear to be an excellent ULX candidate associated with
the dwarf irregular galaxy PGC 26378, but has only one detection to date with low data quality. The best data set belongs to
4XMM J112054.34+531040 which we find to be a moderately variable, spectrally hard (I" &~ 1.4) X-ray source located in a spiral
arm of NGC 3631. Its spectral hardness is similar to known PULXSs, but no pulsations are detected by accelerated pulsation
searches in the available data. We discuss whether other missions provide objects for similar studies and compare this method

to others suggested for identifying good PULX candidates.
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1 INTRODUCTION

Ultraluminous X-ray sources (ULXs; see Kaaret, Feng & Roberts
2017) remain a compelling class of sources to study, despite more
than two decades elapsing since the realization that new and exciting
astrophysics were required to explain their extraordinary X-ray
luminosities of more than 10% erg s~! (e.g. King et al. 2001). In
fact, our understanding has evolved substantially from the original
focus on ULXs as intermediate mass black hole candidates (IMBHs;
Colbert & Mushotzky 1999) to the detection of pulsations in some
objects (Pulsating ULXs, or PULXSs, e.g. Bachetti et al. 2014). The
pulsations reveal the presence of a neutron star (NS) and hence very
extreme accretion rates, that can reach apparent factors ~500 above
Eddington (Fiirst et al. 2017; Israel et al. 2017a). The observed
phenomenology of ULXs is also suggestive of super-Eddington
accretion, with the observed X-ray spectra (Gladstone, Roberts &
Done 2009; Bachetti et al. 2013), the correlated spectral and temporal
variability behaviour (Sutton, Roberts & Middleton 2013b), the
detection of fast outflows (Pinto, Middleton & Fabian 2016), and the
presence of large bubble nebulae (Pakull & Mirioni 2002) strongly
supporting this interpretation; this makes ULXs important to study
in the context of the rapid formation of the earliest supermassive
black holes (e.g. Bafiados et al. 2018). ULXs may also have links
with other exotic phenomena; for example, they may constitute an
evolutionary phase in the binary stellar systems that ultimately merge
and are detected as gravitational wave sources (Mondal et al. 2020a)
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and may be the systems responsible for Fast Radio Bursts (Sridhar
etal. 2021).

The requirement for novel accretion physics is particularly per-
tinent for explaining ULXs that appear with luminosities in the
10%-10*' erg s~! regime, sometimes described as extreme ULXs, or
eULXs (Gladstone 2013). This is a distinct, separate class from the
yet more luminous and rarer hyperluminous X-ray sources (HLXs)
that appear above 10*' erg s~! and remain the best candidates to
host IMBHEs, the archetype being ESO 243-49 HLX-1 (Farrell et al.
2009). Given their extreme luminosities, eULXs are relatively well-
studied and provide many of the archetypes for ULX behaviour
that drive our understanding of it (e.g. Ho IX X-1, Ho II X-
1, NGC 5408 X-1, NGC 1313 X-1, etc; see Kaaret et al. 2017
and references therein). Data from such objects has driven many
of the breakthroughs in understanding ULXSs, from the curvature
in their spectra above 2keV (e.g. Ho IX X-1, Gladstone et al.
2009), to the detection of absorption lines from outflowing gas
travelling at v =~ 0.2¢ (e.g. NGC 1313 X-1, Pinto et al. 2016)
and the detection of pulsations indicative of NSs (e.g. M82 X-
2, Bachetti et al. 2014). Indeed, the majority of known PULXs
reach this regime at their brightest, these being M82 X-2; NGC
1313 X-2 (Sathyaprakash et al. 2019); NGC 7793 P13 (Fiirst
et al. 2016); and NGC 5907 ULX, which peaks in the HLX
regime (Israel et al. 2017a). These luminosities are indicative of
NSs with accretion rates at least 50-100 times their Eddington
limit.

Many of the current key questions for ULXSs relate to PULXs. The
demographics of ULXs remain uncertain in terms of the proportion
of the overall population that hosts a NS rather than a BH, with
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Figure 1. The selection of interesting sources. The high flux, high luminosity region used to select sources is delineated by a dashed red line. Source positions
in this parameter space are marked by a black cross, with size matched to the 1o uncertainties on these quantities (with a minimum cross size adopted for display
purposes for those objects with extremely well-constrained values). Three sources are highlighted for appearing multiple times in the region of interest: red
circles — M82 X-1; blue squares — NGC 1313 X-1; green diamonds — NGC 5907 ULX. The diagonal tracks are a trivial result of the scaling of flux by distance

squared to give luminosity.

some suggestions that NS may dominate (e.g. Koliopanos et al. 2017;
Middleton & King 2017; Pintore et al. 2017; Walton et al. 2018). The
astrophysics of super-Eddington accretion onto NSs also remains a
matter for debate, with the magnetic field strength and configuration
(dipole/quadrupole) and the extent to which classical supercritical
accretion models apply, in which a geometrically thick inner disc
forms and a massive radiation-pressure driven wind is ejected from
its surface, all key areas of uncertainty (e.g. Dall’Osso, Perna & Stella
2015; Kluzniak & Lasota 2015; Mushtukov et al. 2015, 2019). A key
to progressing all these issues will be to find more PULXSs that will
add to our population statistics and provide new observations that
will help constrain our models of accretion on NS. In this paper, we
examine whether the observational quirk that most detected PULXs
reach luminosities above 10*° ergs~! can be leveraged to find new
PULXSs, basing our search around the recent large multimission ULX
catalogue of Walton et al. (2022) (hereafter W22). The paper is
arranged as follows. We discuss the selection of targets in Section 2
and the reduction of the X-ray data for our chosen targets in Section 3.
The results are laid out in Section 4 and discussed in Section 5, before
the paper is concluded.

2 SOURCE SELECTION

The selection of interesting targets began with our recent multi-
mission ULX catalogue, W22, and a simple observation: that four
out of six known extragalactic PULXs have been seen to exceed a
luminosity of 10*° erg s~!. This compares to 1 in 4 ULX detections
exceeding this threshold from 4XMM-DR10 and 2SXPS, and 1
in 6 from CSC2.0, in the W22 catalogue. Even more starkly, an
integration in the ULX regime, both above and below 10*’ erg s7!,
of the X-ray luminosity function of X-ray binaries in star-forming
galaxies from Mineo, Gilfanov & Sunyaev (2012) shows that only 1
in 9 ULXSs should appear above this threshold luminosity. However, a
bias to high luminosity ULXs in pulsation detections should perhaps

be expected, given those detections require photon-rich data, which is
more immediately forthcoming from higher luminosity sources at a
given distance and exposure length. Nevertheless, this preponderance
presents an interesting basis from which to search for new PULXSs.
We therefore filtered W22 to select ULXs with both a luminosity
between 10*° and 10*' erg s!, i.e. in the eULX range, and an
observed flux sufficiently high that a pulsation detection could be
possible given a moderately deep observation, which we set at
5 x 10783 ergem™2 s71.! We also limit our analysis to XMM-Newton
data, given that the pn is the only detector currently operating in the
0.5-10keV band with the combination of effective area and readout
time that regularly permits the detection of ULX pulsations (we
discuss what similar selection criteria reveal for Swift and Chandra
in Section 5).

