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ABSTRACT

We present results from the remaining sources in our search for near-infrared (NIR) candidate counterparts to ultraluminous
X-ray sources (ULXs) within ~10 Mpc. We observed 23 ULXs in 15 galaxies and detected NIR candidate counterparts to 6
of them. Two of these have an absolute magnitude consistent with a single red supergiant (RSG). Three counterparts are too
bright for an RSG and spatially extended, and thus we classify them as stellar clusters. The other candidate is too faint for
an RSG. Additionally, we present the results of our NIR spectroscopic follow-up of five sources: four originally classified as
RSG and one as a stellar cluster on the basis of previous photometry. The stellar cluster candidate is actually a nebula. Of the
four RSG candidates, one source has a broad H o emission line redshifted by ~z = 1, making it a background active galactic
nucleus (AGN). Two other sources show stellar spectra consistent with them being RSGs. The final RSG candidate is too faint
to classify, but does not show strong (nebular) emission lines in its spectrum. After our search for NIR counterparts to 113
ULXs, where we detected a candidate counterpart for 38 ULXs, we have spectroscopically confirmed the nature of 12: 5 sources
are nebulae, 1 source is not classified, 1 source is an AGN, and 5 are RSGs. These possible five ULX-RSG binary systems
would constitute ~(4 =+ 2) per cent of the observed ULXs, a fraction almost four times larger than what was predicted by binary
evolution simulations.

Key words: stars: black holes—infrared: stars—X-rays: individual: XMMU J024323.54372038 — X-rays: individual: 2E
1402.445440 — X-rays: individual: RX J073655.7+653542 — X-rays: individual: CXOU J140314.3+541807.

the past 6 yr (e.g. Bachetti et al. 2014; Fiirst et al. 2016; Israel et al.

1 INTRODUCTION 2017a, b; Carpano et al. 2018; Sathyaprakash et al. 2019; Rodriguez

Ever since their discovery in 1981 (Long et al. 1981), the nature
of ultraluminous X-ray sources (ULXs) is puzzling, due to their
high X-ray luminosities. ULXs are defined as point-like, off-nuclear
sources with an X-ray luminosity of Lx > 10%° erg s™!, i.e. larger than
the Eddington luminosity for a 10 Mg black hole (Kaaret, Feng &
Roberts 2017). Several scenarios have been proposed to explain
the high luminosities of these sources. A first scenario considers
the possibility of a ULX being powered by a stellar-mass compact
object either emitting anisotropically (King et al. 2001) or accreting
at super-Eddington rates (Begelman 2002; Moon, Eikenberry &
Wasserman 2003; Gladstone, Roberts & Done 2009). Examples of
the latter include the several neutron star (NS) ULXs discovered in
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Castillo et al. 2020). These systems accrete from different types of
stars, i.e. NGC 7793 P13 has a B9 supergiant donor (Motch et al.
2011); four NS ULXs most likely accrete from a young, massive
main-sequence star (Bachetti et al. 2014; Fiirst et al. 2016; Israel et al.
2017a, b; Sathyaprakash et al. 2019; Rodriguez Castillo et al. 2020);
and the remaining NS ULX was recently discovered to accrete from
a red supergiant (RSG) with an orbital period of 0.8-2.1 yr (Heida
et al. 2019).

The second scenario is that of a ULX powered by a BH more
massive than 10 Mg (e.g. Zampieri & Roberts 2009), which owing
to its higher Eddington luminosity accretes at or below the Eddington
limit. The existence of these more massive BHs was proven by
the detection of gravitational waves (e.g. Abbott et al. 2016a, b;
The LIGO Scientific Collaboration 2018), with BH masses between
10 and 80 M. In a third scenario, the ULX harbours a BH more
massive than the systems discussed before, but less massive than the
supermassive BHs in the centre of massive galaxies (Kormendy & Ho
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Table 1. Journal of the imaging observations presented in this manuscript.

K. M. Lopez et al.

Galaxy Date Effective Total Instrument/ Band WCS lo Average Distance Distance
observed exposure exposure telescope uncertainty® seeing reference
time® (s) time? (s) (arcsec) (arcsec) (Mpc)
NGC 55 2018 October 22 5600 5600 SOFI/NTT H 0.30 0.8 1.96 £+ 0.16 A
NGC 253x 2017 January 15 2920 3000 LIRIS/WHT H 0.50 2.0 3.56 £ 0.28 A
NGC 253 2018 October 20 5400 5500 SOFINTT H 0.50 1.1 3.56 + 0.28 A
NGC 253 2018 October 21 5400 5500 SOFI/NTT H 0.51 0.7 3.56 + 0.28 A
NGC 598 2018 October 21 5500 5500 SOFI/NTT H 0.18 0.9 091 + 0.05 A
NGC 628« 2019 January 24 2550 2550 WIRC/Palomar K, 0.26 12 9.77 £ 0.32 B
NGC 1291 2018 October 20 750 750 SOFI/NTT H 0.19 0.6 9.08 £+ 0.29 B
NGC 1313 2018 October 22 5500 5500 SOFI/NTT H 0.39 0.7 425 + 034 A
NGC 3623 2018 January 25 3380 4000 LIRIS/WHT H 0.28 1.2 12.19 £+ 2.44 A
NGC 3627x 2019 January 27 1910 2510 LIRIS/WHT H 0.29 1.1 10.33 £ 2.07 A
NGC 3628x% 2018 January 27 3690 3500 LIRIS/WHT H 0.20 1.3 10.30 £ 2.06 A
NGC 4258x 2018 January 25 1860 3500 LIRIS/WHT H 0.47 1.3 7.31 £ 0.37 A
NGC 4258+ 2019 January 24 3870 7350 WIRC/Palomar K, 0.46 1.6 7.31 £ 0.37 A
NGC 4631+ 2019 January 25 6630 7200 WIRC/Palomar K, 0.38 1.2 735 £ 0.74 A
NGC 4594 2019 January 24 1700 2000 LIRIS/WHT H 0.20 1.3 11.27 £ 1.35 A
NGC 5055 2018 January 26 2000 2000 LIRIS/WHT H 0.35 1.3 8.87 £ 0.29 B
NGC 5194 2017 January 14 2380 2500 LIRIS/WHT H 0.77 1.2 9.05 + 0.24 C
NGC 5457 2019 January 24 3500 3500 LIRIS/WHT H 0.26 0.9 6.95 + 0.42 A

Note. “Effective exposure time, not necessarily equal to the total exposure time” (i.e. images taken during twilight; cloudy intervals were rejected and are not counted in the effective
exposure time, whereas they are included in the total exposure time). “Statistical uncertainty with respect to the reference catalogue, given by the STARLINK GAIA tool. Objects marked
with * indicate the images for which sky offsets with total time equal to that of the on-source time were taken. References: A: Tully et al. (2013), B: McQuinn et al. (2017), and C:

Tikhonov, Lebedev & Galazutdinova (2015).

2013). These intermediate systems, with masses between 10 and 10°
Mg, are called intermediate-mass black holes and they would accrete
at sub-Eddington rates (e.g. Jonker et al. 2010; Farrell et al. 2011;
Mezcua et al. 2013; Heida, Jonker & Torres 2015b; Earnshaw 2016).

The only ULXs for which we have reliable accretor mass con-
straints are the pulsars, which must contain NSs and therefore
accretors with M < 3 Mg (Kalogera & Baym 1996). Apart from the
detection of pulsations, a way to identify the nature of the accretor
powering the ULXs is dynamical mass measurements. Detecting the
donor star is the first step (e.g. Patruno & Zampieri 2008; Heida
et al. 2016; Vinokurov, Fabrika & Atapin 2018; Qiu et al. 2019), as
subsequent spectroscopic observations can be used to constrain the
radial velocity amplitude of the donor star, and hence, the compact
object mass function (e.g. Motch et al. 2014). See Casares & Jonker
(2014) for a detailed description of the application of this dynamical
method to X-ray binaries.

Multiwavelength searches for the donor stars have been pursued
for more than a decade. Some have observed ULXs in the optical
range (e.g. Gutiérrez & Lopez-Corredoira 2006; Ptak et al. 2006;
Roberts et al. 2011; Gladstone et al. 2013; Fabrika et al. 2015).
As several of the ULXs are located in or near young star clusters
(e.g. Fabbiano, Zezas & Murray 2001; Roberts et al. 2002; Poutanen
et al. 2013), some donor stars of ULXs might as well be RSGs
(Copperwheat et al. 2005, 2007; Patruno & Zampieri 2008), which
are bright in the near-infrared (NIR) band. In light of this, we started
an observing campaign of ULXs in the NIR (Heida et al. 2014; Lopez
et al. 2017), tailored to detect RSG donor stars (—8 < H, K; < —11;
Elias, Frogel & Humphreys 1985; Drilling & Landolt 2000). We
targeted sources at distances of up to 10 Mpc, within uncertainties.
Of the 97 ULXs observed by Heida et al. (2014) and Lopez et al.
(2017), we detected a NIR candidate counterpart for 33 ULXs. Of
these 33 NIR sources, 19 had the absolute magnitude consistent with
an RSG. So far, we performed spectroscopic follow-up observations
for 7 out of these 19 candidate RSGs and confirmed the RSG nature
for 3 counterparts: ULX RX J004722.4—252051 (in NGC 253;
Heida et al. 2015a), ULX J022721+4-333500 (in NGC 925), and ULX
J120922+295559 (in NGC 4136; Heida et al. 2016). Additionally,
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we discovered that four counterparts, initially classified as RSG based
on photometry, are actually nebulae partially powered by the X-ray
emission of the ULX: ULX J022727+333443 (in NGC 925), ULX
J120922+295551 (in NGC 4136), ULX Ho II X-1 (in Holmberg II;
Heida et al. 2016), and [SST2011] J110545.624+-000016.2 (in NGC
3521; Lopez et al. 2019). This means that, at the time of writing this
manuscript, the photometric and spectroscopic observations provided
3 confirmed RSGs, 12 candidate RSGs, 4 confirmed nebulae, and 14
candidate stellar clusters/active galactic nuclei (AGNs). Recently,
Lau et al. (2019) observed 96 ULXs within 10 Mpc in the mid-
IR with the Spitzer Space Telescope. They detected and identified 12
ULXs with candidate counterparts whose absolute mid-IR magnitude
is consistent with being RSGs.

