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A B S T R A C T 

NGC 1313 X-2 is one of the fe w kno wn pulsating ultraluminous X-ray sources (PULXs), and so is thought to contain a neutron 

star that accretes at highly super-Eddington rates. Ho we ver, the physics of this accretion remains to be determined. Here, we 
report the results of two simultaneous XMM–Newton and HST observations of this PULX taken to observe two distinct X-ray 

behaviours as defined from its Swift light curve. We find that the X-ray spectrum of the PULX is best described by the hard 

ultraluminous regime during the observation taken in the lower flux, lower variability amplitude behaviour; its spectrum changes 
to a broadened disc during the higher flux, higher variability amplitude epoch. Ho we ver, we see no accompanying changes in 

the optical/UV fluxes, with the only difference being a reduction in flux in the near-infrared (NIR) as the X-ray flux increased. 
We attempt to fit irradiation models to explain the UV/optical/IR fluxes but they fail to provide meaningful constraints. Instead, 
a physical model for the system leads us to conclude that the optical light is dominated by a companion O/B star, albeit with an 

IR excess that may be indicative of a jet. We discuss how these results may be consistent with the precession of the inner regions 
of the accretion disc leading to changes in the observed X-ray properties, but not the optical, and whether we should expect to 

observe reprocessed emission from ULXs. 

Key words: Accretion discs – stars: neutron – X-rays: binaries. 
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 I N T RO D U C T I O N  

ltraluminous X-ray sources (ULXs) are point-like off nuclear
ources that are observed to radiate in excess of the Eddington limit
or a ten solar mass black hole assuming isotropic emission (see
aaret, Feng & Roberts 2017 for a comprehensive review). It is

uspected that the majority of the currently observable population
f ULXs are powered by super-critical accretion (from a companion
tar) on to either neutron stars (Bachetti et al. 2014 ; Israel et al. 2017b ,
 ; Carpano et al. 2018 ; Sathyaprakash et al. 2019 ; Rodr ́ıguez Castillo
t al. 2020 ) or stellar mass black holes (Liu et al. 2013 ), sometimes
eaching luminosities up to ∼500 L Edd . Ho we ver, the nature of the
ccretor has been confirmed in only a handful of objects that are
bserved to pulsate or those showing cyclotron line features thought
o form in the vicinity of a neutron star’s magnetosphere (see e.g.
rightman et al. 2018 ), whilst the identity of all other ULXs remains
n open question. 
 E-mail: rajath.sathyaprakash@gmail.com (RS); t.p.roberts@durham.ac.uk 
TPR); fgrise@gmail.com (FG) 
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The spectral and timing variability patterns of several ULXs are
ell explained by a super-critical wind model that traces its origins

o the work of Shakura & Sunyaev ( 1973 ). Briefly, when the mass
ccretion rate through the disc exceeds the local Eddington rate,
he disc is predicted to become geometrically thick due to radiation
ressure. As a consequence, some fraction of the inflowing mass is
hought to escape as a wind, while much of the rest is advected on to
he compact object (Poutanen et al. 2007 , Chashkina, Abolmasov &
outanen 2017 ; Czerny 2019 ). Therefore, it is natural to expect the
resence of an optically thick outflow to influence the observational
ppearance of super-Eddington ULXs. In particular, differences in
oth the viewing angle of the system and the mass accretion rate can
xplain the plethora of ULX spectral shapes, ranging from those
een in supersoft to hard ultraluminous (HUL) sources (Sutton,
oberts & Middleton 2013 ; Urquhart & Soria 2016 ). The significant
etection of highly blue-shifted absorption lines in some ULXs
Pinto, Middleton & Fabian 2016 ; Pinto et al. 2017 and Kosec et al.
018a , b ) provides strong evidence for these radiatively driven winds.
t is notable that such winds could be present even if the compact
bject is a high magnetic-field neutron star (Mushtukov et al. 2019 ).
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Dedicated X-ray monitoring campaigns on some ULXs have 
ev ealed that the y sho w quasi-periodic v ariations in the X-ray flux
n time-scales larger than ∼ 50 d (e.g. Gris ́e et al. 2013 ; Walton
t al. 2016 ; F ̈urst et al. 2017 ). These variations seem to disappear
 v er sufficiently long baselines and are hence difficult to interpret
s the orbital period of the system (e.g. Gris ́e et al. 2013 ). Recently,
eng & Feng ( 2018 ) have reported that at least four ULXs display

 strong quasi-periodic modulation in the hard X-ray band, with 
ittle variability at energies below 1 keV. These ULXs also show 

 bimodal distribution on the hardness-intensity plane, with the 
rightest sources appearing to have a slightly harder spectrum. This 
s consistent with the proposition that long-term trends in the chaotic 
-ray variability are driven by the precession of a super-critical 

ccretion flow (Luangtip, Roberts & Done 2016 ; Middleton et al. 
018 ), rather than an e xclusiv e consequence of variation in the mass
ccretion rate. 

One of the objects that Weng & Feng ( 2018 ) demonstrate to
how this behaviour is the archetypal ULX, NGC 1313 X-2. This
s one of the best-studied ULXs in X-rays, with the examination of
ts X-ray spectra the subject of many papers (e.g. Feng & Kaaret
007 ; Gladstone, Roberts & Done 2009 ; Bachetti et al. 2013 ). Its
pectrum is similar to that of some other bright ULXs with hard HUL
pectra at moderate luminosities, which evolve to appear dominated 
y a single disc-like component similar to the broadened disc (BD)
egime at peak luminosities (cf. Middleton et al. 2015a ; Luangtip 
t al. 2016 ). Interestingly, the spectrum at high luminosity appears 
ery similar to the dominant spectra observed in pulsating ULXs 
pulsating ultraluminous X-ray source (PULXs)] that host a neutron 
tar (Walton et al. 2018b ). Indeed, NGC 1313 X-2 has been revealed
o be a PULX, with the disco v ery of faint pulsations in recent long
MM–Newton observations reported by Sathyaprakash et al. ( 2019 ). 

ts phenomenology is therefore of utmost interest as we begin to 
bservationally disentangle the mystery of the emission mechanisms 
n such objects. 

NGC 1313 X-2 is also one of the best-studied ULXs at optical
avebands. Mucciarelli et al. ( 2005 ) identified two potential optical 

ounterparts to the X-ray source, although impro v ed HST and 
handra astrometry have shown that only one of these is a plausible
andidate. The true counterpart is known to be variable in the optical
aveband, with short time-scale ( ∼ d) periodic modulations initially 

eported by Liu et al. ( 2007 ) (and later questioned by Zampieri
t al. 2012 ). They interpreted this as arising due to X-ray heating
f the donor’s surface, which can produce periodic variations in the 
bserved intensity as the X-ray heated (more luminous) face of the 
tar mo v es in and out of the observer’s line-of-sight o v er a complete
rbital c ycle (pro vided the system is not viewed too close to face on;
otch et al. 2014 ). Ho we ver, these periodic variations were absent in

ubsequent observations of X-2, perhaps having been masked out by 
 stronger contribution from the accretion disc, which is expected 
o vary stochastically (Gris ́e et al. 2008 ). Further spectroscopic 

onitoring of the ULX counterpart with Gemini-South revealed a 
road and variable He II λ4686 emission line. The variations in its
entral wavelength were found to be non-periodic, thus unlikely to 
e associated with the orbital motion of the donor (Roberts et al.
011 ). Instead, the variability is stochastic, suggesting an origin in 
he reprocessing of X-rays in the outer accretion disc or a radiatively
ccelerated outflow (Gris ́e et al. 2008 ; Fabrika et al. 2015 ). 

Previous works analysing the broadband spectral energy distri- 
utions (SEDs) of ULXs have been unable to distinguish unam- 
iguously between an irradiated disc and donor star models (e.g. 
ris ́e et al. 2012 ). Ho we ver, quasi-simultaneous X-ray and optical
onitoring of X-2 showed that its B-band magnitude displays 
arger amplitude variability during periods of high X-ray flux levels 
Gris ́e et al. 2008 ), giving some credence to irradiation scenarios.
herefore, studying correlated changes between the X-ray and optical 
mission could be the key to breaking the de generac y in the emission
echanisms associated with the optical counterpart. They could 

lso provide further insight into the physical process(es) driving the 
ransition between the bimodal hardness-intensity regimes in X-2 
nd by extension other ULXs showing similar behaviour. 

In order to investigate this problem further, we obtained simultane- 
us XMM–Newton and HST observations of NGC 1313 X-2. In this
aper, we report the results of these observations. We describe the
bservations in Section 2 and present the X-ray and optical results
nvolving the modelling of the X-ray-to-optical SEDs in Section 3. 

e discuss these results in Section 4 before concluding the paper in
ection 5. 