We show the flux-luminosity parameter space for the XMM—
Newton detections in W22 in Fig. 1, with the region of interest
delineated. The fluxes used are taken directly from the 4XMM-DR10
EP_8_FLUX column, which is the flux in the broad 0.2-12 keV band
(cf. Webb et al. 2020), with the luminosities calculated directly from
these fluxes using the distances assumed in W22. Note that there are
many other ULX detections at similar fluxes but lower luminosities,
which will be the subject of future work. There is also one detection
at high flux in the HLX regime; this object will be included in a new
study of HLXs (Mackenzie et al., in prep.). In total, 49 detections

'PULX detections tend to come from data with >>10 000 pn counts (G. Israel,
priv. comm.); at a minimum flux of 5 x 10°13 erg cm~ 257! and a hard,
PULX-like spectrum (e.g. power-law continuum with I" ~ 1.5 and column
Ny ~ 2 x 102! Cm’z), this can be obtained in ~100 ks, i.e. within a single
XMM-Newton orbit, even if we allow for some data loss to background flares
(see Section 3). We note that such data sets are rare in the archives for all but
a handful of well-studied ULXs; here we focus on analysing the currently
available data, with a view to proposing for the necessary observations if any
interesting sources are identified.
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Table 1. ULXs detected with high flux and high luminosity by XMM-Newton in W22.

Source ID Host galaxy de Lx, peak © # detns ¢ Other name ¢ References
AXMMJ...) (Mpc) (x10% erg s=!)
022233.44-422027 NGC 891 9.1 2.40 £+ 0.01 1(6) NGC 891 ULX1 Earley, Dwarkadas & Cirillo (2021), Hodges-Kluck et al. (2012),
Wang et al. (2016)
022727.54-333443 NGC 925 8.7 45+£0.3(S) 1(1) NGC 925 ULX-1 Salvaggio et al. (2022), Pintore et al. (2018),
Swartz et al. (2011)

031819.9-662910 NGC 1313 42 2.8 £0.2(S) 16(29) NGC 1313 X-1 Pinto et al. (2020), Bachetti et al. (2013),

Feng & Kaaret (2006), Colbert & Ptak (2002)
034615.84+-681113 IC 342 34 1.71 £0.01 1(6) IC 342 X-2 Rana et al. (2015), Mak, Pun & Kong (2011),

Roberts, Levan & Goad (2008), Fabbiano & Trinchieri (1987)
072647.84-854550 NGC 2276 39.3 9.9+ 1.5(S) 1(1) NGC 2276 3¢ Mezcua et al. (2015), Sutton et al. (2012),
Liu (2011)
091948.8-121429 PGC 26378 26.5 6.6 £22 1(1) - -
095550.4+-694045 NGC 3034 35 8.50 + 0.02 10(10) M82 X-1 Brightman et al. (2020), Pasham, Strohmayer & Mushotzky (2014),
Kaaret, Simet & Lang (2006), Matsumoto et al. (2001)
112015.74+133514 NGC 3628 10.5 3.1+£0.2(S) 1(1) NGC 3628 X-1 Heil, Vaughan & Roberts (2009), Stobbart, Roberts & Wilms (2006),
Strickland et al. (2001)
112054.34531040 NGC 3631 20.1 4.4 +£1.3(S) 2(4) - Kovlakas et al. (2020), Liu (2011)
131519.54+420301 NGC 5055 9.0 6.7+ 1.2(S) 2(2) NGC 5055 X-1 Mondal et al. (2020b), Berghea et al. (2008),
Roberts & Warwick (2000)

143242.2-440939 NGC 5643 16.1 6.0 £1.8(S) 3(3) NGC 5643 X-1 Kosec et al. (2021), Krivonos & Sazonov (2016),

151558.64+561810  NGC 5907 17.1 11.6 £3.2(S) 7(10)

165251.5-591503 NGC 6221 11.9 31+£03 1(1)
230457.6+122028 NGC 7479 36.8 92+04 1(3)
235751.0-323726 NGC 7793 3.6 1.5+ 0.1(S) 1(9)

NGC 5907 ULX1

NGC 7479 ULX-1

NGC 7793 P13

Pintore et al. (2016), Guainazzi et al. (2004)
Fiirst et al. (2023), Israel et al. (2017a),
Walton et al. (2016), Sutton et al. (2013a)
Earnshaw, Roberts & Sathyaprakash (2018), Sutton et al. (2012)
Walton et al. (2011)
Fiirst et al. (2021), Israel et al. (2017b),
Motch et al. (2014), Read & Pietsch (1999)

Note. @ distances are as per adopted by W22. » Peak luminosity detected from the ULX, taken from W22. If this is from a Swift XRT detection, we add an (S) to the column; no
parentheses indicate an XMM-Newton detection as there were no peak luminosities observed by Chandra. © Number of times detected in the high flux, high luminosity regime.
Total number of XMM-Newton detections in W22 are given in parentheses. ¢ Some examples of nomenclature and prior literature for the ULXs are given, but neither is intended

as an exhaustive list.

of 15 ULXs are within the interesting parameter space; we list these
objects in Table 1. Three objects dominate the detections by number
and are highlighted in the figure: M82 X-1 (10 detections), NGC
1313 X-1 (16), and NGC 5907 ULX1 (7). These are amongst the best-
studied ULXs (for example, see Table 1), and indeed, the majority
of these objects (12/15) are already well-studied in the literature.
However, three of the eULXs: 4XMM J091948.8—121429, 4XMM
J112054.3+531040, and 4XMM J165251.5—591503 have not been
examined in detail before (with 4XMM J112054.34-531040 the only
to have been previously catalogued). These three sources are the
subject of the remainder of this work.

3 DATA REDUCTION

The primary focus of this work was the data sets in which the
catalogued ULX detections were made. These XMM-Newton ob-
servations, alongside complementary data from Chandra and Swift
where analysed, are listed in Table 2. This also provides an indication
of the amount of useful exposure per observation and the count rate
detected from each ULX during the observations.

The XMM-Newton data were reduced using the science analysis
system (SAS)? version 20.0.0, with our procedures based largely
on the associated analysis threads®. All XMM-Newton data in
Table 2 was taken in full-frame mode in all detectors. We began
by reprocessing the data using up-to-date calibration files, and
then checked the high-energy (10-12keV) light curve for each
full data set to determine whether background flare filtering was

Zhttps://www.cosmos.esa.int/web/xmm-newton/sas
3https://www.cosmos.esa.int/web/xmm-newton/sas-threads
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necessary. This was not necessary for any of the data sets for 4AXMM
J112054.3+531040, where the full-field count rates were always
below the suggested nominal cut-off rates for filtering (0.35cts™!
for the MOS detectors and 0.4 cts~! for the pn), with the exception
of a small number of 100 s pn bins, which only marginally exceeded
the threshold and so were retained. In contrast, both data sets for
4XMM J165251.5—591503 required flare filtering, with the standard
thresholds used for observation 0405380201 resulting in the loss of
~10 per cent of the MOS exposure length and ~50 per cent of that
from the pn. The flaring was much more extreme for 0405380901,
where standard filters would have resulted in very little exposure
surviving; we therefore adopted a much higher threshold for both
MOS (2cts~") and pn (10 cts~1), resulting in the loss of ~35 per cent
of the original MOS data, and up to ~75 per cent of the pn exposure.
The single exposure covering 4XMM J091948.8—121429 was also
badly affected by flaring. After the application of the nominal cut-
offs, only ~30 per cent of the MOS exposure was retained, and <20
per cent of that from the pn.

