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A B S T R A C T 

Cataclysmic variables (CVs) are binary systems consisting of a white dwarf (WD) accreting matter from a companion star. 
Observations of CVs provide an opportunity to learn about accretion discs, the physics of compact objects, classical novae, and 

the evolution of the binary and the WD that may ultimately end in a Type Ia supernova (SN). As Type Ia SNe involve a WD 

reaching the Chandrasekhar limit or merging WDs, WD mass measurements are particularly important for elucidating the path 

from CV to Type Ia SN. For intermediate polar (IP) type CVs, the WD mass is related to the bremsstrahlung temperature of 
material in the accretion column, which typically peaks at X-ray energies. Thus, the IPs with the strongest hard X-ray emission, 
such as those disco v ered by the INTEGRAL satellite, are expected to have the highest masses. Here, we report on XMM–Newton , 
Nuclear Spectroscopic Telescope Array (NuSTAR) , and optical observations of IGR J15038 −6021. We find an X-ray periodicity 

of 1678 ± 2 s, which we interpret as the WD spin period. From fitting the 0.3–79 keV spectrum with a model that uses the 
relationship between the WD mass and the post-shock temperature, we measure a WD mass of 1 . 36 

+ 0 . 04 
−0 . 11 M �. This follows an 

earlier study of IGR J14091 −6108, which also has a WD with a mass approaching the Chandrasekhar limit. We demonstrate 
that these are both outliers among IPs in having massive WDs and discuss the results in the context of WD mass studies as well 
as the implications for WD mass evolution. 

Key words: accretion, accretion discs – white dwarfs – X-rays: individual: (IGRJ15038-6021) – X-rays: stars – transients: 
novae. 
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 I N T RO D U C T I O N  

he International Gamma-ray Astrophysics Laboratory (INTE-
RAL) satellite has been used to study the > 20 keV sky since

t began operations in 2002. Its survey of the sky has led to the
etection of o v er a thousand hard X-ray sources (Bird et al. 2016 ;
rivonos et al. 2017 , 2022 ). The sources include active galactic nuclei

AGNs), X-ray binaries, pulsar wind nebulae, cataclysmic variables
CVs), and other source types. While many of these sources were
re viously kno wn, a large fraction of them were unknown or poorly
tudied prior to INTEGRAL , and these are the INTEGRAL gamma-
ay (IGR) sources. For most of the IGR sources, dedicated follow-up
bservations [e.g. X-ray, optical, near-infrared(IR)] are necessary to
 E-mail: jtomsick@ssl.berkeley.edu 1

Pub
lassify them. Krivonos et al. ( 2021 ) provide a recent re vie w of the
NTEGRAL surv e y and describes follow-up efforts, including X-ray
bservations to localize the sources and identify optical or near-IR
ounterparts. Most of the CVs that have been detected by INTEGRAL
re magnetic CVs of intermediate polar (IP) type. Luto vino v et al.
 2020 ) list 78 CVs (IGR and non-IGR) detected by INTEGRAL , and
1 are IPs or IP candidates. Also, as of 2021 December, the IPs
ebsite 1 has listed 150 known IPs or IP candidates, of which 33

re IGR sources. Thus, INTEGRAL has significantly increased the
opulation of known IPs. 
This work focuses on follow-up observations of one particular

ource, IGR J15038 −6021 (hereafter J15038), which was first
 See https:// asd.gsfc.nasa.gov/ Koji.Mukai/iphome/ iphome.html 
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A magnetic CV with a massive white dwarf 4521 

Table 1. Observations of IGR J15038 −6021. 

Observatory ObsiD Instrument Start time ( UT ) End time ( UT ) Exposure time (ks) 

XMM 0870790101 pn 2020 July 30, 11.63 h 2020 July 30, 18.51 h 20.3 
’’ ’’ MOS1 2020 July 30, 11.21 h 2020 July 30, 18.60 h 25.0 
’’ ’’ MOS2 ’’ ’’ 25.0 
NuSTAR 30601016002 FPMA 2020 July 30, 10.44 h 2020 July 31, 10.35 h 43.2 
’’ ’’ FPMB ’’ ’’ 42.9 

(a) XMM/pn

60.50 60.55 60.60 60.65 60.70 60.75
MJD-59000 (days)