In this manuscript, we present the final results of our imaging
campaign as well as results of our spectroscopic follow-up with
Keck/MOSFIRE of four candidate RSGs identified earlier in our
campaigns by Heida et al. (2014) and Lépez et al. (2017). We
describe the observed sample in Section 2, the NIR (imaging and
spectral) observations in Section 3, and data reduction/photometry
in Section 4. Our results are presented and discussed in Section 5. We
summarize the results of the 8 yr-long systematic photometric search
in Section 6 and we end with the conclusions of our work in Section 7.

2 SAMPLE

For our imaging observations, our sample consists of 23 ULXs
located in 15 different galaxies within 10 Mpc from our Galaxy (see
Table 1). This sample completes the NIR imaging campaign started
by Heida et al. (2014) and continued by Lépez et al. (2017). Four
ULXs were observed before by Heida et al. (2014) and three ULXs
were observed before by Lépez et al. (2017), but we observe them
again under better sky conditions to make the survey as homogeneous
indepth as possible. Several of the sources were originally discovered
with the Rontgensatellit (ROSAT), three sources (WMR2006] NGC
253 XMM7, [WMR2006] NGC 253 XMM4, and 2XMM J004820.0-
251010) have been re-observed by the X-ray Multi-Mirror Mission
(XMM-Newton), and the rest by the Chandra X-ray Observatory,
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Table 2. Complete sample of the 23 ULXs for which we took images in either H or K, band.

Galaxy ULX name X-ray positional X-ray position X-ray position Positional
(SIMBAD®) R.A. Dec. uncertainty” reference uncertainty®
(hh:mm:ss) (dd:mm:ss) (arcsec) (arcsec)
NGC 55 [BWE2015] NGC 55 119 00:15:28.9 —39:13:18.8 0.5 Liu (2011) 1.7
NGC 253 [WMR2006] NGC 253 XMM7 00:47:09.2 —25:21:23.3 0.2 Lin, Webb & Barret (2012) 1.6
NGC 253 RX J004717.4—251811 00:47:17.60 —25:18:11.00 0.33 Colbert et al. (2004) 1.8
NGC 253 [WMR2006] NGC 253 XMM4 00:47:23.5 —25:19:04.2 0.2 Lin et al. (2012) 1.6
NGC 253 2XMM J004820.0—251010 00:48:20.1 —25:10:10.3 0.4 Lin et al. (2012) 1.9
NGC 598 ChASeM33 J013350.89+303936.6 01:33:50.9 30:39:36.8 0.5 Liu (2011) 1.6
NGC 628x [KKG2005] M74 X-1 01:36:51.1 15:45:46.8 0.5 Liu (2011) 2.7
NGC 1291 CX0J031718.9—-410627 03:17:18.54 —41:06:29.26 0.29 This work 1.0
NGC 1313 NGC 1313 X-2 03:18:22.27 —66:36:03.72 0.23 This work 1.4
NGC 3623x% CXO J111858.44130530 11:18:58.5 13:05:30.9 0.5 Liu (2011) 1.7
NGC 3627 [SST2011]J112020.904125846.6 11:20:20.9 12:58:46.0 0.5 Liu (2011) 1.7
NGC 3628x CXOU J112037.34-133429 11:20:37.37 3:34:29.02 0.23 This work 0.9
NGC 4258 [CHP2004] J121854.5+471649 12:18:54.50 47:16:49.00 0.33 Colbert et al. (2004) 1.7
NGC 4258 [CHP2004] J121855.84+471759 12:18:55.73 47:17:59.17 0.33 Wang et al. (2016) 1.7
NGC 4258 [CHP2004] J121856.4+472126 12:18:56.42 47:21:26.70 0.47 Colbert et al. (2004) 2.0
NGC 4258 CXO0J121903.844-471832.4 12:19:03.87 47:18:32.29 0.33 Wang et al. (2016) 1.7
NGC 4594 [LB2005] NGC 4594 ULX2 12:39:48.62 —11:37:13.10 0.47 Liet al. (2010) 1.5
NGC 46315 [SST2011] J124155.56+323216.9 12:41:55.57 32:32:16.87 0.47 Mineo, Gilfanov & Sunyaev (2012) 1.8
NGC 46315k CXO0O J124157.44323202 12:41:57.42 32:32:02.98 0.47 Mineo et al. (2012) 1.8
NGC 463 1% [WMR2006] NGC 4631 XMM3 12:41:58.03 32:28:51.56 0.33 Wang et al. (2016) 1.5
NGC 5055 [SST2011]J131519.54+420302.3 13:15:19.55 42:03:02.30 0.47 Swartz et al. (2004) 1.8
NGC 5194 [CHP2004] J132940.0+471237 13:29:40.0 47:12:36.9 0.5 Liu (2011) 2.8
NGC 5457 2XMM J140228.3+541625 14:02:28.30 54:16:26.69 0.47 Mineo et al. (2012) 1.6

Note. “Set of Identifications, Measurements and Bibliography for Astronomical Data (SIMBAD; Wenger et al. 2000). Sources analysed by «Heida et al. (2014) and by #xLopez et al.
(2017), which we re-observe to provide deeper images with better seeing. ” 1o uncertainty. €99.7 per cent (30') confidence radius of the position of the ULX within which we search
for counterparts; this value is calculated adding the uncertainties of the astrometric correction on the NIR images (see Table 1) and the uncertainties of the X-ray position. We added

systematic uncertainties linearly and statistical uncertainties quadratically.

Table 3. Log of the Keck/MOSFIRE spectroscopic observations. Apparent and absolute H-band magnitudes from Heida et al. (2014) and Lopez et al. (2017)

are provided.

Galaxy ULX H My Observation date Filter Time on source PA.
(mag) (mag) () (deg)
NGC 1058 XMMU J024323.54-372038 19.7 £ 04 —10.1 £ 04 2019 January 17 J 2.4 0
NGC 2403 RXJ073655.74-653542 17.46 + 0.02 —10.05 £ 0.26 2019 January 17 J 0.4 37
NGC 5457 2E 1402.44-5440 193 £ 0.2 -99 +02 2019 May 23 H 2.4 35
NGC 5457 [LB2005] NGC 5457 X26“ 17.78 £ 0.01 —11.44 £ 0.22 2019 May 23 H 24 35
NGC 5457 CXOU J140314.34+541807 18.35 £ 0.10 —10.69 £ 0.10 2019 July 23 H 1.0 50

Note. “Source originally classified as a stellar cluster. In our multiobject spectroscopic observations, we took a spectrum of this source at the same time as the

spectrum of 2E 1402.4+5440 was obtained as it was in the field of view.

offering an improved X-ray position (see Table 2). Note that we
report the 30 confidence radius of the position of the ULX that takes
into account the X-ray positional uncertainty of the ULX and the
WCS uncertainty of the NIR image (see Section 4.1).

Additionally, we obtain NIR spectra of five ULX candidate coun-
terparts (see Table 3). Three sources (XMMU J024323.5+372038 in
NGC 1058, and 2E 1402.44-5440, and CXOU J140314.34+-541807 in
NGC 5457) were photometrically identified and classified by Heida
et al. (2014) as potential RSGs. The remaining two sources were
photometrically identified and classified by Lépez et al. (2017): one
as a potential RSG (RX J073655.7+653542 in NGC 2403) and one
as a stellar cluster ([LB2005] NGC 5457 X26). The latter is located
in the field of view from the ULX 2E 1402.44-5440.

3 OBSERVATIONS

3.1 NIR imaging

H-band images of regions of galaxies containing ULXs were obtained
with the Long-slit Intermediate Resolution Infrared Spectrograph
(LIRIS; Manchado et al. 1998) mounted on the 4.2-m William

Herschel Telescope (WHT) and the Son OF Isaac (SOFI; Moorwood,
Cuby & Lidman 1998) mounted on the 3.6-m New Technology
Telescope (NTT), whereas K;-band imaging was obtained with the
Wide Field Infrared Camera (WIRC) mounted on the Palomar Hale 5-
m Telescope. LIRIS has a field of view of 4.27 arcmin x 4.27 arcmin
and a pixel scale of 0.25 arcsec pixel™!. SOFI has a field of view of
4.92 arcmin x 4.92 arcmin and a pixel scale of 0.288 arcsec pixel ™!
and WIRC has a field of view of 8.7 arcmin x 8.7 arcmin and a pixel
scale of 0.2487 arcsec pixel ™.