A barycentric correction was applied to the event lists. Light
curves and spectra were extracted for 4XMM J112054.3+531040
from a 20-arcsec radius circular aperture centred on the source, with
background data extracted from a nearby circular region on the same
chip (and at as similar a distance from the read-out nodes as possible
in pn data) with radius 40 arcsec. 4XMM J165251.5—591503 was
11-12 arcmin off-axis in each data set and so larger apertures
were used, of 30 arcsec radius for the source and 60 arcsec for the
background aperture. Similar large apertures were also used for
4XMM J091948.8—121429, which was even further off-axis. All
light curves were extracted in the 0.2-10keV band using events
flagged as good (the #xmmea_em and #xmmea_ep selection criteria
for the MOS and pn, respectively). We also selected based on event
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Table 2. Summary of data sets used in this work.
ULX Mission ObsID Date Exposure ¢ Count rate
(4XMM J) (YYYY-MM-DD) (ks) (cts™h
091948.8-121429 XMM-Newton 0694440301 2012-06-07 3.0/7.4/7.1 0.12°¢
112054.3+531040 Chandra 3951 2003-07-05 89.1 48 x 1073
Swift 00034428001 — 2016-03-15 — 2016-10-26 42.0 (6 —23) x 1073
00034 428 026¢
XMM-Newton 0762610401 2016-04-18 6.2/8.5/8.5 0.17
XMM-Newton 0762610701 2016-04-20 6.2/8.5/8.5 0.18
XMM-Newton 0762610801 2016-04-22 6.2/8.5/8.5 0.17
XMM-Newton 0762610501 2016-05-15 18.5/22.4/22.4 0.29
Swift 00093203001 — 2017-09-18 — 2017-10-13 32 <23 x 1073
00093203005
165251.5-591503 ¢ XMM-Newton 0405380201 2007-02-16 8.7/16.6/16.5 <29 x 1073/
XMM-Newton 0405380901 2007-03-25 6.2/7.3/1.5 0.138
Swift 00081199002 — 2016-05-24 — 2016-05-26 6.9 <8 x 1073
00081199004

Note. * Detector live time for central chip of Chandra and XMM-Newton, or sum of exposures for Swift. For XMM-Newton, this is shown as
pn/MOS1/MOS2, and quoted post-filtering for good time intervals (see text). ® This is shown for Swift as either the range of count rates measured
in individual observations (top line), or the upper limit for a sequence with no 3o detections (lower lines). Note two instances of higher 3¢ upper

limits —up to < 31 x 1073 ct s~

— were present in observations in the top line. The XMM-Newton count rates are combined across all three EPIC

detectors unless otherwise noted, and corrected to the equivalent on-axis count rate. ¢ pn-only count rate.? There were no observations numbered
00034428006 or 00034428011. ¢ The position of 4XMM J165251.5—591503 was covered by a third observation, 0690580101, but the position of
the ULX candidate was at the edge of the field of view and no detection of it was present from this data set in 4XMM-DR10. We therefore do not
analyse this data./ 3o upper limit for aperture photometry for combined MOS1 and MOS2 data. & Combined MOS1 and MOS2 count rate.

pattern, with a threshold of <4 for pn data (single and double events)
and <12 for MOS (which also includes triples and quadruples). We
used EPICLCCORR to subtract background counts and correct the light
curves for instrumental effects such as vignetting and deadtime, and
where we co-added light curves over the three different detectors,
we ensured the light curves had the exact same start and stop times
(taken from the pn data). Spectra were extracted using the same
patterns and flags as the light curves, except that the more stringent
FLAG = 0 was used for the pn. Response matrices (rmf files) and
ancillary response files (arf) were produced for each spectrum, with
the latter incorporating a correction so the spectra better align with
NuSTAR calibration. Finally, the spectra were binned to a minimum
of 25 counts per bin and with an oversampling factor limited to three
times the intrinsic energy resolution of the detector across all photon
energies.

The Swift data utilized in the analysis of 4XMM
J112054.3+531040 were all obtained directly from online tools
associated with the 2SXPS catalogue* (Evans et al. 2020). The
stacked spectrum, composed of all XRT data for the ULX, was
obtained directly from the 2SXPS interface, which also provided
appropriate background data and response (rmf and arf) files. The
spectral data were binned to 20 counts per bin before fitting. The Swift
data points contributing to the full light curve were extracted on the
basis of one point per observation, with the data either displayed
as a detection (with corresponding 1o error), where the count rate
exceeded three times the error, or as a 3o upper limit in other cases.

We also include the analysis of an archival Chandra data set for
4XMM J112054.3+531040. We reduced this data using the Chandra
interactive analysis of observations software package, CIAO® version
4.14, and version 4.9.8 of the Chandra calibration data base. Our

“https://www.swift.ac.uk/2SXPS/
Shttps://cxc.harvard.edu/ciao/index.html

reduction again relied heavily on the provided science threads®.
The data was reprocessed and data products for the ULX were
extracted from an 8-pixel (~4 arcsec) radius aperture centred on
the source. Given the proximity of a second, much fainter source
(about 7arcsec to the south-west), we chose to use a separate
background region rather than an annulus, which we set as a 20-pixel
circular aperture to the north-west of the ULX. We then extracted the
source and background spectra, and corresponding response files,
using the SPECEXTRACT tool, and grouped the output spectra to a
minimum of 20 counts per bin before analysis. The events file was
barycentre-corrected, and then background-subtracted light curves
were extracted using the same regions and the DMEXTRACT tool.
Finally, we attempted to produce an improved position for 4XMM
J112054.3+531040 by correcting the astrometry of the Chandra data
to corresponding optical counterparts in the Gaia DR2 catalogue (see
Section 4.2.3 for more details).

4 RESULTS

4.1 4XMM J091948.8—121429

This candidate ULX is associated with the dwarf galaxy PGC 26 378
(also known as DDO 060 or MCG -02-24-011) at a distance of
26.5 Mpc (W22). It appears co-located with a knot of emission about
30 arcsec north of the nominal centre of the host galaxy, as shown
in Fig. 2. It is only detected by XMM-Newton and inspection of the
reduced data of the single observation covering its position reveals
it to lie at the very edge of the pn field of view, at ~16 arcmin oft-
axis. It was not detected in either MOS image given that the ‘good’
event flags filter used to clean the data rejected events so far off-axis.
Hence, only 3 ks of pn data for this source were available for analysis,

Ohttps://cxc.harvard.edu/ciao/threads/index.html
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Figure 2. The environment of 4XMM J091948.8—121429 shown as a three-
colour PanSTARRs image. The red, green, and blue colours represent light
observed in the i, r, and g filters, respectively. The data in each filter is
convolved with a 2-pixel (= 0.5 arcsec) Gaussian kernel for display purposes.
A circle of radius 6.25 arcsec marks the 3¢ error in the position of the ULX
as determined in 4XMM-DR10, and the field of view is 2 x 2 arcmin?. The
PanSTARRs data was obtained from http://pslimages.stsci.edu/cgi-bin/pslc
utouts.

from which we had <100 source counts’. Strong constraints on the
source properties and behaviour are therefore not possible without
obtaining further data.

However, we were able to obtain some provisional constraints on
the ULX properties by analysing its pn spectrum. In particular, we
extracted the spectrum and then binned it only on the oversampling
parameter, such that we did not oversample the energy resolution
(precisely as per other XMM—Newton spectra analysed in this work);
we did not specify any minimum number of counts per bin. This
spectrum was then fitted in XSPEC® using Cash statistics. We report the
results for two simple models — an absorbed power-law continuum,
and an absorbed multicolour disc blackbody spectrum — in Table 3.
The fits assumed a Galactic foreground column of 4.85 x 10?° cm~2,
interpolated from Dickey & Lockman (1990) using the COLDEN
interface’. Here and throughout this paper, we use the TBABS model
for absorption (Wilms, Allen & McCray 2000). We find the spectrum
to be relatively hard (I' ~ 1.6 or kT, ~ 1.9keV), albeit with a very
wide range of possible photon indexes or disc temperatures, and with
a relatively low intrinsic absorption for a ULX (<6 x 10 cm™2).
The estimated flux is ~4 x 10”3 ergecm™2s~!, again with a wide
uncertainty range, which equates to a 0.3—10keV luminosity of
~3 x 10¥ ergs~! at the distance of PGC 26378.

7Given the low detected count rate and severe flaring, taking a higher threshold
for the background filtering resulted in background domination at high and
low energies, e.g. below 0.5 and above 4 keV for the 10 count s~ GTI filter
used for 4XMM J165251.5—591503. The resulting spectral constraints were
no better than those from the method detailed in the text.