 DATA  R E D U C T I O N  

e obtained a multi-wavelength observation programme (PI: Gris ́e) 
ith the aim of studying the near-IR through X-ray emission 
roperties of NGC 1313 X-2 in two distinct phases of its behaviour
which will be defined in Section 3). This provided simultaneous X-
ay spectroscopy of the ULX from the XMM–Newton EPIC cameras 
nd photometry of the optical counterpart in several bands (ranging 
rom the near-IR to near-UV) from the HST WFC3 and ACS cameras.

e also use Swift data to study the long-term variability properties of
he source in order to track its change in accretion state, which was
sed as a trigger to begin the XMM–Newton and HST observations. 

.1 XMM–Newton X-ray obser v ations 

he XMM–Newton observations were carried out with the EPIC-pn 
nd MOS detectors in full-frame imaging mode, and were reduced 
sing the Science Analysis Software ( SAS )v.16. 1 We summarise the 
ssential features of these observations in Table 1 . After examining
he radial profile to confirm there were no extended components 
o the point spread function, we extracted source events within an
perture of 30 arcsec centred on the Chandra source position (RA
 49.592, DEC = −66.601; Zampieri et al. 2004 ). The background

egion was chosen to lie adjacent to the source on the same chip. Care
 as tak en to a v oid areas with a large internal quiescent background

n the EPIC-pn detector, which is primarily traced by the intensity
f the Copper-K α emission line (at ∼ 8 keV). We e xcluded ev ents
ssociated with bad pixels by implementing the standard flagging 
riteria ( FLAG == 0 ) and grade selection ( PATTERN ≤12 for MOS and
ATTERN ≤4 for PN). We extracted light curves in the 10–12 keV
nergy band using the EVSELECT task from chips devoid of a large
umber of point sources, in order to inspect and remo v e periods
f intense soft proton flares. We ran the SAS task BKGOPTRATE to 
etermine a safe count rate threshold below which the background 
evel remains steady. As such, periods during which the count rates
xceeded this threshold (in the 10–12 keV band) were excluded; this
esulted in a loss of up to ∼ 46 per cent of the original exposure
or the pn camera in the March 24 observation, with other losses
eing smaller. Finally, using the cleaned ev ent files, we e xtracted the
ource and background spectra in the 0.3–10.0 keV energy range for
ach instrument. The spectra were grouped into a minimum of 25
ounts after background subtraction per energy bin, ensuring not to 
 v ersample the intrinsic detector resolution by a factor larger than
MNRAS 511, 5346–5362 (2022) 
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Table 1. A log of the XMM–Newton X-ray observations. 

Data set Start date GTI-corrected exposure Combined EPIC count-rate 
(Obs. ID) (dd-mm-yy) (pn/MOS1/MOS2, in ks) (s −1 ) 

0764770101 05-12-15 50.1/68.7/68.4 0.247 ± 0.002 
0764770401 24-03-16 16.4/21.5/21.0 0.422 ± 0.005 
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. Hence, it was acceptable to use χ2 statistics to characterise the
oodness-of-fit. Finally, in order to deconvolve the energy spectrum
hrough the detector response, we generated the auxillary response
les and redistribution matrix files using the ARFGEN and RMFGEN

asks, respectively. 

.2 HST optical, UV, and IR obser v ations 

he field containing the counterpart to the ULX was observed
uring two separate HST visits with the WFC3 and ACS detectors
n seven independent filters. We summarise the details of these
bservations in Table 2 . We first ran the CALWF3 pipeline (version
.3 2 ) on the raw event files of all WFC3 observations using the
atest calibration files available in the STScI website. 3 The pipeline
roduces event files that have been bias subtracted, flat fielded and
orrected for the effect of charge transfer inefficiency (CTI). We
nsured that all sub-exposures were aligned to within 0.1 arcsec
ccuracy (using the DRIZZLEPAC tool TWEAKREG v1.4). This is
specially important for the near-infrared (NIR) image, in which the
LX counterpart resides in a crowded environment, such that any
isalignments between individual sub-exposures could compromise

he photometric accuracy. We then implemented the PSF-fitting
echnique to derive instrumental magnitudes for the ULX counterpart
n all six WFC3 filters using the DOLPHOT v1.2 software (Dolphin
000 ). This method identifies point sources abo v e a preset detection
hreshold from a stack of flat-fielded and cosmic-ray cleaned images.
t then uses the TINYTIM PSF models (Krist 1995 ) to simultaneously
t the PSF of each source and the local background. This approach is
referred o v er aperture photometry in scenarios where the crowding
s severe (e.g. in the NIR waveband), which causes the PSFs of
losely spaced point sources to o v erlap. The software performs all
he necessary pre-processing steps prior to running the photometry
outine (including the masking of bad pixels affected by cosmic rays
nd image combination). The instrumental magnitudes were initially
easured using a circular aperture of 3 pixel radius, and converted

o an equi v alent 10 pixel (or 0.4 arcsec) magnitude by applying
perture corrections. To do this, we selected relatively bright and
ell isolated stars in the field-of-view, with signal-to-noise ratios

arger than that of the ULX counterpart. The vertical axis intercept
f a linear fit to the 3 pixel versus 10 pixel magnitude of the selected
bjects yields the aperture correction δ. Here, we emphasise that a
tting function accounting for uncertainties in both the independent
nd dependent v ariables (equi v alent to the FIT EXY routine in IDL;
ee also Press et al. 1992 ) was used to ensure that the errors in δ are
ot underestimated. 
The initial reduction steps were similar for the ACS/SBC data. We

sed the few bright and well-resolved stars in the field of view to
lign the drizzled SBC image with the F225W and F336W filters,
o confirm that the brightest object in the F140LP image is the ULX
ounterpart. Ho we ver, we were unable to perform PSF fitting on
NRAS 511, 5346–5362 (2022) 

 https:// hst-crds.stsci.edu/ 
 The equi v alent pipeline calacs was used to reduce the ACS data. 

4

5

he ACS/SBC data due to the lack of both a model ACS/SBC PSF
OLPHOT , and of a sufficient number of well-resolved stars in the field
f view. Hence aperture photometry was used within an aperture of
adius 0.4 arcsec (equi v alent to the 80 per cent encircled energy for
CS/SBC). We were also hampered by the lack of bright resolved

tars in calculating an aperture correction, hence we resorted to using
hat provided by the instrument manual. 4 The results of the photom-
try are quoted in Table 2 , and we show a cleaned, 3-colour image of
he field that highlights the position of the ULX counterpart in Fig. 1 .

 SPECTRAL  ANALYSI S  

GC 1313 X-2 was regularly monitored by the Neil Gehrels Swift
bservatory o v er a baseline of sev eral years (i.e. between April 2013

nd September 2017). This has allowed us to construct its long-term
-ray light curve (see Fig. 2 ) using an online tool 5 (Evans et al.
007 ; Evans et al. 2009 ), which suggests a bimodality in the flux
istribution (see Fig. 3 and Weng & Feng 2018 ). The data allow us to
isually define two distinct behaviour regimes: In the first, the ULX
as a relatively low count rate and displays relatively low-amplitude
ariability on time-scales of ∼ d. In the second, the source shows
uch higher amplitude variability o v er a range of time-scales from ∼
eeks to days, while its mean flux level also increases. In the second
f these regimes, there is marginal evidence for a change in the
ardness ratio when the ULX is at its brightest (see fig. 6 of Weng &
eng 2018 ), which becomes more prominent when the count rates
re corrected for absorption. To verify these visual trends, we set a
ount-rate threshold to separate the low flux and high-flux regimes as
ndicated in Fig. 2 , and we computed the standard deviation for each
f these regimes separately. Indeed, it was found that the standard
eviation for the high-flux regime is larger than for the low flux
egime by a factor ∼ 4, indicating greater variability with increasing
ux. The high-flux regime also shows greater fractional variability
as defined in Vaughan et al. 2003 ) with F var = 0.19 ± 0.02, while
or the low flux regime F var is zero (i.e. no variability in excess of
hat expected from noise). 

One set of our XMM–Newton and HST observations was taken
n each of these behaviour regimes. Our first observation was taken
hen the source count rate was relatively low and stable (green solid

ine in Fig. 2 ); we then followed up with our second set of observa-
ions when the source had begun to show more variable behaviour,
ith a higher mean count rate (magenta solid line in Fig. 2 ). 

.1 X-ray characterisation 

e began by fitting the XMM–Newton spectra of both observations
eparately. In order to obtain an understanding of the spectral shape
n each observation, and any changes between observations, we
tted the data using a simple model used previously to characterise
 ht tp://www.st sci.edu/hst/acs/document s/isrs/isr1605.pdf
 https:// www.swift.ac.uk/ user objects/index.php 

https://hst-crds.stsci.edu/
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Distinct accretion regimes in NGC 1313 X-2 5349 

Table 2. HST optical, UV, and IR magnitudes of the ULX counterpart. 