The LIRIS observations were performed using seven or eight
repetitions of a five-point dither pattern where five images (10 or 20
s exposure per image) were taken at each point. For the observations
done with SOFI, we used the template SOFI_img_obs_Autolitter, in
which an observing cycle of 10 images (5 or 10 s exposure per image)
is repeated 55 (or 110) times. The WIRC observations consisted of a
five-point dither pattern where six images of 5 s exposure each were
taken at each point. This pattern was repeated 17 times for NGC 628,
48 times for NGC 4631, and 49 times for NGC 4258. Sky offsets
were taken if the field of view was crowded (see Table 1, where we
also indicate the filter and instrument/telescope used, the average
seeing during the observation, and the distance to each galaxy).

MNRAS 497, 917-932 (2020)
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3.2 NIR spectra

We obtained J- and/or H-band spectroscopy of five ULX counter-
parts with the Multi-Object Spectrometer for Infra-Red Exploration
(MOSFIRE; McLean et al. 2010, 2012), mounted on the 10-m
Keck I telescope on Mauna Kea. MOSFIRE has a field of view of
6.1arcmin x 6.1 arcmin, a pixel scale of 0.18 arcsec pixel ™!, and
a robotic slit mask system with 46 reconfigurable slits. XMMU
J024323.5+372038 and RX J073655.7+653542 were observed on
2019 January 17 with a 0.7 arcsec slit in the J band, with seeing
varying between 0.4 and 0.7 arcsec. The ULXs in NGC 5457 were
observed with a 0.7 arcsec slit in the H band: 2E 1402.44-5440
and [LB2005] NGC 5457 X26 on 2019 May 23 with a seeing
of ~0.5arcsec, and CXOU J140314.3+541807 on 2019 July 13
with a seeing of ~0.8 arcsec. For all sources, we used an ABBA
nodding pattern with a nod amplitude along the slit chosen to avoid
nearby sources. The integration time per exposure was 119.3 s for all
observations. The spectral resolution R and spectral coverage AA for
the J-band observation are R = 3100 and AA = 11530-13 520 A;
for the H-band observations, R = 3660 and AA = 14 500-18 220 A.
The total exposure times are listed in Table 3. We observed AOV-type
telluric standard stars at similar airmass as the science targets before
and after every series of exposures. These were also used for flux cal-
ibration. For every slit mask configuration, we obtained flat-field and
comparison lamp spectra in the afternoon before the observing night.

4 DATA REDUCTION

4.1 NIR imaging

The data reduction was performed using the THELI pipeline
(Schirmer 2013). To flat-field correct the NIR data, THELI produces
a master flat by median combining sky images taken during twilight.
Then, median combining the data frames without correcting for the
offsets introduced by the dithering, it generates a sky background
model that is subtracted from each individual image. After this,
THELI detects sources in each image using SEXTRACTOR (Bertin &
Arnouts 1996) and matches them to sources from the 2 Micron All
Sky Survey (2MASS; Skrutskie et al. 2006) with SCAMP (Bertin
2006). This creates an astrometric solution that then is used for the
coaddition of all the data frames using SWARP (Bertin et al. 2002).
We improved the accuracy of the global astrometric solution
of the coadded NIR images using the STARLINK tool GAIA, fitting
several isolated point sources from Gaia Data Release 2 (DR2, Gaia
Collaboration 2018). We only used stars with a proper motion of
pm < 5 mas yr~! to build a local astrometric solution around the
position of the ULX. The rms errors of these fits are listed in Table 1,
indicated as WCS (World Coordinate System) uncertainties.

4.2 NIR spectra

We reduced the MOSFIRE spectra with the MOSFIRE data reduction
pipeline (version 2018).! The pipeline outputs co-added, rectified 2D
spectra that are wavelength calibrated with an RMS of <0.1 A. We
used the FIGARO package (Shortridge 1993) to optimally extract
the spectra and the MOLECFIT software (Kausch et al. 2015; Smette
et al. 2015) to correct for telluric absorption. With MOLECFIT, we
performed fits of regions with strong telluric features in the high-
signal-to-noise ratio spectra of our AOV telluric standard stars to
determine the atmospheric conditions and used those solutions to

Uhttps://github.com/Keck- DataReductionPipelines/MosfireDRP

MNRAS 497, 917-932 (2020)

Table 4. The ULX NIR candidate counterparts for which we analysed
archival HST observations.

ULX name HST Filter
obs. ID
2XMM J004820.0—251010 10915 ACS/WFC/F606W
ACS/WFC/F814W
NGC 1313 X-2 14057 WEC3/UVIS/F555W
WEC3/UVIS/F814W
WPFC3/IR/F125W
RX J073655.74653542 11719 WEC3/IR/F110W
WFC3/IR/F160W
CXOU J140314.34+541807 9490 ACS/WFC/F555W
ACS/WFC/F814W

correct the science spectra, only fitting for the local continuum and
correcting for changes in airmass. We used the same AQV telluric
standards to correct for the instrument response and to provide an
approximate flux calibration. We did not correct for slit losses, but
expect these to be small as our slit width matched or exceeded the
seeing during most of our observations.

4.3 Photometry

4.3.1 NIR images

We performed aperture photometry to determine instrumental magni-
tudes. We used SEXTRACTOR for the source detection and photometry,
making sure that each detection was more than 3¢ above the local
background. As the aperture radius, we use the average full width
at half-maximum (FWHM) of the point-like objects in each image
determined with the STARLINK tool GAIA. Instrumental magnitudes
for all detected sources were converted to apparent magnitudes using
photometric zero-points that we measured using isolated 2MASS
objects in the field of view. Then, we determined the absolute
magnitudes of candidate counterparts to ULXs using the distances
given in Table 1. The (10) uncertainties on these values are estimated
taking into account the distance uncertainty, the uncertainty in the
determination of the zero-point magnitude, and the uncertainty in
the instrumental magnitude given by SEXTRACTOR. For the images
in which we did not detect a counterpart, we estimated the limiting
magnitude by simulating 10000 stars at the position of the ULX
using the IRAF? task MKOBJECTS and then detecting them with the
task DAOFIND. Our limiting magnitude is the magnitude at which
99.7 per cent of the simulated stars are detected.

4.3.2 HST images

For the four sources for which we analyse archival HST data (see
Table 4), we also improved the accuracy of the astrometry using the
STARLINK tool GAIA and isolated Gaia DR2 sources. Additionally,
we performed aperture photometry on these HST images with
SEXTRACTOR. To derive the magnitude, we transform the instrumental
magnitudes into apparent magnitudes using the VEGAMAG zero-
points of the corresponding HST filter as advised by Sirianni et al.
(2005) and Kalirai et al. (2009). To correct for extinction on these
data, we assumed Ry = 3.1 (Fitzpatrick 1999), Rg = 2.31, R} =
1.71, Ry = 0.72, Ry = 0.306 (Yuan, Liu & Xiang 2013), and Ny =
1.87 x 10*" atoms cm~2 mag~'Ay (Bohlin, Savage & Drake 1978).

2IRAF is distributed by the National Optical Astronomy Observatories, which
are operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
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Table 5. NIR candidate counterparts to the ULXs listed in Table 2 and our preliminary classification as candidate RSG, stellar cluster (SC), or (N/A) without
classification. The preliminary classification is based on their absolute magnitude, WISE colours, visual inspection of the NIR image, and/or spatial extent of
the candidate counterpart.

Galaxy ULX name R.A. Dec. Positional” Filter Apparent Absolute” Preliminary
uncertainty magnitude magnitude classification
(hh:mm:ss) (dd:mm:ss) (arcsec) (mag) (mag)

NGC 55 [BWE2015] NGC 55 119 - - - H >20.5 >—59 -
NGC 253 [WMR2006] NGC 253 XMM7 - — - H >18.7 >—94 —
NGC 253 RX J004717.4—251811 - — - H >173 >—10.8 —
NGC 253 [WMR2006] NGC 253 XMM4 - — - H >16.1 >—12.0 —
NGC 253 2XMM J004820.0—251010 00:48:19.9 —25:10:10.3 1.6 H 204 40.1 —74+02 N/A
NGC 598 ChASeM33 J013350.894-303936.6 01:33:50.9 +30:39:36.6 0.6 H 11.84+0.1 —13.0£0.1 SC
NGC 628 [KKG2005] M74 X-1 - — - K >19.5 >—10.4 —
NGC 1291 CXO0J031718.9—410627 03:17:18.6 —41:06:28.9 0.6 H 11.3£0.1 —18440.1 SC
NGC 1313 NGC 1313 X-2 03:18:22.4 —66:36:04.0 1.2 H 21.1+0.2 —-7.1+£02 RSG
NGC 3623 CXO J111858.44+-130530 - — - H >18.9 >—11.5 —
NGC 3627 [SST2011] J112020.90+125846.6 - — - H >19.0 >—11.1 —
NGC 3628 CXOU J112037.3+133429 11:20:37.3 +13:34:28.9 0.7 H 2044+0.2 —9.7+05 RSG
NGC 4258 [CHP2004] J121854.5+471649 - — - H >19.6 >—9.7 —
NGC 4258 [CHP2004] J121855.84+-471759 - — - H >18.2 >—11.1 —
NGC 4258 [CHP2004] J121856.4+472126 - - - K; >19.5 >—9.8 -
NGC 4258 CXO0J121903.84+471832.4 - — - H >19.0 >—10.3 -
NGC 45% [LB2005] NGC 4594 ULX2 - — - H >19.3 >-10.9 —
NGC 4631 [SST2011] J124155.56+323216.9 - — - K >18.8 >—10.5 —
NGC 4631 CXO J124157.44-323202 - - - Ky >17.9 >—11.4 —
NGC 4631 [WMR2006] NGC 4631 XMM3 - — - K, >20.1 >-92 —
NGC 5055 [SST2011]J131519.544-420302.3 - — - H >20.1 >—9.6 —
NGC 5194 [CHP2004] J132940.0+471237 - - - H >19.8 >—10.0 -
NGC 5457 2XMM J140228.34-541625 14:02:28.2 +54:16:26.3 0.8 H 16.0 £ 0.1 —13240.1 SC