8Version 12.12.1, available as part of the HEASOFT package from https:/he
asarc.gsfc.nasa.gov/docs/software/heasoft/. Throughout this work, we adopt
the convention of quoting 90 per cent errors on spectral fitting results.
“https://cxc.harvard.edu/toolkit/colden.jsp
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Table 3. Single component spectral model fits for 4XMM J091948.8—
121429.

ny ¢ T/kTy, b fxe© C-stat/dof
power-law continuum

+0.34 +0.8 +2.5
0.301934 16708 41722 29.7/37
multicolour disc blackbody
<0.35 1.9748 37413 31.2/37

Note. * Absorption in excess of foreground Galactic (x 10?! cm~2). ? Photon
index for power-law or inner-disc temperature (in keV) for disc blackbody.
¢ Observed 0.3-10keV flux, corrected for foreground Galactic absorption
(x10~ B ergem=2 571, d C-statistic value and number of degrees of freedom
for fit.

4.2 4XMM J112054.3+531040

This ULX candidate has the richest data set of the three we examine
in the section, with data from all three missions covered by the W22
catalogue. We separate out the more detailed analysis this facilitates
into three sections below.

4.2.1 X-ray spectra

The spectra for 4XMM J112054.3+531040 were all extracted and
binned as detailed in Section 3. After background subtraction they
had sufficient counts to permit fitting using the x? statistic. In this
analysis, the XMM-Newton and Swift data were fitted in the 0.3—
10keV band, and the Chandra data were fitted in the narrower 0.5—
8 keV regime commensurate with its more limited spectral response.
As an initial step, the data were all fitted separately with simple
power-law continuum and multicolour disc blackbody models. For
each spectrum, we included a foreground absorption component
set to 1.02 x 10%° cm™2, derived from COLDEN as above. We also
included a constant component for each XMM-Newton observation
to model slight calibration differences between the detectors; in
practise, differences in this component between detectors never
exceeded 15 per cent for any individual observation. The results of
these fits are displayed in Table 4. It is immediately obvious that this
ULX is relatively hard, with a photon index I" that does not deviate
substantially from 1.4, and with moderate absorption beyond our own
Galaxy (and so likely to be intrinsic to the ULX or its host galaxy)
of <10%! cm™2; the equivalent parameters for the disc blackbody
model are kT;, ~ 2 keV and negligible column in excess of Galactic.
The power-law provides a statistically-acceptable fit to all spectra;
however, this is not the case for all disc-blackbody fits, with XMM—
Newton observations 0762610801 and 0762610501 not providing
acceptable fits (null hypothesis probability <5 per cent). We also
show a flux for each observation, which is the observed flux corrected
only for foreground Galactic absorption, as calculated using the
CFLUX convolution model in XSPEC. The ULX does appear to vary
in flux, albeit only by a factor ~2 between different observations.
Given the similarity of the spectral parameters across all of the X-
ray observations, we attempted to fit all the spectra simultaneously
with the same power-law model, allowing only the relative constant
differences between the XMM—Newton detectors to vary. This did not
produce a good fit to the data when the normalization of the power-
law continua were all constrained to the same value (x> = 681.5 for
391 degrees of freedom). However, permitting the normalizations
to vary (and so the flux of the source to vary between epochs)
produced a substantial improvement of Ax? = 278 for 5 fewer
degrees of freedom, and a statistically-acceptable fit to the data.
Further unfreezing of fit parameters did not result in large statistical
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Table 4. Single component spectral model fits.

ObsID nyg ¢ T/kTi b fx© x2/dof ¢
power-law continuum
3951 1247038 138+£008 55+£03  130/144
Swift stack <1.62 1217038 54108 19/16
0762610401 1.307583 1577519 3.6104 34/27
0762610701 <122 1.23%01¢ 4.4708 16/29
0762610801 <1.13 L4610 3.5708 36/29
0762610501 0.8310%  145+006 65703 128/127
multicolour disc blackbody

3951 <0.14 1907014 46+02 1397144
Swift stack <0.58 209102 44+07° 17/16
0762610401 <0.38 1527922 3.0+04 34/27
0762610701 o 216704 37405 21/30
0762610801 o 1627934 3.0+04 50/30
0762610501 <27 x 1072 187701,  58+03  194/127
Note. © Absorption in excess of foreground Galactic (x102!'cm=2). »

Inner disc temperature is in keV. ¢ Observed 0.3-10keV flux, corrected
for foreground Galactic absorption (x10~13 ergem=25s71). ¢ x2 value and
number of degrees of freedom for fit. © Absorption fixed at 0 in order to obtain
error range.

Table 5. Single component fits for 4XMM J112054.3+531040 with param-
eters constrained to the same value across all spectra.

ny ¢ T/kTi b x2/dof ¢
power-law continuum

0.92 £0.15 1.42 £ 0.04 403.6/386
multicolour disc blackbody

o 1.86 £ 0.07 470.8/387

Note. * Absorption in excess of foreground Galactic (x 10?! cm~2). ? Photon
index for power-law or inner-disc temperature (in keV) for disc blackbody. ¢
x?2 value and number of degrees of freedom for fit. / Value fixed to zero as
model does not require any additional absorption.

improvements — a small but not very significant improvement of
Ax? =22 for 5 fewer degrees of freedom resulted from thawing the
photon index, and minimal improvement resulting from thawing the
absorption component (Ax? = 6 for 5 fewer degrees of freedom).
We therefore conclude that there is no strong evidence for variability
in either the absorption component or the spectral shape throughout
the observations. We present the best-fitting power-law and disc-
blackbody parameters, where absorption and photon index/inner-disc
temperature are constrained to the same values across all spectra,
in Table 5. Note that the disc-blackbody model is not statistically
acceptable as a result of the two individual spectra noted above; it
also does not require any absorption above Galactic foreground in
its best fit.

We also consider two-component fits to the spectra, composed of
two thermal components, consistent with modelling of good quality
0.3-10keV ULX spectra (e.g. Stobbart et al. 2006; Koliopanos et al.
2017). In order that we can potentially place meaningful constraints,
we must use only the best quality examples of the spectra of 4XMM
J112054.3+531040, which means the Chandra spectrum and the
0762610501 XMM-Newton spectrum (both of which have in excess
of 100 bins). In addition, we note that the other three XMM—Newton
spectra have similar levels of flux and spectral parameters (Table 4),
and were obtained within a 5-day window in 2016 (Table 2). We

Characterizing three new eULXs 3335

therefore consider them suitable for combining a single spectrum
per XMM-Newton detector, and to do so, we used the SAS tool
EPICSPECCOMBINE to combine the data across the three observations,
before binning as previously described. This had similar spectral
quality to the other two data sets and so we used it in the two-
component spectral fitting.

Given the similarities of the individual data sets discussed above,
we also adopted a simultaneous fitting process for the three higher
quality spectra. An initial fit held all values (other than the corrections
for relative EPIC detector calibrations) fixed across the three spectra,
and a statistically poor fit resulted x> = 652 for 377 degrees of
freedom). Thawing the normalizations of the hot and cool disc black-
body components both resulted in significant improvements to the
fits, with A x2 = 247 and 27 (for 2 fewer degrees of freedom) for the
hot and cool components, respectively, when applied consecutively.
However, thawing the disc temperatures and the absorption did not
result in any further, additional improvements to the fits (Ax2 < 5
for 2 degrees of freedom), so we keep those values the same across
all three data sets. The resulting fit is shown in Table 6, where we
also show the intrinsic fluxes of each disc blackbody component
(as calculated using CFLUX). The absorption and disc component
temperatures are within the range of values observed from bright
ULXs (cf. Koliopanos et al. 2017; Walton et al. 2018), albeit towards
the harder end of the range. The ratio between the flux in either
component is rather high, and interestingly may vary between the
Chandra observation in 2003 and the XMM-Newton observations in
2016, with fx »/fx,1 = 10 £ 4 in the earlier epoch, and (6 — 7) £ 3 in
the latter (note these are 90 per cent and not 1o errors). We illustrate
these fits in Fig. 3, where we show the unfolded spectra and both
underlying model components.