Start date Instrument Filter a Exposure time Aperture corrected magnitude b c Aperture correction c 

(dd-mm-yy) (s) (Vega mag) (Vega mag) 

05-12-15 ACS/SBC F140LP 1200.0 20.56 ± 0.07 0.2 
WFC/UVIS F225W 1440.0 21.34 ± 0.05 0.25 ± 0.04 
WFC/UVIS F336W 1017.0 21.93 ± 0.08 0.24 ± 0.07 
WFC/UVIS F438W 1050.0 23.35 ± 0.06 0.26 ± 0.05 
WFC/UVIS F555W 1170.0 23.41 ± 0.05 0.69 ± 0.05 
WFC/UVIS F814W 1740.0 23.46 ± 0.06 0.34 ± 0.06 

WFC/IR F125W 1796.9 23.30 ± 0.08 0.41 ± 0.08 

24-03-16 ACS/SBC F140LP 1200.0 20.65 ± 0.07 0.2 
WFC/UVIS F225W 1440.0 21.25 ± 0.05 0.18 ± 0.04 
WFC/UVIS F336W 1017.0 21.90 ± 0.05 0.18 ± 0.04 
WFC/UVIS F438W 1050.0 23.43 ± 0.05 0.19 ± 0.05 
WFC/UVIS F555W 1170.0 23.50 ± 0.04 0.20 ± 0.04 
WFC/UVIS F814W 1740.0 23.57 ± 0.05 0.29 ± 0.05 

WFC/IR F125W 1796.9 23.63 ± 0.08 0.49 ± 0.08 

Note. a W and LP refer to wide-band and long-pass filters, respectively. b The uncertainties on the magnitudes are weighted by the 
errors on the aperture correction. c These magnitudes have not been corrected for extinction. 

Figure 1. An HST /WFC3 composite image of the field containing the ULX NGC 1313 X-2 (whose position is marked by a circle of radius 0.5 arcsec). Red, 
green, and blue colours represent intensities in the F814W , F555W , and F225W filters, respectively. The dashed boxes highlight the approximate location of two 
OB associations in the vicinity of the ULX. The image has been smoothed with a Gaussian kernel with σ = 1.5 pixels ( ≈ 0.06 arcsec). 
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LX spectra, i.e. an absorbed multicolour disc ( DISKBB ) plus power- 
aw model in XSPEC . X-ray absorption was modelled using two 
nstances of the Tuebingen–Boulder ISM component ( TBABS ; Wilms, 
llen & McCray 2000 ). We fixed the first component to the Galactic

xtinction value in the direction of the source (3.97 × 10 20 cm 

2 )
sing the HEASARC tool N H , 6 and allowed the second to vary. We
dded cross normalization factors to account for any differences in 
alibration between the EPIC and MOS detectors, but these were 
ound to be consistent to within 5 per cent. The model provides a
ood fit to the data as indicated in Table 3 . As can be seen in Fig. 4
 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3nh/w3nh.pl 

H
t  
he ratios of the power-law and disc fluxes, in addition to the disc
emperatures, suggest that the source spectrum changes from being 
n the HUL regime (in the first observation) to a BD spectrum (see
utton, Roberts & Middleton 2013 ). As discussed in that work, one
av eat re garding this spectral classification is that the HUL spectra of
ome ULXs with pronounced curvature can be difficult to distinguish 
rom BD spectra. While the latter were predominantly found near the
ddington threshold in Sutton, Roberts & Middleton ( 2013 ), their X-

ay luminosity was never part of the identification for the regime, and
ndeed the realisation that some ULXs have spectra that evolve from
UL to BD-like with increasing luminosity occurred subsequent to 

hat work (e.g. see Luangtip et al. 2016 ). This appears to also be the
MNRAS 511, 5346–5362 (2022) 

art/stac402_f1.eps
https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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Figure 2. The long-term Swift light-curve of X-2, with the vertical axis plotting the 0.3–10 keV count rate. The source appears to switch between periods of 
two distinct behaviours on time-scales of several weeks, a relatively low flux regime (which we illustrate with red points), and a higher mean flux regime (blue 
points) with higher amplitude variability. The dashed black lines correspond to the two peaks in the histogram of Fig. 3 , with the lower one used to demarcate 
the low and high flux regimes as displayed in the figure, while the green and magenta lines indicate the triggering of each epoch of the XMM–Newton and HST 
observations. 
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ase for NGC 1313 X-2, so in what follows, we use the term BD to
escribe the shape of the X-ray spectrum while noting that this does
ot directly infer any physical meaning. 
Critically, the observed change in spectrum supports the notion

hat there are real physical changes in the ULX between the low,
table 0.3–10 keV flux behaviour in 2015 December and the higher
ux, more variable periods in 2016 March. 

.2 Does the optical emission vary? 

n Section 3.1, we demonstrated that the X-ray emission varies
etween the two observational epochs (i.e. o v er a three month
eriod). The HST data were obtained simultaneously to the X-ray data
n the two different epochs specifically to test how the UV/optical/IR
olours change with the X-ray emission. We present the observed
uxes in each filter at these epochs (converted from the magnitudes
iven in Table 2 ) in Table 4 , alongside the ratio of the fluxes between
he two observations. We also present the X-ray flux separated into
hree bands; this again demonstrates the variability of the X-ray
mission, with the largest variations occurring at medium X-ray
nergies (1–4 keV). 

There appears to be no statistically significant variation exceeding
he 3 σ error range between the two epochs in the UV/optical
ands. Ho we ver, there is some evidence for variability at longer
avelengths, particularly in the NIR (F125W) band, where the source
ims by about 25 per cent (0.33 ± 0.04 mag) as the X-ray emission
ises from epoch 1 to epoch 2. To validate this result, we carefully
ross-matched relatively bright and well-isolated sources in both
NRAS 511, 5346–5362 (2022) 
bservations in the WFC/IR filter images, and in three other filters.
e rejected objects that were too saturated, or those with too many

ad pixels (due to cosmic-ray hits), by applying a flag threshold
ithin DOLPHOT . Aside from the ULX, our final selection included
 number of stars belonging to the OB association, which should
e intrinsically invariant on monthly time-scales. 7 In any case, the
ottom right hand of Fig. 5 shows that the ULX counterpart has the
argest change in the NIR magnitude (defined as � mag) between
he two epochs, when compared to the reference sources; its � mag
alue is clearly an outlier, and deviates from the mean NIR variability
f the sample by about 3 σ (see Fig. 6 ). This hints towards a possible
rst detection of NIR variability from this object, which had only
een observed at UV/optical wavelengths prior to this work. We will
laborate on the possible origin of the NIR emission in the discussion.

.3 Optical colours and stellar models 

iven that the optical emission appears to be relatively invariant
etween the two epochs, we examine whether the UV/optical
mission of the source is consistent with arising solely from the donor
tar. The ULX counterpart is thought to be associated with a young
B star cluster in its vicinity, since it has a similarly large UV/optical

uminosity and a distinctly blue colour, as per other members of
he cluster (cf. Fig. 1 ). By fitting stellar isochrones to the colour
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Figure 3. An illustration of the bi-modality in the source X-ray flux across the entire Swift monitoring period of X-2. The horizontal axis specifies the count 
rate scaled to the XMM–Newton EPIC detectors combined. 

Table 3. The best-fit parameters of the two component power-law plus multi-colour disc model, fitted to the two XMM–Newton 
spectra of X-2. 

Date n H 
a kT in 

b 	 pl 
c log 10 L disc 

d log 10 L power 
e Spectral regime 

χ2 /degrees of 
freedom 

f 

[dd-mm-yy] [10 22 cm 

−2 ] [keV] [erg s −1 ] [erg s −1 ] 

05-12-15 0.20 + 0 . 03 
−0 . 02 0.28 ± 0.03 1.7 ± 0.1 39.20 ± 0.01 39.69 ± 0.01 HUL 282.1/311 

24-03-16 0.26 ± 0.05 0.8 + 0 . 2 −0 . 1 2.3 ± 0.3 39.51 ± 0.02 39.86 ± 0.01 BD 235.4/212 

Note. a Hydrogen column density. b Inner disc temperature. c Photon index. d Disc component luminosity (0.3–10 keV). e 

Power-law component luminosity (0.3–10 keV). f Reduced χ2 of the fit. 
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agnitude diagrams (CMDs) of its member stars, Gris ́e et al. ( 2008 )
nferred the cluster age to be 20 ± 5 Myr, implying that the mass of
he ULX donor is < 16 M �. Given this constraint on the counterpart,
n addition to its absolute visual magnitude ( M V ∼ −5) and colour
ndex ( B − V ∼ −0.25), a range of possible OB spectral types were
uggested in the work of Gris ́e et al. ( 2008 ). Here, we attempt to
efine these constraints by re-fitting the HST magnitudes (see Table 2 )
ith a grid of O/B-type stellar templates from Castelli & Kurucz 

 2003 ). The temperature of individual spectral types were adopted 
rom Martins et al. ( 2005 ) 8 and Straizys & Kuriliene ( 1981 ). 9 The
ormalization of each template depends on the stellar radius and the 
 for O-type stars. 
 for all other spectral types. 

d  

1

ource distance, where we allowed the former to vary and fixed the
atter to a value of 4.0 Mpc (based on a weighted average of the
istances to NGC 1313 in the SIMBAD data base 10 ; Wenger 2000 ).
e included two additional free parameters, namely the metallic 

bundance and interstellar reddening (using the Cardelli, Clayton & 

athis 1989 extinction curve). We fit the data from both epochs
imultaneously given that we have seen little or no change in the flux
etween epochs in most bands. 