Note. “99.7 per cent (30) confidence radius of the position of the NIR candidate counterpart; this value is calculated taking into account the uncertainties of the astrometric correction on the
NIR images and the uncertainties given by the source detection by SEXTRACTOR. We added systematic uncertainties linearly and statistical uncertainties quadratically. ® Values calculated using the

distance from Table 1 and the apparent magnitude, with a 1o uncertainty.

4.4 X-ray astrometry

For all the ULXSs in our sample, accurate positions exist in the litera-
ture (see Table 2). However, we were able to improve the accuracy of
the positions of three ULXs (CXO J031718.9—-410627, NGC 1313
X-2, and CXOU J112037.34+133429) using archival Chandra/ACIS
observations. For CXO J031718.9—410627, we used observation ID
2059, for NGC 1313 X-2 we used observation ID 4750, and for
CXOU J112037.3+133429 we used observation ID 2919.

We used the task ACIS-PROCESS-EVENTS in CIAO (Dobrzycki
et al. 1999) to reprocess the event files with the calibration files
(CALDB version 4.9.0) taking into account whether the observations
were made in the ‘Faint’ or ‘Very Faint” mode. We then produced
images from data in the 0.3-7 keV energy range, on which we run
the WAVDETECT task (Dobrzycki et al. 1999) to establish accurate
positions of all X-ray sources in the field of view of the Chandra
ACIS CCDs. With this procedure, we improved the X-ray position of
ULXs NGC 1313 X-2 and CXOU J112037.34133429 (see Table 2).

For the ULX in NGC 1291, CXO J031718.9—410627, we were
able to further improve the knowledge of the location of the source by
applying a boresight correction (e.g. Jonker et al. 2010; Lépez et al.
2017). For this, we select only X-ray sources detected with more
than 20 X-ray counts and that lie within 3 arcmin of the optical axis
of the satellite. When found, we investigated whether counterparts
in the Gaia DR2 catalogue exist. We take the Gaia DR2 source as
a counterpart if it lies within 1 arcsec from the position of the X-ray
source. Subsequently, we determine the offsets between the RA and
Dec. of the new and old sources and we then apply shifts in RA
and Dec. to the X-ray coordinates using the WCS-UPDATE tool. The
updated coordinates are indicated in Table 2.

5 RESULTS AND DISCUSSION

Of the 23 ULXs we observed, we detect a NIR candidate counterpart
for 6 of them (about 30 per cent). Their apparent and absolute

magnitudes are detailed in Table 5. For the cases where no counterpart
is detected, the apparent (absolute) limiting magnitude of the NIR
image at the position of the ULX is indicated, and it ranges from
16.1 t0 20.5 (—12.0 to —5.9) mag.

Out of the six NIR candidate counterparts, three have absolute
magnitudes in the H band from —13.0 = 0.1 to —18.4 £ 0.1, i.e.
too bright to be a single star. Hence, these sources are most likely
unresolved groups of stars, perhaps a cluster of stars. Even though
we do not know whether these clusters are gravitationally bound, i.e.
whether they are stellar clusters, we do refer to them this way. One
source is too faint to be an RSG, so we do not give any classification
to it. The remaining two sources have absolute magnitudes in the H
and K| consistent with those of an RSG, within uncertainties (Elias
etal. 1985; Drilling & Landolt 2000). Below we discuss in detail each
of the detected counterparts, providing some clues on their possible
nature, based on their photometry and their spatial properties.

On the other hand, of our five sources spectroscopically observed,
we confirm two RSG candidates as RSGs based on their stellar
spectra and we reveal one RSG candidate to be an AGN. The SC
candidate turns out to be a nebula and the last RSG candidate cannot
be classified based on its spectrum, as no significant absorption or
emission lines were detected.

5.1 NIR RSG candidates
5.1.1 NGC 1313 X-2

This ULX has been observed several times, both in X-ray and the
optical (e.g. Stocke et al. 1995; Zampieri et al. 2004; Mucciarelli et al.
2005; Liu et al. 2007). It is now one of the six NS ULXs on the basis
of the detection of pulsations (Sathyaprakash et al. 2019). Zampieri
et al. (2004) first identified an optical counterpart for this source
and classified it as an evolved OB supergiant. On the other hand,
Mucciarelli et al. (2005) resolved this counterpart into two sources
(0.75 arcsec apart) and classified them as a BO-O9 main-sequence
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(b) NGC 1313 X-2 (HST)

{e) CXO J031718.9-110627 (f) 2XMM J140228.3 | 541625

(g) 2XMM J004820.0-251010 (h) 2XMM J004820.0-251010 (HST)

Figure 1. Finder charts of the ULXs with a NIR candidate counterpart. The black/white solid circles correspond to the 99.7 per cent confidence region of the
position of the ULXs, whereas the black/white dashed circles mark the candidate counterpart as detected with SEXTRACTOR. Images are in the H band, unless
indicated otherwise.

star and a G supergiant. Moreover, they concluded that NGC 1313 counterpart is actually O7V. Additionally, they found a third source
X-2 could be associated with either one of them. While Ramsey et al. within the 1o confidence radius that was then ruled out as a cosmic
(2006) identified the B-type star as the counterpart to the ULX using ray. Although this source has been spectroscopically followed up, no
the HST data, Liu et al. (2007) argued that the spectral type of the radial velocity measurement or mass function has been established
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Table 6. Counterparts detected in archival ST images for four of our observed ULXs. We provide their apparent and absolute Vega magnitudes, and their

respective intrinsic colours. The labels A, B, C, and D are the same as used in Figs 1(b) and (h) to mark the counterparts.

ULX name Apparent magnitude Absolute magnitude Extinction” Colour
(mag) (mag) (mag) (mag)

NGC 1313 X-2 V4 =23.584+0.33 Vp =24.66 + 0.55 Vo = —4.88 £0.37 Vp = —3.80 £ 0.58 Ay =032 (V—=Da =0.13 £ 0.69
Iy =23.56 +0.56 Ip =22.84 +0.40 Iy =—4.76 £ 0.59 Ip=—548+0.44 A;=0.18 (V—Dp =168 £0.72
Ja =24.01+£041 Jp=2238+0.19 Ja = —428 £0.48 Jp=-591+031 Ay =0.08 -

2XMM J004820.0—-251010 Ry =2559 +£043 Iy =2374£0.34 Ry =-2274+046 Iy = —4.09 +0.38 AR =0.10 (R — D =1.83 +0.60
Rp =27.224£0.95 Ip =25.71+0.85 Rp = —0.64 £0.97 Ip =—2.12 £ 087 A;=0.08 (R—Dp=149+130
Rc =26.00+0.55 Ic =24.68 £0.53 Rc=-1.85+0.58 Ic =—-3.16+0.56 - (R — D¢ =1.30+£0.80
Rp =26.64 £0.74 Ip =25.28 £+ 0.69 Rp =—122+£0.76 Ip =—-2.56£0.71 - (R—Dp =134+1.04

RX J073655.74+653542 Ja =20.56 £ 0.12 Hjp =19.68 £0.15 Ja=-7.10£0.22 Hp =-790+0.24 Ap =0.06 (J—H)p =0.72+0.32
Jp =20.49 £ 0.12 Hp =19.50 £0.12 Jp=-7.17+0.22 Hp =—-8.07+0.22 Ay=0.15 (J = H)p =0.96 + 0.31

CXOU J140314.3+541807 Va =2476 +0.53 Iy =223940.18 Vo = —4.90 £0.56 Iy =—=7.07 £0.26 Ay =025 (V—=Dp =217 £0.62
Vp =24.84+0.54 Ip =23.824+0.36 Vp = —4.82 £0.57 Ip = —5.64 +0.40 A =046 (V—Dp =0.82=+0.69
Ve =23.13+£023 Ic =23.06 £0.25 Ve =—-6.54+0.28 Ic =—6.40+0.31 - (V—Dc=-0.14+043

Vp=23.11£023

Ip =22.86£0.23

Vp = —6.554+0.30

Ip = —6.60 £0.29

(V= IDp =005+ 042

Note. “Calculated using Nyj = 6.04 x 1020 atoms cm™2 for NGC 1313 X-2, Ny = 2.55 x 1020 atoms cm™2 for 2XMM J004820.0—251010, Ny = 1.19 x 102! atoms cm™2 for RX J073655.7+653542, and
Ny =8.52 x 1020 atoms em ™2 for CXOU J140314.34-541807 (values taken from HI4PI Collaboration 2016).