4.2.2 X-ray variability

We have composed a long-term light curve for 4XMM
J112054.3+531040 from the archival XMM—Newton, Chandra, and
Swift data, which we display in Fig. 4. The XMM-Newton and
Chandra fluxes were taken directly from the individual power-
law spectral fits and converted to a luminosity for a distance of
20.1 Mpc; the Swift fluxes were calculated based on a conversion
factor of Icts™' =5.65x 107 ergem™2s7!, derived from the
best fit spectral model in the PIMMS!® calculator. The light curve
shows that 4XMM J112054.34+531040 is moderately variable on
time-scales of days (up to factors of ~5 in Swift data), but has
remained luminous in all observations to date with Ly (0.3-10keV)
persistently >10* erg s~!. However, coverage is limited, with most
observations in a short window in 2016 as the XMM-Newton and
Swift observations were a follow-up programme for a supernova,
AT2016bau (see Arbour 2016; Granata et al. 2016). The supernova
lies ~45arcsec from the ULX, in the direction of the centre of
the host galaxy (cf. Fig. 7), and remained undetected in the XMM—
Newton and Swift data. We note the only period of observations
without a detection were the five follow-up observations with Swift
in late 2017. These observations were short and so do not provide
stringent individual limits; however, combining their data provides
a 3o upper limit on the luminosity of <2.05 x 10*° ergs~! for that
period, similar to the lowest detected luminosities from a year earlier.

We also investigated the intra-observational variability in the
XMM-Newton and Chandra data. In Fig. 5, we show summed EPIC
light curves for all four XMM-Newton observations. In each case,

10https://cxc.harvard.edu/toolkit/pimms.jsp
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Table 6. Two component spectral fits for 4XMM J112054.3+531040.

ObsID ny 4 KTin,1 kTin, 2 ® fx1€ fx2€ x2/dof ¢
3951 - - - 05£02 48%02 -
Combined (401 4701 +801) 0297939 0487017 2.69703*  0.5702 32102 377.8/373
0762610501 - - - 08703  55+04 -

Note. Where a value is shown solely in the middle row, it is the result of a simultaneous fit to all three data sets.
@ Absorption in excess of foreground Galactic (x10*' cm~2). » Inner-disc temperature (in keV) for disc blackbody
components. ¢ Intrinsic flux of component in 0.3-10keV band (x 10713 erg cm™2 s~1); this value is extrapolated beyond
the fitted energy range for the Chandra data. ¢ x2 value and number of degrees of freedom for fit.

we limit the light curves to the pn start and stop times to ensure
simultaneity across the three EPIC detectors, and bin the data to
500 s intervals. Visual inspection of Fig. 5 hints that the data might
vary in excess of that expected from white noise processes, and this
is confirmed by calculating the excess variance (o xs; see Vaughan
et al. 2003) for each data set, which in each case is in the range
4-9 per cent. We performed the same analysis on the Chandra
data set, binned to 1000s given its lower count rate, and found
a similar oxs = 7 per cent; we show this light curve in Fig. 6. This
demonstrates that 4XMM J112054.34+-531040 is consistently varying
on time-scales as short as <10 min.

In order to investigate variability at the shortest accessible time-
scales, we used the the STINGRAY packages (Huppenkothen et al.
2019; Bachetti et al. 2022), as scripted up in the HENDRICS tools'!.
We worked on the XMM—Newton EPIC-pn data as its 73.4 ms frame
time means it is the only data for 4XMM J112054.3+531040 with
the time resolution adequate to access the ~1 Hz pulsations seen in
PULXSs. We extracted pn event files from the source apertures for each
XMM-Newton observation, and performed barycentric corrections
on each event list. We first used these event files to create power
spectra for each observation. Each power spectrum was subject to
geometric rebinning over a variety of factors in the range 0.01-0.3
before inspection; however, there was no power above the white
noise level in any of the power spectra, which were sensitive to
power in the ~1073—-6 Hz range. (We note this is consistent with
the excess variance results above, which are based on variability
over longer time-scales than probed by the power spectra.) We
then performed accelerated pulsation searches using the HENDRICS
implementation of the Ransom, Eikenberry & Middleditch (2002)
algorithm. Although each search found candidate pulsations, these
were statistically weak (highest powers in the range 30-40), and
were generally not recovered by Z3, searches focussing on a narrow
range around the candidate frequency, so we do not regard any as real
pulsation candidates. This Z% test was used to place limits on the
amplitude of possible pulsations in the data; for the shorter (~6 ks
in the pn) observations, the 3o upper limit on the possible pulsation
amplitude at frequencies =1 Hz was ~45 per cent, and for the longer
(18ks, 0762610501 data set) a more stringent limit on the pulsation
amplitude of ~20 per cent at similar frequencies was calculated.

4.2.3 Optical follow-up

An accurate position for 4XMM J112054.34+531040 was obtained
from the Chandra data by considering matches between X-ray source
detections on the S3 chip and optical sources from Gaia DR2, as per
the relevant science thread'?. The best solution was obtained from

Version 7.0, see https://hendrics.stingray.science/en/stable/index.html.
R2https://cxc.cfa.harvard.edu/ciao/threads/reproject_aspect/
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the raw data; any attempts to correct the astrometry algorithmically
induced false matches within the body of NGC 3631, which resulted
in no good matches in the field and an overall matching error
>0.6 arcsec. If we used the raw data, we would instead have found
three excellent matches and a statistical error of 0.14 arcsec on the
field astrometry. Using this astrometric solution, we find a J2000
position for the eULX of 11 20 54.306, +53 10 40.68 £ 0.02 arcsec
(X-ray centroid error), +0.14 arcsec (astrometric
uncertainty).

‘We then investigated the environment and possible counterparts of
4XMM J112054.3+531040 using HST data. Specifically, the eULX
position was covered by three HST images. A pair of WFC3 UVIS
images, in the F555W and F814W filters, each of ~750s exposure
(data sets ID9610010 & ID9610020), were taken in October 2016
and aimed at SN AT2016bau, as per most of the X-ray data; and a
deeper ~2300s ACS WFC image was taken in April 2019, also in
the F814W filter (data set JDXKO07010). We display the latter, with
the ULX position highlighted in a zoom of its projected immediate
vicinity, in Fig. 7. 4XMM J112054.3+531040 clearly lies in a spiral
arm to the west of the nucleus of NGC 3631 and is associated with
some structure within the arm, consistent with it being a bona fide
eULX rather than a background AGN.

Fig. 7 shows two relatively bright sources within the 3¢ uncer-
tainty region and a third just outside. The central source appears
to be potentially extended towards the south-east, so may be an
amalgamation of two (or more) objects. The Hubble source catalogue
(Whitmore et al. 2016)'3 provides magnitudes in both filters from
the 2016 WFC3 UVIS observation; both objects within the error
region have near-identical magnitudes of mgsssw = 23.86/23.87 and
mpg1aw = 23.68/23.66, for the central and north-western objects,
respectively, and hence both have a colour mgsssw — mpgiaw ~ 0.2.
The object to the east of the error region is very slightly brighter,
with MEsssw = 2336, MEg14W = 2351, and so a colour of MEsssw —
mpgiaw = —0.15. After correcting for minimal foreground extinction
from within our own Galaxy, absolute magnitudes of Mgsssw =~
—7.7 and Mggiaw =~ —7.5 can be calculated for the two most likely
counterparts. This combination of absolute magnitude and slightly
red colour is not a good match for any type of supergiant star, but may
perhaps instead be indicative of young stellar clusters in NGC 3631,
with the possibility of some reddening due to local dust extinction in
the spiral arm. It is also likely that the observed magnitudes of these
counterparts rule out a background AGN, given that these typically
have fx/fopt ~ 0.1-10 (e.g. Aird et al. 2010), whereas fx/fop: > 220
for this eULX.