The best-fitting stellar templates are shown in Fig. 7 , and the fits are
ummarized in Table 5 . A B0III giant provides the most reasonable
t (i.e. χ2 = 14.5 for 9 degrees of freedom), but only if the NIR
ata points are excluded, with the fit otherwise worsening by �χ2 =
MNRAS 511, 5346–5362 (2022) 

0 http:// simbad.u-strasbg.fr/ simbad/ 
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Figure 4. The XMM–Newton X-ray spectra of X-2 with the observed data on 2015 December (black points) and 2016 March (blue points). The best-fitting 
multi-colour disc and power-law model to each spectrum are o v erlaid, with the le gend specifying the label to each component. The residuals are shown in the 
bottom panel, indicating a good fit to the data. The spectral shape changes between the observations. 

Table 4. UV/optical/IR ( HST ) and X-ray ( XMM–Ne wton ) flux es of X-2 as measured in 2015 December 
and 2016 March. 

HST fluxes 
Piv ot wa velength Source flux (epoch 1) Source flux (epoch 2) Ratio a 

[Angstrom] [10 −18 erg s −1 cm 

−2 Å−1 ] [10 −18 erg s −1 cm 

−2 Å−1 ] 

1528.0 38.0 ± 2.0 35.0 ± 2.0 0.92 ± 0.07 
2375.0 12.0 ± 1.0 13.3 ± 0.6 1.1 ± 0.1 
3356.0 5.5 ± 0.4 5.6 ± 0.2 1.0 ± 0.1 
4327.0 3.1 ± 0.2 2.8 ± 0.1 0.9 ± 0.1 
5307.0 1.7 ± 0.1 1.57 ± 0.04 0.92 ± 0.06 
8048.0 0.47 ± 0.02 0.42 ± 0.02 0.89 ± 0.06 
12486.0 0.15 ± 0.01 0.11 ± 0.01 0.73 ± 0.08 

XMM–Ne wton flux es 

X-ray energy range Source flux (epoch low) Source flux (epoch high) Ratio a 

[keV] [10 −13 erg s −1 cm 

−2 Å−1 ] [10 −13 erg s −1 cm 

−2 Å−1 ] 

0.3–1.0 3.8 ± 0.1 4.0 ± 0.1 1.05 ± 0.04 
1.0–4.0 4.2 ± 0.1 8.1 ± 0.2 1.90 ± 0.1 
4.0–10.0 3.1 ± 0.1 2.4 ± 0.1 0.77 ± 0.04 

Note. a Ratio of source flux between the two epochs. 
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0 for 2 degrees of freedom. A B0Ia supergiant may have a better
educed χ2 , but the best-fit stellar radius is at least a factor of 2.5
maller than expected for a star of this type (Straizys & Kuriliene
981 ). A main-sequence O6V star can provide a reasonable fit, but
NRAS 511, 5346–5362 (2022) 
t is a worse fit to the data than B-star models with χ2 = 24.9 for 9
egrees of freedom. 
We also attempted a reddened power-law model as a fit to the

ata. It strongly o v er -predicts the far -UV flux, b ut provides an

art/stac402_f4.eps
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Figure 5. Left: The observed change in the UV/optical/NIR magnitudes ( � mag) of the ULX counterpart, selected comparison sources, and stars belonging 
to the OB association, between 2015 December and 2016 March. The particular HST filter in each case is indicated by the legend. The mean � mag of all the 
reference sources (dashed blue) and the corresponding 3 σ scatter (dashed green) are shown only for the NIR filter where the value of � mag of the ULX differs 
considerably from the reference sources. To re-iterate, the level of variability of the ULX is clearly consistent with most invariant stars in the field of view for 
all except the NIR waveband. 

Figure 6. A distribution of the NIR differential magnitudes ( � mag) of the reference stars (red diamonds). This distribution was fitted with a Gaussian to the 
compute the 3-sigma deviation level (black solid line) from the mean. The � mag value for the ULX and its 1-sigma error region are indicated within the dashed 
blue lines, which clearly o v erlaps and exceeds the 3-sigma level. 
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Figure 7. A collection of O/B stellar templates and a reddened power-law model fit (dashed lines) to the UV/optical/NIR photometry (black diamonds) of the 
ULX. In all cases, the data points discrepant with respect to the best-fitting model are highlighted by the red diamond. A slight NIR excess is seen in all the 
stellar fits, whereas the reddened power-law model over-predicts the far-UV emission. 

Table 5. A collection of stellar templates and a reddened power-law model fit to the UV/optical/NIR spectrum of X-2. 

Model E( B − V ) a T eff 
b log g c R ∗ d log Z 

e 	 

f Power-law norm 

g 
χ2 /degrees of 

freedom 

[K] [R �] [1 × 10 −8 ] 

B0III h 0.14 ± 0.01 29000 † 3.5 † 12.4 ± 0.3 −0.5 - - 14.5/9.0 
O6V 

h 0.19 ± 0.01 38867 † 4.0 † 10.5 ± 0.2 0.5 - - 24.6/9.0 
B0Ia h 0.11 ± 0.01 26000 † 3.0 † 13.4 ± 0.3 −1.5 - - 13.9/9.0 
Power-law 

i 0.12 ± 0.04 - - - - 3.3 ± 0.2 5.0 ± 0.8 11.3/9.0 

Note. a Dust reddening. b Ef fecti ve temperature (from Martins, Scharer & Hiller 2005 ). c Surface gravity (from Martins 
et al. 2005 ). d Stellar radius. e Metallicity (these are values are for the best fitting model from a grid of five trial metallicities 
per stellar type). f Exponent of po wer-law fit. g Po wer-law normalization. h Obtained with the NIR data points excluded. i 

Obtained with the FUV data points excluded. † Parameter fixed. 
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cceptable fit at larger wavelengths. This is intriguing for interpreting
he optical emission, as reprocessed emission will have a power-law-
ike spectrum at optical wavelengths. Hence, it is clear from the
ptical data alone we cannot unambiguously identify the physical
rigin of the counterpart’s emission. 

.4 Irradiation of the outer accretion disc 

espite invariance of the optical emission in the current data set,
ris ́e et al. ( 2008 ) used archi v al VLT observ ations to report that the
ptical counterpart to the ULX shows significant variability in the
-band (by ∼0.2 mag) on time-scales ranging from several hours

o days, with respect to other non-variable stars in the field. These
NRAS 511, 5346–5362 (2022) 
ime-scales are much faster than that at which the mass accretion rate
aries at the outer disc, which occurs on the viscous time-scale: 

visc = α−1 

(
H 

R 

)−2 

t dyn , (1) 

here α is the viscosity coefficient, H is the disc scale-height at radius
 , and t dyn is the Keplerian dynamical time-scale. We can crudely
stimate that τ visc is of order a year assuming α ∼ H / R ∼ 0.1 for a
eometrically thin outer disc, whose size is determined by the orbital
eriod of the system containing a neutron star accretor (which we
ssume is ∼2 d; Sathyaprakash et al. 2019 ) and a B-type companion
with a mass ∼ 10 M �). The latter is not tightly constrained, but even
f it is taken to be two orders of magnitude smaller, τ visc remains much
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arger than the B-band flickering time-scale. Variation of the outer 
isc itself cannot therefore explain the previous reports of optical 
ariability. 