(see Pakull, Grisé & Motch 2006; Grisé et al. 2009; Roberts et al.
2011.) In fact, it was suggested that the optical emission may not
come from the counterpart, but from the accretion disc (Roberts
et al. 2011). We analyse the archival HST images of this source in
the F555W, F814W, and F125W filters. At the position of the ULX,
we detect the two sources reported by Mucciarelli et al. (2005) (see
Fig. 1b). Their apparent, absolute Vega magnitudes and extinction
are indicated in Table 6 and from them, we can see that the source
labelled B has absolute V-, I-, and J-band magnitudes consistent with
being a faint RSG, whereas the source we labelled as A is bluer and
consistent with it being an O-B-type star, as previously reported. On
our H-band image, we only detect one candidate counterpart within
the 99.7 per cent confidence radius (see Fig. 1a). It has an absolute
magnitude of H = —7.1 0.2, i.e. this source is also consistent with
being a faint RSG. Alternatively, (part of) the NIR emission could
be due to nebular emission lines. NGC 1313 X-2 is surrounded by
a bright optical nebula (e.g. Pakull & Grisé 2008) and these ULX
nebulae often show strong emission lines in the NIR (e.g. Heida et al.
2016; Lopez et al. 2019; this work; see Section 5.4). In conclusion,
neither source A nor source B have definite characteristics that prove
whether one of them is the donor star to the ULX.

5.2.1 ChASeM33 J013350.89+303936.6

This source was detected in NGC 598 in early X-ray observations
(e.g. Long et al. 1981; Markert & Rallis 1983). Its Chandra X-ray
position coincides with the nucleus of NGC 598 (Dubus & Rutledge
2002). No sign of nuclear activity at other wavelengths was detected
(Dubus, Charles & Long 2004); thus, it was classified as a ULX.
We detect one NIR candidate counterpart (see Fig. 1d) within the
99.7 per cent confidence radius, with an absolute magnitude of H =
—13.0 = 0.1 mag. However, this source location is consistent with
that of the nucleus of NGC 598 and thus, the NIR emission is domi-
nated by the nucleus of the galaxy. We cannot resolve the counterpart,
and moreover, it is likely that we are detecting a nuclear star cluster.

5.2.2 CX0 J031718.9—410627

This potential ULX in NGC 1291 has one NIR candidate counterpart
(see Fig. le) and, similarly to the case of the ULX in NGC 598, its
position is consistent with that of the nucleus of the galaxy. Hence, we
cannot distinguish if the emission comes from an individual source
or if it is contaminated/dominated by the nucleus of NGC 1291. We
deem it likely that we are detecting a nuclear star cluster.

5.1.2 CXOU J112037.34+133429

This ULX in NGC 3628 was observed by Heida et al. (2014) in the K
band, where they did not detect a counterpart, to a limiting magnitude
of —11.2. We re-observe it in the H band and detect one candidate
counterpart within its 99.7 per cent confidence radius (see Fig. 1c).
The detected source has an absolute magnitude of H = —9.7 £ 0.5,
consistent with the absolute magnitude of an RSG. We can estimate
an H — K colour from these two observations, although we must note
that they were performed 5.5 yr apart. The counterpart would have H
— K; < 1.5 & 0.5, which is consistent within uncertainties with the
values for a typical RSG (Elias et al. 1985; Drilling & Landolt 2000).

5.2.3 2XMM J140228.3+-541625

This ULX has one NIR candidate counterpart (see Fig. 1f) with an
absolute magnitude of H = —13.2 &£ 0.1, too bright to be a single
star. The FWHM of this extended source is 0.9 arcsec, which is set
by the seeing. At the distance of NGC 5457, this is equivalent to
30 pc. The size is therefore smaller than 30 pc, but we cannot rule out
that it is a stellar cluster (see Merritt, Schnittman & Komossa 2009).

5.3 NIR candidate without classification

5.3.1 2XMM J004820.0—251010

For this ULX in NGC 253, we detect a counterpart inside the 99.7
per cent confidence radius of its X-ray position (see Fig. 1g), with an
absolute magnitude of H = —7.4 & 0.2, consistent with the faint end
of an RSG. However, when we analyse archival HST images of this
source in the F606W and F814 W filters (observation ID 10915), taken
from the Barbara A. Mikulski Archive for Space Telescopes,® we find
something different. At the position of our NIR counterpart detection

5.2 Possible NIR star cluster candidates

As we give this classification to any source whose absolute magnitude
is too bright to be an RSG and unlikely to be an AGN as it is spatially
extended, it is a preliminary, rough categorization. Considering that
the only SC candidate that we have spectroscopically followed up
turned out to be a nebula (see Section 5.4.4), we cannot ignore that
there is a possibility that the sources below might as well also be

nebulae. 3https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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Figure 2. (a) Part of the 2D J-band spectrum of RX J073655.7+653542, centred on the two [Fe 1] emission lines. The horizontal black lines indicate the
location of the continuum source at the X-ray position of the ULX. The [Fe 11] emission extends for ~3 arcsec around the ULX, with a larger region extending out
to ~12 arcsec towards the north-east. (b) MOSFIRE J-band spectrum of RX J073655.74-653542 (blue, with errorbars). The [Fe I1] emission lines are indicated
by dashed lines, and the dotted line shows the position of the strongest Paschen line in the band. All wavelengths are in vacuum.

(the dashed circle in Figs 1g and h), the HST images allow us to
resolve it into at least four point-like sources. SEXTRACTOR detected
only four sources, for which we calculate apparent and absolute R-
and /-band Vega magnitudes (see Table 6). These sources are all too
faint for an RSG, even after we consider possible extinction in both
the bands (see Table 6). There are also other point-like sources inside
the 99.7 per cent confidence radius of the X-ray position that we do
not detect in our H-band image. Therefore, none of these sources has
a colour red enough for it to be an RSG, and we conclude that the
source we detected in the NIR observation is in fact a blend of the
resolved source detected in the HST image.

5.4 Spectroscopy
5.4.1 RX J073655.74+653542: an RSG in NGC 2403

This X-ray source is located inside a large extended nebula. Our
2D J-band spectrum reveals strong [Fell] A1257 emission around
the ULX with an extent of ~3 arcsec, as well as emission extending
up to ~12 arcsec along the slit offset from the position of the ULX
(see Fig. 2a). At the distance to NGC 2403, these values correspond
to physical sizes of ~35 and ~240 pc. This same structure is not
visible in the Pa g line, possibly due to strong emission in that
line on the other side of the ULX that shows up in absorption at
the location of the extended [Fell] emission due to our nodding
pattern. The [Fe1r] A1257 line is redshifted by 175 + 5 km s~!,
consistent with the radial motion of NGC 2403. In addition, there
is a continuum source at the location of the ULX that is very likely
stellar in origin (see Fig. 2b).

Three Fe 1 absorption lines are visible in the 1.15-1.17 pum region
of the spectrum (see Fig. 4a). We cross-correlated our spectrum
with PHOENIX model atmospheres for RSGs with temperatures of
3000, 4000, and 5000 K and log(g) = —0.5 (Langon et al. 2007)
in the 1.15-1.17 pum region. From the three model atmospheres
that we tested, the 4000 K model best matches our spectrum; the
3000 K model contains a strong CO bandhead at 1.24 pm that is not
present in our data, while the slope of the 5000 K model is too blue.
The 4000 K model, moreover, yields the strongest cross-correlation
signal. The RVs found through cross-correlating the three different
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templates are all consistent. We therefore conclude that this star most
likely has an effective temperature in the 3500-4500 K range. For
the RV, we adopt the value found through cross-correlating with the
4000 K model: 160 £ 12 km s~'. This is consistent (within 2¢') with
the RV of the emission lines and with the radial velocity of NGC
2403 at the position of the ULX (~170 km s~!; Fraternali et al.
2002).

We further examine these results by analysing the archival HST
images of this source in the F//0W and F160W filters. At the position
of the ULX, we detect two bright sources; the one labelled as B is
at the position reported by Lopez et al. (2017) (see Fig. 3a). Their
apparent, absolute Vega magnitudes and extinction are indicated in
Table 6 and from them, we can see that the source we labelled as B
has absolute magnitudes consistent with being an RSG, if in the faint
end. However, we can see in the image that there are several other
unresolved sources, which opens the possibility of both sources A and
B being contaminated by the light of these groups of stars. This could
result in fainter J- and H-band magnitudes, weakening the claim
that RX J073655.74+653542 is an RSG. An adaptive optics-assisted
spectrum, reducing as much as possible the potential contamination
of the spectrum by light from currently unresolved nearby stars, will
provide important new information on the nature of the candidate
counterpart to ULX RX J073655.74653542.