Bhttps://catalogs.mast.stsci.edu/hsc/
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Figure 3. Unfolded two-component spectral fits for 4XMM

J112054.34-531040. (Top) Chandra spectrum, with data points shown
as crosses (in blue). The best fitting model is the solid line, and the hot and
cool disc components are shown as dotted and dashed lines, respectively.
(Middle) Combined spectral data from XMM-Newton observations
07262610401, 0762610701, and 0762610801. Model components are
indicated as per the top panel (with the slight offsets from the different
constants in the modelling). Data from the pn is shown as simple crosses (in
black), MOSI is highlighted by a circle (red) and MOS 2 by a square (green).
(Bottom) Data from XMM-Newton observation 0762610501, displayed
similarly to the middle panel.
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4.3 4XMM J165251.5—-591503

The position of 4XMM J165251.5—591503 has been covered by
three XMM-Newton observations, but only one (ObsID 0405380901)
provided a reasonably high source count rate, and this observation
was heavily affected by flaring (cf. Table 2 and Section 3). Worse
still, the source lay at the very edge of the pn detector, where a
sizeable fraction of the source extraction aperture lay outside the
field of view; we therefore concentrated our analysis on the MOS
detections of this source, where the flare contamination was also less
pronounced than for the pn. Spectra were extracted and fitted with
simple single-component models, similarly to the previous sources.
We report the results of this analysis in Table 7. In this case, the
foreground column was higher, at 1.53 x 10?! cm™2. We find the
source to display a relatively soft spectrum, with I' ~ 2.5 for a
power-law continuum, or kTj, ~ 0.65keV for a multicolour disc
blackbody model. The latter shows no evidence for absorption above
the Galactic line of sight. Both models provide formally acceptable
fits to the data, although the x? is better for the power-law model.
The source flux (corrected for Galactic absorption) is the highest
for any of our three new eULX candidates at ~10~'2ergcm 257",
However, this is not a persistent flux; we note that the upper limit
on the count rate from a second observation (taken roughly 5 weeks
prior to the data set fitted above) was a factor ~45 lower, so this
object is strongly X-ray variable on a time-scale of weeks.

This variability is corroborated by Swift data; the position of
4XMM J165251.5—-591503 is covered by three Swift observations
(as listed in Table 2, the target for which was NGC 6221), taken over
3 days in 2016 and totalling 6.9 ks of exposure. No source is detected
at the ULX position in 2SXPS analysis of this data. We have therefore
performed aperture photometry at the position of the source and find
a combined 3o upper limit on the flux as <2 x 10~ ¥ergem 257!
(converting the upper limits on the count rate to flux in PIMMS using
the power-law spectrum in Table 7). Although not as constraining as
the second XMM—Newton observation, this again highlights that this
object is variable and, nine years after the original detection, it had a
factor >5 lower flux compared to the earlier epoch.

The high foreground column is indicative that the line of sight
to this eULX candidate lies close to the Galactic plane. In fact,
its Galactic coordinates are Iy = 329.72, by = —9.60, which lie
both close to the Galactic plane and near the direction of the
Galactic Centre. This, combined with the soft spectrum, lead to
a suspicion that this could be a foreground Galactic source. We
therefore conducted a more extensive check for multi-wavelength
counterparts and found that 4XMM J165251.5—591503 has a bright
IR counterpart, detected within ~1 arcsec of the eULX candidate
position, with mg = 13.01 £ 0.03 in the 2MASS all-sky point source
catalogue (Cutri et al. 2003). Given this strongly suggests a Galactic
counterpart, we also checked Gaia-DR3 (Gaia Collaboration 2022),
and found the counterpart with mg mean = 15.6 and a parallax of
0.41 + 0.03mas. The presence of a parallax means that this
counterpart is clearly Galactic, and the measured value places it at a
distance of 2.4 &= 0.2 kpc. The apparent magnitude of the counterpart
then converts to a mean absolute magnitude of M, & 3.2, correcting
for foreground extinction of A, = 0.5 (Schlafly & Finkbeiner 2011,
via the NASA/IPAC extragalactic data base'*), and the 0.3-10keV
X-ray luminosity is Lx &~ 7 x 103 ergs™'.

To investigate its nature further, we extracted a TESS light curve at
its position. TESS observed the target during Sector 12 (2019-May-

14https://ned.ipac.caltech.edu
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Figure 4. Long-term light curve for 4XMM J112054.3+531040 from all missions. The Chandra observation is shown as a (green) square, XMM—Newton

observations are (red) circles, Swift 30 detections are black crosses, and 3¢ upper limits from Swift are (blue) downward arrows. Note that the x-axis is broken

for display purposes, given the long (13 yr) gap between the Chandra and subsequent observations.

0.40 q
0.35 A
0.30 1

0.25 A

0.15

Hf

EPIC Count rate (ct s71)

0.10 A

0.05 A

ol !
g

0.00 T T T T T
0.25 0.30 2.25 2.3'6 4.25

4.ﬁ 28.00 28.05 28.10 28.15 28.20 28.25

Time since MJD=57496 (days)

Figure 5. Combined EPIC light curves for 4XMM J112054.34+531040 from each individual exposure, displayed with 500 s binning. Note that the x-axis is

broken for display purposes.

%Z o nh
?W%NhWﬁﬂWWﬂ

0.0 0.2 0.4 0.6 0.8 1.0
Time after MJD = 52825 (days)
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21 t0 2019-Jun-19) at 30 min cadence. We extracted its light curve by
defining target and background apertures around the target and show
the resulting light curve in Fig. 8. The counterpart displays a clear
~2-d modulation on top of a possible longer term variation. Given
the Gaia distance and colour, the position in the Gaia calibrated
colour-magnitude diagram places this system as a K-type star, with
its absolute magnitude suggesting an evolved type. It may therefore
be possible that the 2-d modulation is related to the orbital period
of a binary, with the X-ray emission potentially originating in
colliding winds. Alternatively the optical variability could be related
to a superorbital modulation caused by a precessing tilted disc, as
observed in several cataclysmic variables (see, e.g. Itkiewicz et al.
2021); however, it is unclear what the origin of the X-ray emission
might be in this scenario. A third possible scenario is unrelated to
the possible binary nature of the stellar system; this may simply be
a stellar flare. At close to 10°3 ergs™!, this would be at the upper
end of known flare luminosities (cf. Table 4 of Giidel 2004), and the
ratio of quiescent to flare luminosity would also be rather extreme
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Figure 7. HST ACS WFC image of NGC 3631 in the F814W filter (main
image, using a heat colour map). The image is aligned such that North is up,
and East to the left. The location of 4XMM J112054.34-531040 is within
the small white box, and the region within the box is shown in detail in the
insetted zoom, which has size 4 x 4 arcsec? and is displayed as a grey-scale
image. The position of the eULX is highlighted by the red circle, which is
equivalent to the 3¢ error region for the eULX position. The position of
SN2016bau is highlighted by the white star.