A possible alternative to explain this is via a disc reprocessing 
odel: variable X-rays from the inner accretion flow can illuminate 

he outermost regions of the disc (Gierli ́nski, Done & Page 2009 ),
here a fraction of the incident X-rays are absorbed and heat the
nderlying disc material. The highest energy photons penetrate 
eeper into the disc atmosphere and can thermalise with the sur-
ounding material, re-emerging with a blackbody continuum peaking 
n the UV/optical band (depending on the local temperature). In this
cenario, the longer wavelength emission should vary coherently 
ith the inner X-ray emission across a broad range of time-scales, 

lthough the variability will be suppressed on the shortest time-scales 
ue to a finite propagation time between the two regions. In particular,
t will be limited by the light traveltime in the simple picture of X-
ays directly illuminating a geometrically thin outer disc. If the disc is
idally truncated with an outer radius R out of ∼ 0.7 times the radius of
he neutron star’s Roche lobe, the light traveltime is � a min (for the
rbital period estimate used abo v e). Thus, one might e xpect changes
n the UV/optical and X-ray fluxes to be correlated o v er the much
onger 3 month (inter-observ ational) time-scale. Ho we ver, a compar- 
son of the fluxes in the two separate bands demonstrates no evidence
or such a correlation. The broadband 0.3–10.0 keV flux increases by 

30 per cent between the two observations, while the UV/optical 
uxes are mostly consistent between the two epochs and only change 
ignificantly (and in the opposite sense) for the longest wavelength 
lter (see Table 4 and Fig. 5 ). Therefore, we do not observe any
orrelated X-ray-to-optical long-term variability in the system, at 
east between the two epochs at which our new observations were 
aken. Ne vertheless, gi ven the pre vious e vidence, we cannot rule out
-ray reprocessing as a contributor to the optical emission, and so

eek to constrain its presence using further techniques. 

.4.1 X-r ay irr adiation model 

revious work by Sutton, Done & Roberts ( 2014 ) constrained the
raction of photons emitted in the central regions of the accretion 
isc and reprocessed in its outer regions, for a small number of ULXs
ith BD spectra, including NGC 1313 X-2. They used standard 

eprocessing models developed for sub-Eddington accretors, on the 
asis of which they disregarded the details of the X-ray part of the
oint X-ray to optical fits as unphysical. Ho we v er, the y could trust
he calculated reprocessed fractions as a reliable output of the model, 
iven the energy distribution of the irradiating X-rays was broadly 
orrect. We take a similar tack here. 

We adopted a state-of-the-art irradiated disc model ( OPTXRPLIR ; 
hidatsu, Done & Ueda 2016 ), which assumes that the gravitational 
ower released by the accretion flow is dissipated via the standard 
o viko v–Thorne emissi vity, gi ving rise to two distinct spectral

omponents. This includes thermal emission from an optically thick 
ccretion disc and a warm comptonization component emitted by a 
ool, optically thick corona comprising a thermal population of elec- 
rons with optical depth τ and temperature kT es . These components 
re thought to be emitted in two distinct regions of the accretion
ow, with the size of the corona denoted by R cor . We neglected

he contribution from the third component, corresponding to hot 
omptonised emission from an optically thin corona (characterised 
y photon index 	 pl and electron temperature kT eh ), since it is
xpected to be dominant far abo v e the energy band probed by
MM–Newton . All these X-ray spectral components illuminate the 
uter disc, producing reprocessed emission in the UV/optical band. 
he strength of the irradiation f out depends on the scale-height of

he outer disc and its albedo. The former is influenced by the
hape of the incident X-ray spectrum, which is self consistently 
ccounted for by the model. We note that the reprocessed fraction is
efined differently in previous irradiated disc models as compared to 
PTXRPLIR , which separates it into a geometry dependent factor f out 

nd the albedo α: i.e. f out, old = f out, new (1 − α). Furthermore, the shape
f the reprocessed emission depends on the outer disc radius R out ; a
arger R out allows the emission to thermalise o v er a larger area, thus
ecreasing the outer disc temperature and increasing the luminosity 
t longer wavelengths. 

Additional parameters of the model include the black hole mass 
 BH and spin a ∗, the Eddington ratio ṁ Edd and the distance to the

bject d Mpc . Since NGC 1313 X-2 is a neutron star and not a black
ole, we have an issue in using the above model to describe the
hysical reality of the system: The model cannot provide realistic 
olutions for the accretor mass and spin once the Eddington limit is
ocally exceeded in the accretion disc, as the Novikov–Thorne emis- 
ivity requires modification. Hence, the values of these parameters 
and the linked Eddington ratio) are largely physically irrele v ant for
hese fits of NGC 1313 X-2. We fixed the black hole mass and spin
alues to be constant between observations, but otherwise simply 
llowed the parameters to find values that allow us to trace the X-ray
pectrum as accurately as possible, as this affects f out , but do not
omment further on their best-fitting values. 

We fixed the electron temperature and optical depth of the warm
omptonization component to arbitrary values ( kT es = 0.2 keV and
= 10 respectively, consistent with previous observations of ULXs 

f. Gladstone et al. 2009 ), since these could not be constrained with
he current quality of data. Ho we ver, we note that varying these
arameters even over a range of three dex does not have a noticeable
ffect on the spectral fit. The albedo was set to 0.9 assuming a highly
onised outer disc (see Gierli ́nski, Done & Page 2009 ; Kimura &
one 2019 ). We treated dust extinction in the same manner as in

ection 3.3, but adopted PHABS to model the gas-phase absorption 
ntrinsic to the source. The model normalization is determined from 

 BH , ṁ Edd , and the inclination angle i , where the latter was set
o a moderately face-on view of 30 degrees (given the detection
f pulsations and the X-ray spectrum of X-2). Finally, we adopted a
istance of 4.0 ± 0.8 Mpc towards the galaxy NGC 1313 and allowed
he remaining parameters to vary between both observations. 

We fitted this model to the X-ray to optical SEDs of both epochs.
he fits were performed simultaneously with some parameters held 

o the same value at each epoch. We detail the best-fitting parameters
n Table 6 and show the data and best-fitting model in Fig. 8 . This
odel is formally an acceptable fit to the data, as it cannot be rejected

bo v e a significance of 2 σ . Ho we ver, the fit is obviously statistically
ominated by the X-ray data (which itself shows some residuals, 
onsistent with features described by Middleton et al. 2015b and 
hought to be linked with absorption in an outflowing wind), and
he shape of the optical spectrum is not well described as possible
xcesses are clear in both the IR and UV wings of the spectrum. 

The inferred reprocessed fractions are unphysically large (i.e. close 
o unity), clearly inconsistent with the fact that both the donor star
nd the outer disc only co v er a small fraction of the sk y. The y
re also comparatively much larger than found previously for this 
bject (and several other ULXs) by Sutton et al. ( 2014 ). This is
nitially surprising, since neither the ULX optical fluxes nor the X-
ay spectral shapes greatly differ between the two studies. Ho we ver,
he reprocessed fraction depends on the choice of the albedo α (i.e.
hermalisation fraction) of the outer disc, among other things (see 
MNRAS 511, 5346–5362 (2022) 
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Table 6. The best-fitting parameters of the irradiated disc model for both epochs. 

Epoch n H 
a E( B − V ) b log 10 

L 
L Edd 

c f out 
d R cor 

e 	 

f Mass g log R out 
h 

χ2 /degrees of 
freedom 

i 

[10 22 cm 

−2 ] (v e ga mag) [ R g ] [M �] [ R g ] 

1 0.18 ± 0.02 0.15 ± 0.02 -0.03 + 0 . 2 −0 . 1 > 0.87 72 + 11 
−7 1.7 ± 0.1 49 + 8 −12 5.3 ± 0.1 573.3/522 

2 0.14 ± 0.02 0.12 ± 0.02 -0.2 + 0 . 25 
−0 . 1 > 0.86 20 + 9 −3 2.5 + 0 . 3 −0 . 5 

Note. a Hydrogen column density. b Dust reddening. c Eddington ratio. d Reprocessed fraction. e Coronal radius. f Photon 
index. g Calculated compact object mass (which is known to be incorrect as this ULX contains a neutron star). h Outer disc 
radius (NB – the compact object mass and outer disc radius were held constant for both fits; other parameters were left free to 
fit individual spectra). i Reduced chi-squared for the simultaneous fit of both SEDs. 