5.4.2 CXOU J140314.34+-541807: an RSG in NGC 5457

Our H-band spectrum of this source shows a continuum with absorp-
tion features, most notably several CO bandheads. We cross-correlate
this spectrum with PHOENIX model atmospheres with effective
temperatures of 3000, 4000, and 5000 K, using the spectral range
from 1.615 to 1.69 pm, where several strong absorption features
are seen (see Fig. 4b). The cross-correlation with the 3000 K model
yields the strongest signal; the cross-correlation with the 4000 K
model gives a consistent result but weaker signal, and the cross-
correlation with the 5000 K model does not show significant peaks.
‘We adopt the radial velocity obtained from the cross-correlation with
the 3000 K model, of 193 4 17 km s~'. This is consistent with the
radial velocity of NGC 5457 at the position of the ULX (i.e. ~200 km
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Figure 3. HST finder charts for the ULXs (a) RX J073655.7+653542 and (b) CXOU J140314.34-541807. The solid circles correspond to the 99.7 per cent
confidence region of the position of the ULXSs, the letters mark the sources detected with SEXTRACTOR, and the 0.7 arcsec MOSFIRE slit width is indicated in
red. For presentation purposes, the slit length is set to 7 arcsec; however, a 0.7 arcsec x 110.7 arcsec slit was used for (a) and a 0.7 arcsec x 118.7 arcsec slit was

used for (b).
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Figure 4. (a) Part of the MOSFIRE J-band spectrum of RX J073655.7+653542 (blue, with errorbars) is shown along with the 4000 K PHOENIX model
atmosphere (red), redshifted by 160 km s~ to match the radial velocity of the star. The dashed lines indicate the positions of strong Fel absorption features.
(b) Part of the MOSFIRE H-band spectrum of CXOU J140314.34+-541807 (blue, with errorbars) is shown along with the 3000 K PHOENIX model atmosphere
(red), redshifted by 190 km s~! to match the radial velocity of the star. The dashed lines indicate the positions of some strong absorption features found in

RSGs. All wavelengths are in vacuum.

s~!; Hu et al. 2018). We conclude that this source is most likely
an RSG with an effective temperature in the 3000-4000 K range,
matching the classification based on mid-IR photometry presented
in Lau et al. (2019).

We also examine these results by analysing the archival HST
images of this source in the F555W and F§14 W filters. At the position
of the ULX, we detect four bright sources, one of them (A) at
the position reported by Heida et al. (2014) (see Fig. 3b). Their
apparent, absolute Vega magnitudes and extinction are indicated
in Table 6 and from them, we can see that the source labelled A
has absolute magnitudes consistent with being an RSG. However,
we can see in the image that inside the 30 confidence position
radius, there are three bright bluer sources. There is no physical
reason that rules out these sources as possible donor stars to the
ULX. A second epoch spectrum from our NIR counterpart would
confirm its association with the ULX, if radial velocity variations are
detected.

5.4.3 XMMU J024323.5+372038: a likely AGN

The spectrum of this counterpart in NGC 1058 is dominated by a
broad emission line, reminiscent of the broad H o emission profile
often seen in AGNs (see e.g. Coatman et al. 2016). Hence, we
deem it reasonable to fit Gaussian profiles to the structure, fixing
the relative spacing between Ho and [N11] a line ratio of 1:3 for
the [N 11]JA6549:[N 11]A6583 lines (Osterbrock 1989), with redshift,
amplitude, and FWHM as free parameters. As a result, we see a broad
component and the three narrow lines: H« and [N 1JA16548, 6583
(see Fig. 5a). This would yield a redshift of z = 1.0301 £ 0.0001,
making XMMU J024323.5+372038 a likely background AGN.

5.4.4 [LB2005] NGC 5457 X26: a nebula

This source was preliminarily classified as a stellar cluster by Lopez
et al. (2017) based on its absolute magnitude (—11.44 & 0.22) and
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spatial extent. Its H-band spectrum is dominated by a strong [FeII]
emission line. Several other [Fe 11] weaker lines and two Bracket lines
are detected as well (see Fig. 5b). After fitting Gaussian profiles to
these lines, we calculated the radial velocity of the source to be
295 + 16 km s~', consistent with the radial velocity of NGC 5457
at the position of the ULX (Hu et al. 2018).

5.4.5 2E 1402.4+5440: an unknown source

This source in NGC 5457 has an apparent and absolute H-band
magnitude of 19.3 £ 0.2 and —9.9 4 0.2, respectively. Its spectrum
shows a weak continuum (see Fig. 6a) and some emission lines
appear to be present. However, these apparent emission lines are
residuals from the subtraction of the sky emission as they lie close to
strong emission lines (see Fig. 6b). No clear absorption or emission
lines are detected. Therefore, we conclude that this source does not
host a strong nebula, but the continuum emission could be coming
from an accretion disc or an RSG (or a combination of the two).

6 RECAPITULATION OF OUR NIR IMAGING
SURVEY

6.1 Host galaxies to observed ULXs

In the span of 8 yr, we have studied 113 ULXs in 52 different galaxies,
up to a distance of ~10 Mpc (see Fig. Ala), within uncertainties.
These 113 ULXs were located at a distance range of 0.5 pc to 29 kpc
from the centre of their respective host galaxies (see Fig. Alb).

Of the 52 galaxies, we observed 2 or more ULXs in 21 galaxies
and only 1 ULX in each of the remaining 31 galaxies. We made use
of five different telescopes and the H and K, photometric bands. We
tailored the survey to detect RSGs by aiming to achieve a depth of
20 mag in H and K. Considering that the distances to the observed
sources range from 0.91 =+ 0.5 to 14.19 £ 2.84 Mpc, our expected
depth was —10.8 £ 0.4 < H, K; < —4.8 = 0.1 mag.
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We could not observe all ULXs located within 10 Mpc, as the
total number of ULXs within 10 Mpc is 170. This was due to several
factors such as not being able to use the telescope due to adverse
weather conditions.

6.2 Detected NIR counterparts

Out of the 113 observed ULXs, we detected a NIR candidate coun-
terpart for 38 ULXSs, i.e. about a third of the total sample (see Table
7). Based only on photometry, of the 38 detected NIR counterparts,
20 have NIR colours and/or magnitudes consistent with an RSG, 11
are preliminarily classified as stellar clusters, 6 are consistent with
being an AGN, and 1 is too faint to be either an RSG or an SC/AGN
(see Table B1). After a spectroscopic follow-up of 12 out of these 38
counterparts, we confirmed 5 RSGs (Heida et al. 2015a, 2016, and
this work), while 4 sources photometrically classified as RSG turned
out to be nebulae (Heida et al. 2016; Lopez et al. 2019, and this work).
For the remaining three followed-up sources, one RSG candidate is a
background AGN (this work), one stellar cluster candidate turned out
to be a nebula (this work; see Table B1), and the last RSG candidate
is too faint to be classified. This means that currently we have 5
confirmed RSGs and 10 RSG candidates (photometrically classified).

The distribution of the detected counterparts in terms of their
distance to our Galaxy (see Fig. Ala) most likely follows the
distribution of observed ULXs, based on the Kolmogorov—Smirnov
(K-S) test between them (p-value = 0.88). For the distribution of
detected counterparts in terms of their distance to the centre of
their host galaxies (see Fig. Alb), we find that it also most likely
follows the distribution of observed ULXs, with a p-value = 0.67.
In addition, we detect a counterpart to all observed ULXs located at
>15 kpc from their host galaxy centre, which could be due to the
ULXs having no contamination from their host galaxy, making the
detection of a counterpart easier.

The detected counterparts in the A band have an apparent magni-
tude ranging from 12 to 22 and an absolute magnitude from —18 to
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—7, and those detected in the K; band have an apparent magnitude
ranging from 15 to 22 mag and an absolute magnitude from —15 to
—8 (see Fig. A2). We compare the distribution of our 15 detected
RSGs (5 confirmed and 10 photometrically classified) with the Kj
absolute magnitude distribution of 85 RSGs in the Milky Way (MW)
and the Large Magellanic Cloud (LMC; Levesque et al. 2005),
and with the K absolute magnitude distribution of 245 RSGs in
the Andromeda galaxy (M31; Massey & Evans 2016). A K-S test
between these two distributions shows that they are not similar (p-
value = 6.6 x 1077). We also compare our RSGs distribution with all
330 RSGs in the MW, LMC, and M31 (see Fig. A2b). We assume a
colour of H — K, =~ 0, typical for RSGs (Elias et al. 1985; Drilling &
Landolt 2000). A K-S test between ours and the distribution of RSGs
inthe MW and the LMC shows that our detected RSGs are most likely
drawn from the distribution of RSGs in the MW/LMC (p-value =
0.54). We reach the same conclusion when comparing our RSG distri-
bution with that of M31 (p-value = 0.08) and that of MW/LMC/M31
(p-value = 0.38).

6.3 Probability of chance superposition

More than 50 and 80 per cent of the observed ULXs are located at
less than 5 and 10 kpc, respectively, from the nucleus of their host
galaxies (see Fig. Ala). This could result in ULXSs being in crowded
environments (i.e. close to the nucleus, in spiral arms of the galaxy,
etc.), so the probability of a chance superposition of an unrelated
object may not be negligible. Using SEXTRACTOR, we search for
point sources with an absolute magnitude in the RSG range (—11 <
H, K; < —8) in all the images of our 113 ULXs. We then measure
the total area of each image in arcsec” and the area of the error circle
around the X-ray position of each ULX (also in arcsec?).