Table 7. Single component fits for 4XMM J165251.5—591503.

ny @ [/kTi, b fx € x2dof @
power-law continuum

20713 2.5703 11753 54.4/50
multicolour disc blackbody

of 0.65101° 0.9%53 66.2/51

Note. @ Absorption in excess of foreground Galactic (x 102! cm~=2).  Photon
index for power-law or inner-disc temperature (in keV) for disc blackbody.
¢ Observed 0.3—-10keV flux, corrected for foreground Galactic absorption
(x107"2ergem™2571). 4 2 value and number of degrees of freedom for fit.
I Value fixed to zero as model does not require any additional absorption.

for a late stellar type (Pye et al. 2015), but this is a plausible nature
given its soft X-ray spectrum. It is even possible that this optical
counterpart is entirely unrelated to the X-ray emission, which still
might be originating in a bona fide ULX in NGC 6221. The nature
of this source therefore remains to be confirmed and will require
follow-up observations to resolve.

5 DISCUSSION

5.1 Have we found any good PULX candidates?

In this paper, we have identified and studied three new extreme
ULX candidates, selected on the basis of at least one high flux
(>5 x 107 B ergem™s7!) and high luminosity (Lx > 10* ergs™!)
XMM—Newton detection in the ULX catalogue of W22, with a view
to identifying good PULX candidates. So, what have we learnt?
The first object, 4XMM J091948.8—121429, has insufficient data
to determine whether it is a good candidate to be a PULX. Its host

Characterizing three new eULXs 3339

is relatively distant at 26.5 Mpc, and its only detection is 16 arcmin
off-axis in 3 ks of cleaned pn data, so <100 counts were obtained
from the source. This was, however, sufficient to determine that
the object appears likely to be within its host given its association
with structure in PGC 26378, and that its spectrum is likely to be
moderately hard (although this is poorly constrained). It is pertinent
to note that the host galaxy is a dwarf irregular system; several such
systems are known to host eULXSs, including some of the best studied
local objects (e.g. NGC 5408, Holmberg II). Indeed, some of these
objects are particularly interesting as local analogues for processes
at high redshift, e.g. I Zw 18 (Kaaret & Feng 2013) and Haro II
(Prestwich et al. 2015). So, 4XMM J091948.8—121429 is at least a
good candidate for a bona fide eULX, but further observations are
required to reveal the details of this interesting object.

4XMM J112054.34+531040, in contrast, has a reasonable set of
data already available, largely thanks to the follow-up of a supernova
that detonated in the host galaxy, NGC 3631, in 2016. This includes
over 40 ks of Swift snapshots, four short XMM-Newton observations,
and a much earlier (2003) and deeper Chandra observation. These
reveal a source that varies in flux by a factor ~2-3 on time-scales
from days to years and that has demonstrable variability on time-
scales as short as tens of minutes. Its spectrum is generally hard
for a ULX, represented by a power law with I' ~ 1.4; however,
it can also be satisfactorily described by a two-component model
with both components being thermal in nature, with the form and
its parametrization within the known range of spectra for ULXSs.
Combining Chandra astrometry with HST imaging reveals possible
counterparts to the ULX within a spiral arm of the host that have
colour and magnitude similar to young stellar clusters, but far too
high an X-ray/optical flux ratio for a background AGN. It therefore is
a good eULX detection, and its hardness marks it out as a good PULX
candidate given that PULXSs tend to have harder-than-average X-ray
spectra amongst ULXs, generally due to the dominance of a hard
and variable spectral component in the 0.3-10keV range (Walton
et al. 2018; Gurpide et al. 2021). We do not detect pulsations in
any individual XMM —Newton observation, with only one relatively
stringent limit of <20 per cent at frequencies >1 Hz. Even then, we
note that pulsations are a transient phenomenon in PULXs and are
not seen in all epochs, and indeed the pulsed fraction itself varies in
the 0.3-10keV band, with it dropping below the best limit seen for
4XMM J112054.3+531040 in several observations of NGC 7793
P13 (Fiirst et al. 2021) or never exceeding 10 per cent in the faintest
of the detected pulsations from NGC 1313 X-2 (Sathyaprakash et al.
2019). Itis therefore still eminently possible that further observations
of 4XMM J112054.34-531040 could reveal pulsations, and we regard
it as a good candidate PULX.

The final object, 4XMM J165251.5—591503, has been shown to
likely be a foreground object within our own Galaxy, although its
precise nature is not clear. The fact it was not removed from W22
during the composition of that catalogue shows a potential weakness
of its selection/rejection criteria — a lack of detailed consideration
of Galactic contaminants. Although stars are rejected if spatially
coincident with candidate ULXSs, this is limited to those in the Tycho
2 catalogue (Hgg et al. 2000) and those that are picked up via the
Simbad interface (Wenger et al. 2000)'. This example shows that
more filtering is required to pick up Galactic objects, for example,
looking for counterparts with measured parallax at low Galactic
latitudes. The 4XMM-DR9 ULX catalogue of Bernadich et al. (2022)
performs better than W22 in this regard by searching catalogues

IShttp://simbad.cds.unistra.fr/simbad/
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Figure 8. Light curve of the candidate counterpart to 4XMM J165251.5—591503 obtained with 30 min cadence during Sector 12 of the TESS mission.

including Gaia DR2 for optical point source counterparts to its ULX
candidates, and then using the X-ray/optical flux ratios to exclude
stars and other objects. The even more recent catalogue of Tranin,
Webb & Godet (2023) uses an automated probabilistic classification
of X-ray sources to produce a catalogue with a claimed contamination
of only 2 percent. Such stratagems will help to improve future
generations of ULX catalogues.

5.2 Are there alternative targets for study from Chandra or
Swift?

In total, our selection strategy revealed three previously unstudied
eULXs from a sample of 15 in W22 that had relatively high flux
and high luminosity detections in XMM—-Newton data. The focus on
XMM-Newton was specifically so that we could select pre-existing
data where pulsation searches were possible at frequencies similar
to those of the pulsations of known PULXs, which is currently only
possible below 10 keV using pn data. It is interesting to ask whether
the other mission catalogues analysed in W22 revealed broadly sim-
ilar eULX candidates; although they might not have XMM-Newton
data suitable for sensitive pulsation analysis currently available, they
would potentially be excellent targets for future observations. We
therefore repeated the selection of eULX candidates using the same
two simple flux and luminosity criteria but using the ULX catalogues
in W22 derived from Swift (2SXPS) and Chandra (CSC2.0).

The results are shown in Fig. 9. To create this figure, we needed to
correct the CSC2.0 data for its narrower (0.5-7 keV) bandpass. For
a variety of spectral shapes representative of most ULXs (power-law
continua in the range I' ~ 1.5-2.5 and absorption column ~1-3 x
10?! cm~2), the correction factor is generally in the range 1.1-1.3;
we used the optimistic upper value of 1.3 to correct the Chandra
fluxes and luminosities for each detection of each ULX in the left-
hand panel. In the right-hand panel, we show the Swift data and have
chosen to display the peak flux/luminosity combination for each
source (observation-level data is not present for 2SXPS sources in
W22, although it is easily recoverable from 2SXPS itself). Clearly,
the number of sources chosen from each detector to inhabit the
demarcated parameter space varies greatly. There are only seven
CSC2.0 detections within the selection region (including one very
marginal case, even after the generous correction factor). The five
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brightest (in flux) are all already in our XMM-Newton selection —
three separate detections of 4XMM J095550.4+694045 (M82 X-
1), and one each of 4XMM J022727.5+333443 (NGC 925 X-1)
and 4XMM J131519.54420301 (NGC 5055 X-1). The two fainter
sources are not in the current list, and so present new targets. The
2SXPS data, on the other hand, presents far more potential targets
than the XMM-Newton selection — a total of 75 eULX candidates
with peak flux and luminosity in the correct region of parameter
space. Ten of these were in the XMM—Newton selection presented in
Section 2; those missing include two of the sources presented in this
paper (4XMM J091948.8—121429 and 4XMM J165251.5—-591503,
respectively), M82 X-1, which will have been excluded by W22 for
being too close to the nucleus of M82 for Swift to resolve it from any
putative nuclear activity, 4XMM J151558.6+561810 (NGC 5907
ULX1) whose luminosity peaked in the HLX regime during Swift
observations, and 4XMM J230457.64122028 (NGC 7479 ULX-1)
where the flux was marginally below the cut-off. Note, however, that
if we had chosen instead to use the average Swift flux and luminosity
per source, we would have obtained a similar outcome to the original
XMM-Newton selection — 15 sources (albeit the overlap with the
XMM-Newton selection was only seven objects, with the other eight
all new potential targets). The analysis of the data from these new
eULX candidates is left to future work.