Figure 8. The X-ray to optical SED of NGC 1313 X-2 taken during epoch 1 (black dots) and epoch 2 (blue dots). The broadband (0.3–10.0 keV) X-ray flux is 
seen to vary by ∼ 30 per cent between the two epochs, but there is no evidence for corresponding UV/optical variability. The best-fitting (absorbed) models are 
indicated by the legend. The bottom panel shows the residuals to the best-fitting models. 
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elow). In the version of the irradiated disc model used by Sutton
t al. ( 2014 ), both α and f out are combined into a single free parameter,
hile here the former is fixed to a desired value. In principle, re-fitting

he SED with a smaller albedo (0.3) yields a best-fit f out that is more
onsistent with Sutton et al. ( 2014 ).Ho we ver, it is unclear whether
uch a small albedo is physically plausible for this source, since
t depends on the poorly understood radiative transfer of photons
rom the inner disc through the outflowing material. We note that
ore recent work by Qiu & Feng ( 2021 ) argues that it is possible to

escribe the SED of NGC 1313 X-2 with a reprocessing model that
ields a reasonable value of f out = 0.01. However, their study uses a
uch narrower wavelength range compared to our work, and even

o, their model does not fully fit the far-UV portion of the SED. If we
efit the SED of the source using the same wavelength range as Qiu &
eng ( 2021 ), we obtain a reprocessed fraction that is consistent with

heirs after adopting the same albedo that they use (i.e. 0.7). 
In our case, it is difficult to pinpoint a single reason for the

esulting large reprocessed fractions, since this depends on several
NRAS 511, 5346–5362 (2022) 
actors. Ho we ver, we try to outline a few points (aside from the
hoice of the albedo) that could explain such an occurrence. One
ritical reason is linked to the negligence of advection and mass
oss by the irradiated disc model, which are important when the
ccretion rate is larger than Eddington (see next section). The model
ses an emissivity applicable to a sub-Eddington geometrically thin
isc, for which the luminosity at each radius scales linearly with
he mass accretion rate ( L = ηṀ c 2 ). F or an adv ection dominated
lim disc, this only applies to the outermost UV/optically emitting
egions where advection is not important. The luminosity of the
nner X-ray emitting region saturates when Ṁ exceeds a critical
alue, due to photon trapping and mass loss from a large-scale height
ow. Hence, the true mass accretion rate at the outer disc (and the
V/optical flux) can be severely underestimated if the standard linear

caling between Ṁ and L is used (as this model does). This could
asily o v er-predict the reprocessed fraction required to produce the
bserved UV/optical flux through X-ray irradiation alone. Further,
he reprocessing geometry is not as simple in ULXs as assuming
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hat X-rays from the inner flow directly irradiate the outer disc. 
he emergence of a radiatively driven wind (when the local disc 
ux is larger than Eddington) can influence the reprocessed fraction 

n at-least two distinct ways. Photons scattering off the optically 
hick regions of the wind (close to the spherisation radius) may lose
nough energy as to not thermalise with material in the outer disc
Kaaret & Corbel 2009 ). Ho we ver, some photons can also scatter
ff the optically thin phase of the wind at larger distances from
he compact object (Middleton et al. 2014 ), which can enhance the
cattering of the hard X-ray flux on to the outer regions. We cannot
ccount for these complexities with the current model. But, Sutton 
t al. ( 2014 ) speculated that since the reprocessed fractions of several
LXs were comparable to that inferred for sub-Eddington X-ray 
inaries, these opposing effects could cancel out. They do not appear 
o do so for this current model, so we conclude that it does not provide
ny physically meaningful constraints on this system and mo v e on
o seek out a model that can. 

.5 Composite model including a slim disc 

e have seen that the X-ray emission changes between epochs but 
hat the UV/optical/IR largely doesn’t; that the optical emission 
lone could be described by either stellar light or reprocessed X-ray 
mission; but that a state-of-the-art sub-Eddington irradiation model 
oes not provide a meaningful constrain on the possible reprocessing. 
e therefore attempt to construct a new model that takes into account

he super-Eddington nature of the central regions and that can also 
ccount for the optical light. 

Our prime means of achieving this is to replace the multi-colour 
isc blackbody component in the X-ray spectrum with the physically 
oti v ated slim disc model of Kubota & Done 2019 , which is referred

o as AGNSLIM . In previous studies of the two-component ULX X- 
ay spectra, this component has been interpreted as the photospheric 
egion at the base of the wind (Kaaret, Feng & Roberts 2017 and
eferences therein) although more recent models based on magnetic 
eutron stars have more classically attributed it to the outer accretion 
isc (Koliopanos et al. 2017 ); 11 in BD spectra this component has
requently been attributed to an advection-dominated slim disc (Soria 
t al. 2015 ). This model suppresses the luminosity released by the
nner accretion flo w, relati ve to that predicted by the accretion rate
˙
 in through the outer disc. Hence, beyond some critical value of Ṁ in 

he intrinsic X-ray luminosity of a slim disc saturates to ∼10 L Edd .
he model retains the same three-radial zone structure as OPTXRPLIR , 
ith two distinct (warm and hot) coronal regions. Ho we ver, a critical

ssumption is that the puffed-up disc at the radius r c self-shields the
ard X-ray emission from the inner accretion flow, such that any 
eprocessed emission from the outer disc is negligible (see fig. 12 of
ubota & Done 2019 , for a visualisation of this effect). 
We made slight adjustments to some of the model parameters 

efore it was appropriate for fitting the multi-wavelength spectrum 

f a neutron star ULX. These sources can have strong magnetic fields
hat impart an opposing pressure to the inward ram pressure of the
nfalling material, thus halting the accretion flow at a radius R M 

much
arger than the innermost stable orbit R isco . The value of R M 

depends
n the dipolar field strength and the mass accretion rate at that radius
see King, Lasota & Klu ́zniak 2017 ). So, we enforced the inner disc
1 This attribution is v ery problematic, giv en that the outer discs are assumed 
o be ‘normal’ optically thick geometrically thin sub-Eddington discs (which 

eans their emission cannot be substantially beamed), yet still apparently 
adiate well in excess of the Eddington limit for a neutron star. 

a  

1

c
o

adius of AGNSLIM to take on values much larger than R isco (while
till allowing it to vary). Moreo v er, we modelled the emission from
he accretion envelope surrounding the NS surface using the thermal 
omptonization model ( NTHCOMP ) following Middleton et al. ( 2019 ).
urther, we adopted a canonical NS mass of 1.5 M �, and retained

he same neutral gas absorption and dust reddening components as 
n the previous section. 

In Table 7 , we present the best-fit parameters for the two cases
here (i) we fit the multi-wavelength SED of X-2 with a composite
odel including AGNSLIM , NTHCOMP , and a single-temperature 

lackbody ( BBODYRAD ) to account for the donor star’s emission, and
ii) when the latter is ignored. Discarding any stellar contribution in
he UV/optical yields an upper limit to ṁ that we annotate as Ṁ 0 .
ut, we emphasise that due to uncertainties in the donor spectral

ype and any other contributions to the HST spectrum, the latter
ill invariably have some unknown systematic uncertainty. We set 

he temperature and normalization of BBODYRAD to match a B0III 
pectral type, since this gives the most reasonable (although not an
deal) fit to the UV/optical magnitudes in section 3.3. We illustrate
he fits to the SED of NGC 1313 X-2 with this new model both with
nd without a stellar contribution in Figs 9 and 10 , respectively. 

Although the models generally provide good fits across the SED, it
s noticeable that the IR data point presents an outlier to both models.
his is because neither the stellar blackbody produces sufficient flux 
t these longer wavelengths to match the data, nor does the accretion
isc become large enough (given the suspected orbital constraints) 
or its outer radii to radiate with a characteristic temperature in this
and. We must therefore seek a different explanation for the flux in
his band, and do so in the Discussion section. 

Table 7 shows that statistically acceptable fits are obtained for both
ases (i) and (ii), with the major difference being the requirement of
 substantially larger Ṁ 0 when the stellar emission is not considered 
i.e. � 6000 times the Eddington value). One reason to disfa v our this
olution is the following: For a neutron star accretor, any advected 
nergy must be released near their surface (unlike the case of a black
ole, where it falls beyond the event horizon). In the absence of
trong disc winds (as the Lasota et al. 2016 prediction implies), we
an estimate the luminosity radiated near the surface to be ∼5 × 10 41 

rg s −1 , using the accretion efficiency applicable to a neutron star
 η = 

GM NS 
R NS c 

2 ∼ 0 . 2) and the lower best-fit Ṁ 0 ∼ 6000 Ṁ Edd . This is
learly at odds with the much smaller observed luminosity of the
hermal comptonization component (3 × 10 39 erg s −1 ), implying 
hat the outflow rate must be more than than 95 per cent of the
ccretion rate through the outer disc, and that implausibly strong 
inds are required. 12 Admittedly, we could be underestimating the 

uminosity from the accretion column abo v e 10 keV, with analyses
f the pulsed emission of other NS ULXs indicating that it peaks
bo v e the bandpass of XMM–Newton . Ho we ver, this discrepancy
s likely to be well within a factor of 2 (see e.g. Walton et al.
018b ). Therefore, the best-fit mass inflow rate inferred by only
onsidering the slim disc contribution at UV/optical wavelengths 
eads to inconsistencies on the following front: The prediction of 
n unreasonably large luminosity from the NS surface and/or an 
mplausibly powerful wind. We note that the best-fit ṁ is also 
nfluenced by the inclination i , since the projected emission from the
ccretion flow scales as cos i (i.e. larger viewing angles will require
n increase in ṁ to fit a given spectrum). Setting the inclination to an
MNRAS 511, 5346–5362 (2022) 

2 Estimates from ULX bubbles, including for NGC 1313 X-2, are that winds 
arry � 10 40 erg s −1 of kinetic energy (e.g. Roberts et al. 2003 ), o v er an order 
f magnitude smaller than required here. 
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M

Table 7. The best-fit parameters of the multi-component model including a slim disc. Parameters (c–f) were free to 
vary, while the dust reddening was linked to the value derived from Gris ́e et al. ( 2008 ). 