0.0

0.1

0.2

0.3

0.4

0.
3-

12
 k

eV
 R

at
e

(b) NuSTAR FPMA and FPMB

60.6 60.8 61.0 61.2 61.4
MJD-59000 (days)

0.00

0.05

0.10

0.15

0.20

0.25

3-
79

 k
eV

 R
at

e

Figure 1. (a) XMM /pn 0.3–12 keV light curve with 100 s time bins. (b) NuSTAR 3–79 keV light curve for FPMA with green filled circles and for FPMB with 
purple diamonds. The time period of the XMM co v erage is marked. 
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eported by Bird et al. ( 2016 ), and initial follow-up X-ray mea-
urements with the Neil Gehrels Swift satellite were presented in 
andi et al. ( 2017 ). Prior to this work, we carried out observations
f IGR sources with the Chandra X-ray Observatory to localize the 
ources, allowing us to identify counterparts at other wavelengths. 
handr a also pro vides information about the soft X-ray spectrum, 
nd we studied J15038 as part of a Chandra study of 15 IGR sources
Tomsick et al. 2020 ). J15038 and IGR J18007 −4146 (hereafter 
18007) were the two sources with Gaia optical counterparts and 
arallax distance measurements, and we classified both of these as 
ikely IPs based on their X-ray luminosities, X-ray spectra, and near- 
R magnitudes. Follo w-up X-ray observ ations of J18007 led to the
isco v ery of an X-ray periodicity at 422.8 ± 0.7 s and strong Fe
mission lines, confirming its IP nature (Coughenour et al. 2022 ). 

J15038 was identified with the Chandra source 
XOU J150415.7 −602123 and the VISTA source VVV 
150415.72 −602122.87 (Tomsick et al. 2020 ). Based on the Gaia
R2 2 distance of 1 . 1 + 1 . 5 

−0 . 4 kpc and the Chandra + INTEGRAL
pectrum, we derived a 0.3–100 keV luminosity of 
1 . 6 + 4 . 4 

−1 . 2 ) × 10 33 erg s −1 . A fit to the Chandra + INTEGRAL
pectrum with a cut-off power-law model yielded a very hard 
hoton index of � = −0 . 3 + 0 . 6 

−0 . 3 . This information, combined with the
ear -IR magnitudes fa v ouring a stellar type in the K5V–F5V range,
oti v ated the likely IP classification (Tomsick et al. 2020 ). 
In IPs, the accretion disc is disrupted by the white dwarf’s (WD’s)
agnetic field, and the accreting material is funnelled on to the
agnetic poles of the WD. The hard X-rays are produced by shock-

eating in the accretion column, and the measured temperature 
epends on the mass of the WD (Suleimanov, Re vni vtse v & Ritter
MNRAS 523, 4520–4533 (2023) 

See Section 3.4 for an analysis using the updated EDR3/DR3 distance. 
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Figure 2. The 3–79 keV NuSTAR FPMA image. The J15038 source region is shown as a solid circle with a radius of 50 arcsec. The background region used is 
shown as a dashed circle with a radius of 75 arcsec. J15038 is clearly separated from the nearby source to the south-west (XMMU J150407.8 −602227). There 
is another serendipitous source detected at west edge of the image. 
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005 ; Suleimanov et al. 2016 ). By obtaining high-quality hard X-
ay spectra, it is possible to measure the maximum temperature of
he material in the accretion column and to constrain the WD mass.
he best place to look for high-mass WDs is among CVs with the
ighest temperatures and the hardest spectra, making CVs found in
he 17–100 keV INTEGRAL Galactic plane surv e y (Bird et al. 2016 ;
rivonos et al. 2017 , 2022 ) excellent candidates for hosting more
assive WDs. Much of our effort has focused on IGR sources, but

he Neil Gehrels Swift Burst Alert Transient observations have also
een used for studies of hard X-rays from CVs (e.g. Suleimanov,
oroshenko & Werner 2022 ). 
One reason for interest in massive WDs is the question of whether