These values, along with the detected point sources, allow us
to estimate the probability of finding a source with an absolute
magnitude in the RSG range for each of the 113 ULXs. See the
probability distribution in Fig. 7. More than 90 out of the 113
observed ULXs have <5 per cent chance superposition probability,
whereas 6 ULXs have a probability between 20 and 30 per cent.
For only one of these six ULXs, a candidate RSG counterpart was
detected (NGC 5408 X-1; Heida et al. 2014).

We calculate the total probability of a chance superposition for the
sample of 113 ULXs as 3.3 per cent, which means that we could have

3.7 positives in our detections. We note that the distribution of stars in
a galaxy is inhomogeneous, and the value of a chance superposition
depends on the part of the image selected for the observation, for
which we cannot calculate an accurate value for this probability and
only provide a rough estimate. Based on this, we could expect that
up to 4 of our 38 counterparts may be chance superpositions.

6.4 Non-detections

For the 75 ULXs for which we did not detect a candidate counterpart,
we calculated the limiting magnitude at the position of the ULX.
In the H band, the limiting apparent (absolute) magnitude ranges
from 16 to 22 (—13 to —6), whereas in the K, band, the limiting
apparent (absolute) magnitude ranges from 18 to 22 (—12 to —7).
The distribution of these values can be seen in Fig. A3.

Examining Fig. A3 we can see that at the position of 67 out
of these 75 ULXs, we reached the depth necessary to be able to
detect the bright end of the distribution of the absolute magnitude
of RSGs, i.e. H, K; > —11 mag. Of these 67 sources, for 7 ULXs
the limiting absolute magnitude at their position is fainter than the
faintest absolute magnitude for an RSG (H, K; > —8). We can draw
one conclusion for these seven ULXs: The donor star is certainly not
an RSG (see e.g. Levesque et al. 2005; Kiss, Szabé & Bedding 2006;
Massey & Evans 2016). This means that for 60 ULXs, the limiting
absolute magnitude at their position is within the range of a typical
RSG, ie. —11 < H, K; < —8. Of these 60 ULXs, for 18 ULXs we
probe the brightest end foran RSG (—11 < H, K; < —10, M3 spectral
type or later). For 28 ULXs, we probe the intermediate RSG range
(=10 < H, K; < —9, K5 spectral type or later), and for 14 ULXs, we
probe the faint end (—9 < H, K; < —8, KO spectral type or later).

We compare this distribution to the K absolute magnitudes
distribution of the 330 RSGs in the MW, the LMC, and M31. As can
be seen from Fig. A2(b), about 12 per cent of these have absolute
magnitudes brighter than —11 mag; almost one-third of the RSGs
are in the brightest end for an RSG, ie. —11 < H, K; < —10;
240 per cent of the RSGs are between —10 and —9 mag and about
15 per cent are in the faint end (—9 < H, K; < —8). In light of
this, we can only rule out the presence of a bright RSG (—11 < H,
K, < —10) for the 42 ULXs for which the limiting magnitude is
—10 < H, K; < —8. For the remaining 8 ULXs out of the 75 with
non-detections, our limiting absolute magnitude at the position of
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Table 7. The 38 identified NIR candidate counterparts to ULXs. The preliminary classification of the NIR candidate counterparts is based on their absolute
magnitudes, WISE colours, spatial extent, and/or visual inspection of the NIR image. The spectroscopic classification of 12 sources is based on the spectra that
we obtained for them, reported in Heida et al. (2015a, 2016) and Lépez et al. (2019).

Galaxy ULX name Filter Apparent Absolute Preliminary Spectroscopic
(in SIMBAD) magnitude magnitude classification classification
(mag) (mag)
NGC 253 RX J004722.4—252051 K; 172 £ 0.5 —10.5 £ 0.1 RSG RSG
NGC 253 2XMM J004820.0—251010 H 204 £ 0.1 —-74+£02 N/A -
NGC 598 ChASeM33 J013350.894-303936.6 H 11.8 = 0.1 —13.0 £ 0.1 SC -
NGC 925 [SST2011]J022721.52+4-333500.7 H 18.7 £ 0.2 —10.6 £ 04 RSG RSG
NGC 925 [SST2011]J022727.534-333443.0 H 20.1 £ 0.2 —-92+04 RSG Nebula
NGC 1058 XMMU J024323.54-372038 H 20.8 = 0.3 —9.0+ 04 RSG AGN
NGC 1291 CXO0J031718.9—-410627 H 11.3 £ 0.1 —184 £ 0.1 SC -
NGC 1313 NGC 1313 X-2 H 21.1 £ 0.2 —-7.1+£02 RSG -
NGC 1637 [IWL2003 68] K; 16.3 £ 0.5 —13.7 £ 05 SC/AGN -
NGC 2403 RXJ073655.74+653542 H 17.46 £ 0.02 —10.1 £ 0.2 RSG RSG
NGC 2500 CXO0 J080157.8+504339 K 15.7 £ 0.2 —14.1 £ 04 AGN -
Holmberg I [WMR2006] Ho I XMM1 H 17.1 £ 0.1 —10.14 £ 0.1 AGN -
Holmberg II Holmberg II X-1 H 20.6 + 0.1 —-7.1 £ 0.1 RSG Nebula
NGC 3521 [SST2011]J110545.62+000016.2 H 19.8 = 0.1 —109 £+ 0.9 RSG Nebula
NGC 3627 [SST2011]J112018.324125900.8 K; 206 =+ 1.9 —-9.1+19 RSG -
NGC 3628 CXOU J112037.3+133429 H 204 £ 0.2 —-9.7 £ 05 RSG -
NGC 4136 CXOU J120922.64-295551 H 19.1 + 0.1 —10.78 £ 0.4 RSG Nebula
NGC 4136 [SST2011]J120922.18+4-295559.7 H 19.2 = 0.1 —10.75 £ 0.4 RSG RSG
NGC 4258 RX J121844.04+471730 H 17.8 + 0.1 —11.5 £ 0.1 SC -
NGC 4258 3XMM J121847.6+472054 H 20.1 = 0.1 —-93+02 RSG -
NGC 4258 [LB2005] NGC 4258 X9 H 15.86 + 0.001 —135+£02 AGN -
NGC 4485 RXJ1230.5+4141 H 19.0 = 0.1 —10.7 £ 04 RSG —
NGC 4490 [SST2011]J123029.55+413927.6 H 16.05 + 0.01 —134 £ 03 SC —
NGC 4490 CXO0 J123038.4+413831 H 16.69 £ 0.01 —128 £ 0.3 RSG —
NGC 4490 2XMM J123043.1+413819 H 18.41 + 0.04 —11.0 £ 0.3 SC —
NGC 4559 [SST2011]J123557.79+275807.4 H 17.33 £ 0.01 —11.99 £ 0.90 SC -
NGC 4559 RXJ123558+27577 H 18.95 £ 0.05 —104 £ 09 RSG —
NGC 4594 [LB2005] NGC 4594 X5 H 18.65 £ 0.02 —11.6 £ 0.6 AGN —
NGC 4631 [SST2011]J124211.134-323235.9 H 14.48 £+ 0.001 —14.85 £ 0.49 SC —
NGC 5194 XMMU J132953.34+-471040 H 15.7 = 0.1 —13.88 £ 0.2 SC —
NGC 5194 RX J132947+47096 H 18.60 + 0.04 —11.18 £ 0.04 RSG —
NGC 5408 NGC 5408 X-1 K 203 £ 0.2 —8.1+ 038 RSG -
NGC 5457 2E 1402.44-5440 H 19.3 £ 0.2 —-9.7 +£02 RSG N/A
NGC 5457 2XMM J140248.0+541350 H 17.7 £ 0.1 —113 £ 0.1 RSG RSG
NGC 5457 CXOU J140314.34-541807 H 184 + 0.1 —10.7 £ 0.1 AGN -
NGC 5457 [LB2005] NGC 5457 X32 H 18.67 £ 0.02 —10.5 £ 0.1 AGN -
NGC 5457 [LB2005] NGC 5457 X26 H 17.78 £ 0.01 —114 £ 02 SC Nebula
NGC 5457 2XMM J140228.3+541625 H 16.0 = 0.1 —132 £ 0.1 SC -

the ULX is H, K; < —11 mag, due to crowding or high background
from the host galaxies. This prevents us from actually concluding if
there is an RSG counterpart (or not) to these eight ULXs, as only 12
per cent of RSGs are that bright.

6.5 Spectroscopically observed NIR counterparts

At the time of writing this manuscript, only seven counterparts had
been spectroscopically followed up by Heida et al. (2015a,2016) and
Lépez et al. (2019). All seven sources have an absolute magnitude
consistent with being RSGs. Heida et al. (2015a) confirmed the nature
of an RSG in the galaxy NGC 253. Heida et al. (2016) observed five
sources and confirmed the nature of two more RSGs, in the galaxies
NGC 925 and NGC 4136. Three sources turned out to be nebulae
(in NGC 925, in Holmberg II and NGC 4136). Lépez et al. (2019)
followed up a candidate RSG in NGC 3521 identified by Lopez et al.
(2017).Its spectral signatures single this source out as a nebula. In this
manuscript, we analyse the nature of 5 more sources out of those 38
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counterparts: 4 candidate RSGs and 1 candidate stellar cluster (see
Table B1). Of the four candidate RSGs, one cannot be classified,
the other one is most likely a background AGN, and the other two
sources show absorption lines consistent with them being RSGs.
Additionally, we show that a source originally classified as a stellar
cluster by Lopez et al. (2017) is actually a nebula (see Section 5b).