With stellar contribution (using T ∗ = 29000 K and R = 12.4 R �) 

Epoch E( B − V ) a n H 
b log ( ̇m ) c R in 

d log R out 
e kT bb 

f 

χ2 /degrees of 
freedom 

[Vega mag] [10 22 cm 

−2 ] [ R g ] [ R g ] [keV] 

1 0.09 ± 0.01 0.16 ± 0.02 1.22 ± 0.1 129 ± 14 6.0 ∗ 1.68 ± 0.2 283.01/310 

2 0.12 ± 0.01 0.15 ± 0.02 1.17 ± 0.04 24 + 12 
−10 6.0 ∗ 0.9 ± 0.1 258.4/212 

Without stellar contribution 

Epoch E( B − V ) a n H 
b log ( ̇m ) c R in 

d log R out 
e kT bb 

f χ2 /degrees of 
freedom 

[Vega mag] [10 22 cm 

−2 ] [ R g ] [ R g ] [keV] 

1 0.16 + 0 . 01 
−0 . 05 0.25 ± 0.01 > 4.3 133 + 11 

−10 6.4 + 0 . 1 −0 . 02 1.6 + 0 . 1 −0 . 05 266.3/309 

2 0.1 ∗ 0.24 ± 0.01 3.86 + 0 . 02 
−0 . 04 25 + 12 

−11 6.6 ± 0.03 0.86 ± 0.1 253.5/211 

Note. a Dust reddening. b Hydrogen column density. c Dimensionless mass accretion rate (equi v alent to the Eddington 
ratio). d Inner -disc radius. e Outer -disc radius. f Temperature of seed (blackbody) photons to non-thermal electrons. ∗
Parameter frozen because it is insensitive to the fit. 

Figure 9. The SED of NGC 1313 X-2 fitted with a composite slim disc and thermal comptonization model, including the contribution from the donor star 
(solid cyan line). The best-fitting slim disc component is indicated by the dashed blue (epoch 1) and black (epoch 2) lines, and the corresponding thermal 
comptonization component is shown by the dashed green and red lines. The residuals to the best-fitting model are shown in the bottom panel, indicating that a 
good fit is obtained to most of the data points. 
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xtremal 0 degrees (fully face on view) does reduce the best-fit ṁ , but
ot to the extent that the abo v e problems are alleviated. Hence, we
trongly fa v our the fits including a stellar component on a physical
asis. 
The derived mass accretion rate ṁ hardly changes between the two

bservations. This is expected given a lack of observed variability
n the UV/optical bands, which correspond to emission from the
utermost regions of the disc that are much more sensitive to changes
n ṁ (since photon trapping effects are unimportant here). Despite
NRAS 511, 5346–5362 (2022) 
n unchanged mass accretion rate, the inner disc radius takes on
 much smaller value in the second epoch (decreasing by a factor
5), which allows AGNSLIM to account for an increase in the 1.0–

.0 keV flux. This is difficult to understand if R in is interpreted as
he magnetospheric radius, which scales primarily with the mass
ccretion rate and magnetic-field strength as Ṁ 

− 2 
7 B 

4 
7 (Ghosh &

amb 1979 ). Unless the field strength decreases considerably (by
 factor ∼10) on the three month time-scale, there is no reason to
 xpect an y variation in R M 

. 

art/stac402_f9.eps
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Figure 10. The same plot as in Fig. 9 , excluding the contribution from a donor star. The slim disc component alone provides a good fit to the UV/optical 
emission, although predictably this requires a substantial increase in the mass accretion rate compared to the case where the donor emission is considered. 
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 DISCUSSION  

e have presented the results of simultaneous X-ray and 
V/optical/NIR photometry of the pulsating ULX NGC 1313 X- 
. The results of our campaign show that when the X-ray emission
monitored by Swift and XMM–Newton ) appears to transit from a 
ow, stable flux to a higher, more variable flux in the 0.3–10 keV
egime, the X-ray spectral shape shows notable variability without 
eing accompanied by any changes in the UV/optical magnitudes, 
lthough a diminution in the NIR flux by ∼30 per cent is observed.
n this section, we will discuss what we can learn about the physical
rocesses that power the X-ray and optical emission of the ULX on
he basis of these observations. 

.1 The big picture 

GC 1313 X-2 is remarkable in that it is one of the half-dozen
ell-established PULXs, albeit the one with the faintest pulsations 

Sathyaprakash et al. 2019 ). The presence of a large b ubble neb ula
round this object strongly argues for the occurrence of outflows 
nd/or jets, an expectation of supercritical accretion models. In this 
ork, we explored whether the two distinct modes of X-ray spectral 
ehaviour it shows (as described in section 3.1) are also consistent 
ith such models, derived originally from Shakura & Sunyaev ( 1973 )

nd adapted for the presence of a magnetic neutron star by Mushtukov
t al. ( 2019 ). We note that to fully understand this, exploration of the
uminosity-temperature plane (e.g. Robba et al. 2021 ) via a continual 
onitoring in X-rays and at other wavelengths is necessary, rather 
han the two snapshots we have obtained; ho we ver, we will proceed
ith this caveat in mind. 
We notice that the change in X-ray spectral shape between the two

bservations occurs primarily through an increase in the 1.0–6.0 keV 

ux, while the lowest ( < 1 keV) and highest energy ( > 6 keV) com-
onents remain stable. Such an occurrence is qualitatively similar 
o at least two other ULXs (Holmberg IX X-1 and NGC 1313 X-1;
uangtip et al. 2016 ; Walton et al. 2020 ), and is difficult to reconcile
ith an intrinsic change in the mass accretion rate alone (see Table 7 ).
his is supported by the seemingly invariant UV/optical and soft X-

ay fluxes, which are (in part) emitted by the outermost regions of
he disc, implying that the mass accretion rate through the outer disc
emains steady o v er the 3 month time-scale. As noted by Luangtip
t al. ( 2016 ), the observed X-ray spectral transitions may instead be
aused by a bulk precession of the thick inner disc and wind, plausibly 
ue to the Lense–Thirring (or frame dragging) effect (Middleton 
t al. 2018 ). This naturally changes the observer’s viewing angle to
ifferent parts of the accretion flow; a line-of-sight corresponding 
o the inner-most regions presents a view of the highest energy
hotons, which are geometrically collimated by the ultra-fast wind. 
onversely, a view of outer wind photosphere reduces the hard X-ray
ux, as the highest energy photons are Compton down-scattered by 

he outflowing material and/or scattered out of the line-of-sight. This 
icture is supported both by observational studies of how the soft
-ray spectral residuals correlate with luminosity (Middleton et al. 
MNRAS 511, 5346–5362 (2022) 
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015b ), in addition to numerical simulations of super-critical discs
Ohsuga & Mineshige 2011 ; S ądowski & Narayan 2016 ; Narayan,
 ądowski & Soria 2017 ). 
Clearly, the precession scenario also predicts a stronger modu-

ation in the hard X-ray band o v er long time-scales, since the soft
-rays are less geometrically beamed and distributed o v er a larger

olid angle, and should thus be less variable as the wind mo v es in/out
f the observer’s sight line. Indeed, recent studies have reported
uasi-periodic hard X-ray variability in several (P)ULXs on weekly-
onthly time-scales (e.g. Weng & Feng 2018 ; Brightman et al. 2019 ;
asilopoulos et al. 2020 ), invoking the abo v e precession model as
 possible explanation. In the particular case of X-2, Weng & Feng
 2018 ) conclude that the variability is strongly periodic, although
hey do not consider red noise into their significance estimation,
nd the periodicity is not fully obvious in their folded light curve.
n any case, Ogilvie & Dubus ( 2001 ) discuss that a radiatively
arped disc may undergo unstable precession, which need not

nduce strictly periodic modulations on the X-ray flux (although
t is currently unclear whether this mechanism is preferred o v er the
eneral relativistic Lense–Thirring effect for ULXs). 
The key question is why, if the X-ray emission changes, the optical

oes not? Our analysis suggests that this may be due to the optical
mission being dominated by the companion star, with a weaker
ontribution from an irradiated outer disc (although other factors
ay also play a role, as we discuss below). Indeed, this is perhaps

ot unexpected if the hard X-rays are collimated away from the
ccretion disc and (presumably) the companion star, and so cannot be
eprocessed. Hence, precession cannot affect the optical appearance
f the PULX in the same way that it can affect the X-ray emission. 