he progenitors of Type Ia SNe are merging WDs (the double
egenerate, DD, channel) or accreting WDs that detonate when they
each the Chandrasekhar limit (the single degenerate, SD, channel).
ased on the relati vely lo w soft X-ray luminosities from nearby
lliptical galaxies and galaxy bulges, Gilfanov & Bogd ́an ( 2010 )
nd Di Stefano ( 2010a ) argue that < 5 per cent of Type Ia SNe are
rom accreting WDs. Also, pre-e xplosion Chandr a and Hubble Space
elescope imaging of individual nearby Type Ia SNe place constraints
n accreting and nuclear -b urning WDs as the SN progenitors (Liu
t al. 2012 ; Nielsen, Voss & Nelemans 2012 , 2013a ; Graur, Maoz &
hara 2014 ; Nielsen et al. 2014 ). The observations provide limits on

he luminosity and temperature of the pre-SN WD. Ho we ver, the fact
hat the X-rays can be attenuated by stellar winds, accretion winds,
r WD atmospheres (Di Stefano 2010b ; Nielsen et al. 2013b ) means
hat the accreting WD scenario remains a possibility, and the question
f the dominance of the SD or DD channels and the detailed physics
f Type Ia SN detonations is an active area of observational and
heoretical work (e.g. Caiazzo et al. 2021 ; Kilic et al. 2021 ; Bra v o
t al. 2022 ; Leising 2022 ; Neopane et al. 2022 ). 
NRAS 523, 4520–4533 (2023) 
Ev en be yond the question of whether CVs are the progenitors
f Type Ia SNe, there are other open questions for which the
D mass distribution is rele v ant. While WDs gain mass during

ccretion phases, they also have significant mass-loss during ther-
onuclear runaways that result in classical novae. Determining the
ass-loss during nova events is related to understanding element

ormation. Recent simulation results suggest that while novae make
 very significant contribution to the formation of lithium in the
alaxy, WD masses should increase during the accretion-outburst-

ccretion cycle (Starrfield et al. 2020 ). The WD mass measurements
ade to date provide evidence that the WDs in CVs are, on

v erage, more massiv e than WDs that hav e not undergone mass
ccretion from a companion (Zorotovic, Schreiber & G ̈ansicke
011 ; Shaw et al. 2020 ), which is consistent with the simulation
esults. 

The Nuclear Spectroscopic Telescope Array ( NuSTAR ; Harrison
t al. 2013 ) has already provided some interesting hints that average
D masses depend on the age of the population, which would imply

 longer accretion duration. Before NuSTAR , there were studies of
nresolved hard X-ray sources in the Galactic ridge to determine
n o v erall Galactic av erage WD mass between 0.50 and 0.66 M �
Suleimanov et al. 2005 ; Krivonos et al. 2007 ; Yuasa, Makishima &
akazawa 2012 ). NuSTAR measurements of individual CVs in the

elatively young population in the Norma spiral arm suggest that the
emperatures (and therefore masses) may be lower than the masses
n the Galactic Centre region (Hong et al. 2016 ; Fornasini et al.
017 ). Also, there is unresolved hard X-ray emission very close to
gr A ∗ that may be from IPs with even more massive WDs (Perez
t al. 2015 ; Hailey et al. 2016 ). Studies of individual IPs have also
een carried out using the less sensitive Swift /BAT data (Suleimanov,
oroshenko & Werner 2019 ). 
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Figure 3. LCO Sinistro r 
′ 
-band average combined image of the J15038 field. The Chandra position of J15038 (with 0.45 arcsec uncertainty; Tomsick et al. 

2020 ) is shown as a white circle. The positions of some of the comparison stars we used for photometric calibration are shown as red circles. 
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A sample of IPs has been observed by NuSTAR , and the resulting
D mass distribution is shown in Shaw et al. ( 2020 ). While Shaw

t al. ( 2020 ) did not obtain measurements of WD masses greater
han 1.1 M �, there are other cases where higher masses have been
eported. One example is IGR J14091 −6108 (hereafter J14091), 
hich was selected based on its hard X-ray spectrum for a detailed

tudy with NuSTAR and the X-ray Multi-Mirror Mission ( XMM–
ewton or XMM ), and a constraint of > 1.3 M � was obtained

Tomsick et al. 2016 ). In addition, a re vie w of hard X-ray IPs includes
ve more IPs with best estimates of WD mass in excess of 1.1 M �
de Martino et al. 2020 ). 