In summary, we have confirmed the RSG nature for five sources.
We need to additionally corroborate if these confirmed RSGs are the
actual donor stars of the ULXs by detecting radial velocity variations.
If we corroborate this for our five confirmed RSGs, this would imply
that ~(4 £ 2) per cent of the observed ULXs have an RSG donor
star, about four times more than that predicted by binary evolution
models (see e.g. Wiktorowicz et al. 2017).

Of our 11 followed-up candidate RSGs, (36 = 18) per cent are ac-
tually nebulae and (45 + 20) per cent are in fact RSGs, which poten-
tially implies that of our remaining 10 RSG candidate counterparts,
half could be confirmed as RSG and the other half as nebulae (i.e. we
cannot distinguish an RSG from a nebula based only on our broad-
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Figure 7. Histogram of the distribution of probabilities of a chance su-
perposition of a source with an absolute magnitude in the RSG range for
all 113 observed ULXs. The bins have a 1 per cent probability width, for
visualization purposes.

band photometry). If these numbers hold, it means that we will have
10 confirmed RSGs for a sample of 113 observed ULXs. If we further
corroborate their donor star nature, this would mean that ~(10 £
3) per cent of the ULXs would have an RSG donor star, a number
10 times larger than that predicted by Wiktorowicz et al. (2017).

7 CONCLUSIONS

This is the third and last paper on the systematic photometric
search for NIR counterparts to ULXs. We observed 23 ULXs in
15 galaxies and detected a candidate counterpart for 6 of them.
For the ULXs with non-detections, we report limiting apparent and
absolute magnitudes. Two ULXs have candidate counterparts with
absolute magnitudes consistent with an RSG. Three candidates are
too bright to be single RSGs, and after visual inspection of their
NIR images and/or determination of their size, we conclude that
they are more likely to be star clusters. The remaining candidate
counterpart is too faint to either be an RSG or a star cluster. We
also spectroscopically followed up four RSG candidates identified
by Heida et al. (2014) and a stellar cluster candidate identified by
Lépez et al. (2017). The stellar cluster candidate turned out to be a
nebula, showing strong [Fe 11] emission. As for the RSG candidates,
one source cannot be classified as significant absorption or emission
lines were not detected, and another one has a spectrum dominated
by a broad putative H @ emission line, making it likely a background
AGN at z = 1.0301 £ 0.0001. However, the other two sources show
stellar spectra consistent with them being RSGs.

Evaluating the complete search presented in Heida et al. (2014)
and Lépez et al. (2017) and this work, we found that we have
observed 113 ULXs in 52 different galaxies using 5 different
telescopes and the H and K, bands. The ULXs are located at a
distance range of 0.5-29 kpc from the centre of their respective
host galaxies. These galaxies are up to a distance of ~10 Mpc.
We detected a NIR candidate counterpart for 38 ULXs out of the
113 ULXs, i.e. roughly one-third of the total sample. In addition
to these detections, we reached our expected depth, i.e. H, K; <
—11 at the position of 67 ULXs, although we did not detect a
counterpart. Of the 38 detected counterparts, we have 27 sources
preliminarily classified based only on broad-band photometry. 10 of
these candidate counterparts are candidate RSGs, 10 are candidate
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stellar clusters, 6 are candidate AGNs, and 1 is too faint to be either
an RSG or an SC/AGN. We estimate the probability of a chance
superposition for the whole sample of 113 ULXs as 3.3 per cent,
which means that up to 4 of our detections could be false positives.

We have confirmed the nature of 11 sources by spectroscopic
observations. For these, we have five RSGs, one AGN, and five
nebulae. As four of the five nebulae were originally classified as
RSGs, it shows that RSGs and nebulae are difficult to distinguish
in terms of broad-band photometry. Moreover, if we can determine
that our five spectroscopically confirmed RSGs are in fact the donor
stars of the ULXSs, via detection of radial variations, these possible
ULX-RSG binary systems are in contrast with the predictions from
the binary evolution simulations from Wiktorowicz et al. (2017). Our
results could be at least four times (and may be even 10 times) larger
than those predicted.
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Figure Al. (a) Histogram of the distribution of distances from our Galaxy to the 113 observed ULXs (in blue) and to the 38 ULXs for which we detected a
NIR candidate counterpart (in yellow). A K-S test between both distributions reveals that they are not different. (b) Histogram of the distribution of distances
to the 113 observed ULXSs (in blue) and to the 38 ULXs for which we detected a NIR candidate counterpart (in yellow) from the centre of their respective host
galaxies. A K-S test between both distributions reveals that they are not different.
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(dark grey).
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Figure A3. (a) Histogram of the distribution of limiting absolute magnitudes at the position of the ULXs for which we did not detect any counterpart, indicating
in which band they were observed. (b) Same as (a) but compared with a histogram of the distribution of absolute magnitudes of the RSGs in the MW and LMC
(light grey), and in M31 (dark grey).

APPENDIX B: TABLES

Table B1. Updated coordinates for the NIR candidate counterparts detected by Heida et al. (2014) and Lépez et al. (2017), as they used 2MASS sources for
the astrometric correction of their NIR images. We improved the astrometry on those NIR images by finding a local solution around the position of the ULXs
using isolated Gaia DR2 sources. We used point sources with a proper motion of pm < 5 mas yr~!, and, if necessary (i.e. not sufficient sources satisfying that
constraint), pm < 10 mas yr—!.

Galaxy ULX name R.A. Dec. 30 positional
(in SIMBAD) (hh:mm:ss) (dd:mm:ss) uncertainty (arcsec)
NGC 253 RX J004722.4—252051 00:47:22.6 —25:20:51.3 1.5
NGC 925 [SST2011]J022721.524-333500.7 02:27:21.5 +33:35:00.7 1.7
NGC 925 [SST2011] J022727.534+-333443.0 02:27:27.6 +33:34:43.4 1.7
NGC 1058 XMMU J024323.54+-372038 02:43:23.4 +37:20:42.3 1.5
NGC 1637 [TWL2003 68] 04:41:32.9 —02:51:26.3 2.0
NGC 2403 RX J073655.7+653542 07:36:55.4 +65:35:41.6 0.7
NGC 2500 CXO J080157.8+504339 08:01:57.9 +50:43:39.1 1.4
Holmberg I [WMR2006] Ho I XMM1 09:41:30.2 +71:12:35.6 0.6
Holmberg II Holmberg II X-1 08:19:29.0 +70:42:19.1 1.3
NGC 3521 [SST2011] J110545.624-000016.2 11:05:45.6 +00:00:17.5 0.4
NGC 3627 [SST2011] J112018.324125900.8 11:20:18.3 +12:59:01.2 1.1
NGC 4136 CXOU J120922.64-295551 12:09:22.6 +29:55:50.5 1.8
NGC 4136 [SST2011] J120922.184-295559.7 12:09:22.1 +29:55:59.0 1.5
NGC 4258 RX J121844.04-471730 12:18:43.9 +47:17:31.9 1.3
NGC 4258 3XMM J121847.6+472054 12:18:47.7 +47:20:52.8 3.9
NGC 4258 [LB2005] NGC 4258 X9 12:19:23.3 +47:09:40.7 1.1
NGC 4485 RXJ1230.54-4141 12:30:30.4 +41:41:42.7 0.6
NGC 4490 [SST2011] J123029.55+413927.6 12:30:29.6 +41:49:27.0 0.6
NGC 4490 CXO J123038.44+413831 12:30:38.2 +41:38:31.5 0.6
NGC 4490 2XMM J123043.1+413819 12:30:43.1 +41:38:19.2 0.6
NGC 4559 [SST2011] J123557.794-275807.4 12:35:57.7 +27:58:08.0 1.5
12:35:57.8 +27:58:07.2 1.5
NGC 4559 RX J123558+4-27577 12:35:58.6 +27:57:41.7 1.5
NGC 4594 [LB2005] NGC 4594 X5 12:40:22.7 —11:39:24.8 0.5
NGC 4631 [SST2011] J124211.134-323235.9 12:43:11.2 +32:32:36.7 1.0
NGC 5194 XMMU J132953.34-471040 13:29:53:3 +47:10:42.9 2.5
NGC 5194 RX J132947+47096 13:29:47.5 +47:09:40.8 0.8
NGC 5408 NGC 5408 X-1 14:03:19.7 —41:22:58.7 2.1
NGC 5457 2E 1402.44-5440 14:04:14.3 +54:26:02:4 1.4
NGC 5457 2XMM J140248.04-541350 14:02:48.2 +54:13:50.4 1.3
NGC 5457 CXOU J140314.34-541807 14:03:14.4 +54:18:07.2 1.4
NGC 5457 [LB2005] NGC 5457 X32 14:02:28.2 +54:16:26.3 0.8
NGC 5457 [LB2005] NGC 5457 X26 14:04:29.2 +54:23:53.4 0.7
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