The lack of Chandra sources is puzzling, but may be due to a
combination of several factors. These include the narrower bandpass
(although an attempt was made to correct for this in the figure); the
smaller point spread function, which will be much better at removing
contaminants (local diffuse emission and/or other point sources) than
is possible for XMM—Newton or Swift; and perhaps most importantly,
the removal of sources from W22 that are quality flagged, which will
have removed objects at relatively high fluxes due to the presence
of read-out streaks and/or pile-up. The much larger potential target
list revealed by Swift is likely a consequence of two factors. First,
Swift has covered a larger sky area than either other mission (e.g.
~3800deg? in 2SXPS, Evans et al. 2020, compared to ~1200 deg?
in 4XMM-DR10, which is marginally larger than the area covered
by 4XMM-DR9 reported in Webb et al. 2020), and so has better
coverage of galaxies at moderate distances (<30Mpc) for which
the detection of eULX candidates is possible, even for short Swift
snapshots. Second, it takes many more observations of individual
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Figure 9. Recreation of Fig. 1, but instead for the CSC2.0 (leff) and 2SXPS (right) ULX candidates from W22. Any of the 15 sources detected by XMM—Newton
within the region of interest (delineated by the red, dotted line) also detected in the same region of parameter space by Chandra or Swift are highlighted by
a green square. Any of these objects detected but not in the region of interest are highlighted instead by blue squares. The CSC2.0 fluxes and luminosities
are all increased by a factor 1.3 to account for its smaller bandpass; the 2SXPS data panel uses the peak values for each individual source (i.e. the highest

flux/luminosity combination) from any individual Swift observation.

sources, on average, than the other missions. Hence, for ULXs, which
are generally a variable population, there are more chances to catch
a source in the correct luminosity range. The combination of these
two factors bodes well for the detection of eULXs by the eROSITA
all-sky survey, which will combine multiple visits to the position of
each ULX candidate with full sky coverage and sensitivity per visit
similar to the Swift snapshots.

5.3 Is this a good method for finding PULX candidates?

The starting point for this work was to search for new PULX
candidates, using a combination of high flux, high luminosity, and ex-
isting XMM—-Newton data as the selection criteria. This has revealed
one new interesting PULX candidate and another object requiring
further observations. There are many other potential candidates for
observation, as revealed by Swift and a couple more by Chandra.
However, a basic question remains — is this a good way of finding
good candidates to be PULXs? This is important to answer, as it
helps us to make the best use of limited observational time on X-ray
facilities.

There are a couple of alternative approaches that can be taken.
Earnshaw et al. (2018) suggested, looking for ULXs that display
large amplitude variability, based on the suggestion of Tsygankov
et al. (2016), that high amplitude flux variability in M82 X-2 was
due to the propeller effect (although it is now unclear whether this
is the case or if it is instead variable due to a ~60d superorbital
period, cf. Brightman et al. 2019). Song et al. (2020) improved upon
the Earnshaw work, identifying 17 good candidates including two
known PULXs; however, none of the new objects in that sample
have yet been identified as PULXs, and the premise of looking for
large amplitude variability as evidence for the propeller effect has
recently been questioned by Middleton, Gurpide & Walton (2023)
who argue this should instead lead to increased variability in the hard
spectral component of ULXs. This is consistent with Walton et al.
(2018), who show that known PULXSs have a dominant hard spectral
component when pulsating, which reduces in strength when they are
not doing so.

Indeed, a second method for looking for PULXSs is to compare
the spectral and timing behaviour of other ULXs to the known
PULXSs; Gurpide et al. (2021) suggest good PULX candidates on

this basis, but again, no pulsations have been found from these
objects yet. However, propeller-induced variability may not be the
only reason to continue to look for high amplitude variability in
ULXs; Khan et al. (2022) show that if NS-ULXs have a higher
degree of geometric beaming than BH-ULXs, then precession of the
accretion discs will result in a higher fraction of variable NS-ULXs
than BH-ULXs. Therefore, high amplitude variability may remain
as a possible marker for PULX candidates even without propeller
effects.

In the absence of of any positive results, it is not clear whether
any of these suggested strategies provide a better chance of finding
detectable PULXSs than the others. It is therefore prudent to continue
to attempt them all if we wish to maximize our chances of discovering
more PULXs, and thereby learn more about the physics of super-
Eddington accretion in the regime of high magnetic field compact
objects.

6 CONCLUSIONS

We started by posing a question — can we use the fact that most of the
small number of PULXs detected to date have observed luminosities
that peak in excess 10*’ erg s™! (i.e. in the eULX regime) to find more
PULX candidates? To answer this, we filtered the ULX catalogue
of Walton et al. (2022) to select objects with XMM-Newton data
showing peak luminosities in this range, concurrent with fluxes above
5 x 1073 ergem™2s~! (with the latter used to select objects, where
we have a good chance of accumulating >10* counts in an orbit,
sufficient to detect pulsations). Most of the 15 objects selected are
well-studied ULXs; however, we uncovered three ULXs that have
hitherto been largely neglected for study. The analysis of available
archival data for these objects is the subject of this paper.

We found 4XMM J165251.5—591503 to be a soft and variable
X-ray source. It lies at low Galactic latitude and is coincident with a
bright optical/IR source with measured parallax and ~2 day periodic
variability, indicating it is very likely a foreground contaminant.
However, a full diagnosis of the nature of this object requires more
observations. The presence of a Galactic contaminant highlights
a weakness in the filtering of W22 for such objects. However,
this could readily be corrected by the use of Gaia data and/or
the use of statistical/multiwavelength identification techniques to
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better identify foreground objects in future catalogues, as has already
been done in the work of Bernadich et al. (2022) and Tranin et al.
(2023). 4XMM J091948.8—121429 on the other hand remains an
excellent eULX candidate but suffers from minimal archival data
being available at present, so also requires further observational
study to improve our understanding of it. The final object, 4XMM
J112054.3+531040 has by far the best current archival data. It
shows moderate X-ray variability on time-scales of minutes to years,
an X-ray spectrum that is hard and can be modelled similarly to
other ULXSs, and a local environment in the spiral arm of its host
galaxy that appears similar to other ULX environments (including
potential counterparts, which indicate an X-ray-to-optical flux ratio
that is too high for a background AGN). We are able to perform
accelerated pulsation searches on the XMM—Newton pn data for this
object, but we do not find any pulsations, with the best limits of a
pulse fraction <20 per cent for a pulsation at ~1 Hz. So, 4XMM
J112054.3+531040 is not at this time a confirmed PULX; it does,
however, remain a plausible candidate given its hard X-ray spectrum,
moderate limits on the pulsed fraction, and the fact that pulsations
are transient characteristics of PULXs. Again, further observations
with the current fleet of X-ray observatories are required to better
understand the nature of this object.

Finally, we note that the selection of high luminosity, high flux
ULXs provides an interesting sample of objects that could be the
subject of further study with many future X-ray missions, both
imminent and proposed (e.g. XRISM, HEX-P, New Athena, etc.),
that could provide new opportunities to investigate whether they host
PULXs. We look forward to the excellent science they will enable.
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