For this work, we carried out a joint XMM and NuSTAR observa-
ions of J15038 as well as optical photometry taken at Las Cumbres
bservatory (LCO), and the results are reported below. Section 2 
rovides information about the observations that were obtained and 
he data analysis methods. The results are presented in Section 3 ,
ncluding timing and spectral analysis with XMM ’s large ef fecti ve
rea, sensitivity, and soft X-ray (0.3–12 keV) co v erage and NuSTAR ’s
 2  
ensitive hard X-ray (3–79 keV) coverage, which is critical for the
D mass measurements. In addition, we use the LCO observations 

o search for potential periodic optical signals. A discussion of the
esults is presented in Section 4 . 

 OBSERVATI ONS  A N D  DATA  ANALYSI S  

e analysed X-ray observations of J15038 made with XMM on 2020
uly 30 and with NuSTAR on 2020 July 30–31 (Table 1 ). The details
f the X-ray data reduction are described in Sections 2.1 and 2.2 .
he LCO observations occurred on 2022 May 2 and are described in
ection 2.3 . 

.1 XMM 

or the European Photon Imaging Camera (EPIC)/pn (Str ̈uder et al.
001 ) and EPIC/Metal Oxide Semi-conductor (MOS) (Turner et al. 
001 ) instruments, we reduced the data using the XMM Science
MNRAS 523, 4520–4533 (2023) 
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Figure 4. Lower panel: LCO Sinistro r 
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-band light curve of the optical counterpart to J15038. The upper and middle panels show the r 
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-band light curves of 

two of the comparison stars used to calibrate the photometry of the target. 
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nalysis Software v18.0.0 to make images, light curves, and spectra.
ll three instruments (pn, MOS1, and MOS2) were in Full Frame
ode with the medium thickness optical blocking filter. We used the

tandard analysis procedures provided online. 3 To check the pn for
igh levels of particle background, we made a 10–12 keV light curve
ith 100 s time bins using photons from the entire field of view. At
o point does the light curve exceed the high-background threshold
f 0.4 cs −1 . Ho we ver, there is a 600 s time period near the middle
f the observations where the full-field pn count rate drops to zero.
he data report indicates that telemetry glitches occurred for this
bservation (Obsid 0870790101), which is the cause of the gap. We
pplied a filter to the data to remo v e this time segment, and the only
mpact is a reduction of the exposure time. 

The pn and MOS images show a point-like source at the location
f J15038 known from the previous Chandra and Swift observations.
e extracted source counts from a circular region with a radius of

5 arcsec centred on J15038 and estimated the background using
 larger (50 arcsec radius for pn and 100 arcsec for MOS) circular
egion on parts of the detectors with no sources. 4 The background
ubtracted 0.3–12 keV XMM /pn count rate is 0.210 ± 0.003 cs −1 ,
nd the light curve is shown in Fig. 1 (a). 

A second moderately bright source is detected. It is relatively close
o J15038, with an angular separation between the two sources of
.45 arcmin. It also appears to be point-like, and there is no reason
o suspect that it is related to J15038. Using the MOS1 data, we
etermined the source position to be R.A. = 15 h 04 m 07 s .86, Dec. = –
0 ◦22 

′ 
27 . ′′ 2 (J2000), and here, we report the disco v ery of XMMU
NRAS 523, 4520–4533 (2023) 

 See ht tps://www.cosmos.esa.int /web/xmm- newton/sas- threads 
 For pn, the background region was centred at R.A. = 15 h 04 m 19 s .4, Dec. 
 −60 ◦22 

′ 
48 

′′ 
. For the MOS units, the background region was centred at 

.A. = 15 h 04 m 41 s .0, Dec. = −60 ◦18 
′ 
37 

′′ 
. 

m  

t  

b  

s  

r  

A  
150407.8 −602227 (see the Appendix for additional information
bout this nearby source). 