.2 The nature of the optical emission 

ur analysis of the optical light from the ULX counterpart shows
t to be largely invariant between the two observational epochs,
espite a change in the 0.3–10 keV X-ray flux. Using the magnitudes
btained in each of the different HST filters we can obtain a
oarse spectrum of the counterpart, finding that its shape is broadly
onsistent with a B0III giant (if the NIR data point is ignored), but
s also well explained by a power-law model (if the far-UV data
oint is ignored), which is reminiscent of reprocessed X-rays. We
herefore attempted to fit the broadband X-ray– UV/optical SED with
 disc reprocessing model, but this provided an unreasonably large
eprocessed fraction ( > 80 per cent of the X-ray flux), although this
s at least partly attributable to the unsuitability of the model to fitting
uper-Eddington accretion flows. While a ‘slim’ disc model is more
ustified in this respect, it does not consider X-ray reprocessing, and
mplicitly assumes that the outer disc is largely shielded from hard X-
ays by the inflated inner disc. Ho we ver, usage of this model implied
hat either unreasonably high-accretion rates are required to account
or the observed levels of UV/optical emission, or that an additional
tellar component (dominating the UV/optical flux) is necessary.
e emphasise that, while the light from the star dominating the

ounterpart appears probable from our results, we cannot fully rule
ut reprocessing since it is not accounted for by the slim disc model.
Even if the optical light were to arise in reprocessed X-ray

mission, changes in the reprocessed fraction may be difficult to
bserve in our case, given that the broadband X-ray flux increases
nly by ∼ 25 per cent between the observations probed by XMM–
ewton . In the simple disc geometry applicable to sub-Eddington

ow mass X-ray binaries with a geometrically thin disc, f out can be
redicted analytically. It is a function of the X-ray flux irradiating
he outer disc f out ∝ ( L X ) 1/7 (Cunningham 1976 ), for a given compact
NRAS 511, 5346–5362 (2022) 
bject mass and disc size. This relation implies that a 25 per cent
ncrease in L X should lead only to a 3 per cent increase in f out , which
annot be demonstrated given the current quality of our data (see
able 6 ). While this is consistent with the lack of variability we see,
ur accretion disc should not be in a geometrically thin configuration
as emphasised before). Indeed, it is noted abo v e that in supercritical
iscs one might expect the hard X-rays to be funnelled away from
he disc, making large reprocessing fractions unlikely. 

A final point to consider on reprocessing is that the longer
avelength emission may respond to changes in the X-ray flux with
 time delay that is much larger than the duration of the snapshot HST
bservations (15 − 20 min). This would clearly mask any correlated
ariability between these bands, although a crude estimate of the
ight-traveltime between the X-ray and optically emitting regions of
he disc may suggest that it is unlikely (see section 3.4). Indeed, our
stimate does not account for the emergence of an ultrafast wind
t accretion rates abo v e Eddington (Pinto et al. 2016 , Kosec et al.
018b ). The lag between the X-ray and UV/optical flux could then
e influenced by the photon diffusion time-scales across the outflow,
hich will partly depend on the density of material within it. Some

vidence for such lags in ULXs is already emerging within the X-ray
egime (Kara et al. 2020 ). 

Our modelling does ho we ver fa v our the optical emission arising
n the companion star. It is worth noting that the best-fitting stellar
odel reported here may not reflect the true donor spectral type,

artly due to reasons outlined in Patruno & Zampieri ( 2008 ). They
emonstrate that the luminosity-temperature evolution of an isolated
tar can substantially differ from one in a binary. For example,
n isolated star on the main sequence will tend to become more
uminous as its radius expands. By contrast, a binary main sequence
tar (of the same initial mass) cannot expand above its Roche Lobe
adius, and tends to decrease both in luminosity and temperature at
he onset of Roche Lobe o v erflow. It will thus appear cooler and
ainter than an isolated star at the same stage of its evolution, posing
roblems for a direct comparison of the observed magnitudes and
olours with standard stellar templates. In addition, the donor star can
lso be irradiated by X-ray photons from the accretion flow, further
ffecting its brightness and colour (e.g. Motch et al. 2014 , although
ee comments abo v e). Hence, our attempts at identifying the stellar
ype may not be very accurate. 

Finally, we note that our work presents an intriguing link to other
ULXs. The first ULX for which the counterpart was unambiguously
emonstrated to be stellar was NGC 7793 P13, also a PULX (Motch
t al. 2014 ). A red supergiant companion has no w been re vealed
or a second PULX, NGC 300 X-1 (Heida et al. 2019b ), although
ttempts to unco v er the counterparts for two more PULXs have
ro v en inconclusiv e due to their distance, being heavily affected
y obscuration and/or residing in crowded locations (Heida et al.
019a ). Thus, at least half of the PULXs have plausible stellar-
ominated counterparts. This contrasts strongly with the remainder
f the ULX population where reprocessed X-ray emission remains
 strong explanation for the optical counterpart (Tao et al. 2011 ).
his could perhaps support the hard X-ray beaming in NS ULXs
redicted by King ( 2008 ), and seems consistent with the notion that
S ULXs would have smaller accretion discs than in their black hole

qui v alents (Heida et al. 2019a ). 

.3 What is the origin of the NIR variability? 

n almost all of our modelling, the NIR data point from the HST
125W filter appears to sit abo v e the expected model emission,
emonstrating a likely NIR excess in this ULX. It is also notable that
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his filter shows the strongest evidence for variability in any of the
ST data between the two observational epochs, with a ∼ 35 per cent
ecrease in NIR flux observed. This is in stark contrast to an increase
n X-ray flux between the same two epochs. 

The fact that this variability occurs only in the NIR (whilst being
bsent in the UV/optical) immediately rules out an origin due to X-
ay reprocessing, or arbitrary changes in the line-of-sight interstellar 
xtinction. It is also unlikely to come from the counterpart being a
ed supergiant star, which appears to be excluded by the observed 
ED. 13 We speculate that it may instead be attributed to transient 

et emission, although we require additional evidence to confirm 

his. Classical Galactic black hole binaries sometimes show NIR 

aring episodes during accretion state transitions, from the low- 
ard state (featuring a persistent radio jet) to the high-soft/thermal 
ominant state (when jet emission is suppressed). These episodes are 
ypothesised to be caused by ejections of material from the hot inner
ow. Similar potentially e xplosiv e jet formation has also been seen

n more than one ULX, for example in Ho II X-1 (Cseh et al. 2015 )
nd in a transient ULX in M31 (Middleton et al. 2013 ). 

 C O N C L U S I O N S  

e detect clear X-ray spectral variations in NGC 1313 X-2 between 
MM–Newton observations taken in 2015 December, when 0.3–
0 keV Swift monitoring suggested the PULX was in a low flux, low
ariability mode, and subsequent observations in 2016 March when 
he PULX was in a higher flux and variability re gime. Howev er,
imultaneous optical/UV observations taken with HST demonstrate 
o correlated multi-wavelength variability, with the exception of an 
nti-correlation to the NIR emission of the counterpart: this fades as
he X-ray emission rises between the two observation epochs. 

We have discussed the X-ray and optical characteristics of this 
ULX in the context of a supercritical disc model, where a massive
adiati vely-dri ven wind is launched from the inner regions of the
ccretion disc as the disc becomes locally super-Eddington. We find 
hat the behaviour is consistent with this notion, with the changing X-
ay properties plausibly the result of precession of the inner regions of
he accretion flow. The lack of optical variability is consistent with 
oth a lack of reprocessing in the outer accretion disc/companion 
tar due to the hard X-rays being collimated away from these media,
nd the optical counterpart being likely dominated by the stellar 
ight; ho we ver this cannot explain previous reports of short-term
 ∼ h) optical variability in this object. We also caution that our
onclusions are drawn from a pair of snapshots; a much clearer 
icture of behaviour would emerge from longer-term simultaneous 
ulti-wavelength monitoring of objects like X-2. 
We also find evidence for other interesting phenomenology in this 

ULX, most notable of which is the variable NIR excess. Possible
xplanations for this include a jet or a circumbinary disc, with the
ormer perhaps the more plausible for this object. 

This work shows both the power and the pitfalls of simultaneous, 
ulti-wavelength observations of interesting objects such as ULXs. 
he simultaneity of the data puts clear constraints on the physics
f the observed system; ho we ver to access such data requires the
nvestment of observing time from the world’s leading observatories, 
3 We note that L ́opez et al. ( 2020 ) catalogue a possible red supergiant 
ompanion to X-2. Ho we ver, this object (their object B) is only just within 
heir formal error re gion. The y also detect the object we regard as the 
ounterpart (their object A) much closer to the centre of their error region, 
nd derive magnitudes from the HST data consistent with ours. 

C
C
C
D
E
E
F  
hich is a scarce commodity, leading to limited data sets. Obtaining
he further monitoring data required to constrain the key behavioural 
haracteristics of interesting objects such as the PULX NGC 1313 
-2, is therefore, an e xpensiv e pursuit. Ho we ver, the continual
e velopment of ne w and future observ atories with the capability
or monitoring at a variety of wavelengths promises that this science
ill become more accessible with time, and so our understanding of
bjects such as PULXs should grow. 
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