.2 NuSTAR 

or NuSTAR (Harrison et al. 2013 ), we reduced the data using
EASOFT v6.29b, which includes NUSTARDAS v2.1.1. The calibration
les are from the 2021 October 20 version of the calibration database
 CALDB ). We ran nupipeline to produce event lists for the two
uSTAR instruments, focal plane modules A and B (FPMA and
PMB), and extracted light curves and spectra with nuproducts
sing a circular source region with a radius of 50 arcsec and a circular
ackground region with a radius of 75 arcsec. Fig. 2 shows the regions
sed on the FPMA image. NuSTAR ’s angular resolution is sufficient
o cleanly separate J15038 from XMMU J150407.8 −602227. For
15038, the average 3–79 keV source count rates are 0.0658 ± 0.0013
nd 0.0617 ± 0.0013 cs −1 for FPMA and FPMB, respectively, and
he light curves are shown in Fig. 1 (b). 

.3 LCO 

he J15038 field was observed with one of the three LCO 1m
elescopes located at the South African Astronomical Observatory
n Sutherland, South Africa on 2022 May 2 under proposal ID
SF2022A-013. We obtained a total of 228 r 

′ 
-band images with

he Sinistro camera operating in the central 2k x 2k window readout
ode, enabling readout times of ≈10 s. Each image had an exposure

ime of 51 s. Bias, dark, and sky flat calibration frames were obtained
y LCO between 2022 April 30 and 2022 May 1 as part of the
tandard calibration plan and data reduction was performed in (near)
eal time by the LCO Beautiful Algorithms to Normalize Zillions of
stronomical Images (BANZAI) pipeline (McCully et al. 2018 ). In
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ddition to standard processing, BANZAI also astrometrically solved 
ndividual images using Astrometry.net (Lang et al. 2010 ). 

The average combined LCO image is presented in Fig. 3 and 
hows the Chandra position and associated uncertainty from Tomsick 
t al. ( 2020 ). The Chandra error circle lies on top of a single source
onsistent with the optical counterpart identified in Gaia DR2 by 
omsick et al. ( 2020 ). 5 The field surrounding the optical counterpart

o J15038 is moderately crowded, such that it was necessary to 
erform point spread function (PSF) photometry to extract the r 

′ 
-

and light curve of the source. We used PHOTUTILS (Bradley et al.
022 ), an ASTROPY -affiliated (Astropy Collaboration 2013 , 2018 ) 
YTHON package that provides tools for performing photometry. 

For each image, we built an ef fecti ve PSF (ePSF; Anderson & King
000 ) by selecting ∼130 bright, isolated stars. We iterated between 
he ePSF and the stars used to build it 10 times, o v ersampling with
espect to the detector pixels by a factor of 4. For each image, the ePSF
as then used to fit and subtract the detected sources, resulting in a
est-fitting flux for each detected source. To calibrate the photometry 
f the target, we selected eight field stars as comparison sources and
sed their known r 

′ 
-band magnitudes from the American Association 

f Variable Star Observers (AAVSO) Photometric All-Sky Survey 
APASS; Henden et al. 2016 ) to derive the magnitude of the target.
he light curve of the optical counterpart to J15038 is shown in
ig. 4 , along with the light curves of two of the comparison stars. 
 Gaia source ID 5876459780108921216 

t
s  

a  
 RESULTS  

.1 X-ray timing 

s many magnetic CVs show periodicities in their light curves at
he spin period of the WD, we carried out a periodicity search.

e made an event list for the XMM instruments (pn, MOS1, and
OS2) composed of photons in the source regions in the 0.3–12 keV

andpass, and we used barycen to shift the individual event times to 
he Solar system barycenter. Using the Z 

2 
1 (Rayleigh) test (Buccheri 

t al. 1983 ), we calculated the power for 40 000 frequencies ranging
rom 4 × 10 −4 to 0.04 Hz. The 25–2500 s periodogram is shown in
ig. 5 , and a strong signal at 1664 ± 8 s (1 σ uncertainty) is detected.
he peak of the signal is at a power of S = 100.5, and the false alarm
robability (FAP) is given by e −S /2 multiplied by the number of trials.
n this case, we calculate an FAP of 6 × 10 −18 , indicating a highly
ignificant signal. The errors on the period are calculated by finding
he locations where the periodogram has values of S –1 (abo v e and
elow 1664 s). 
We repeated the analysis with data from the two NuSTAR instru-
ents (FPMA and FPMB) by making an event list composed of

he arri v al times (shifted to the Solar system barycenter) of photons
etected in the source regions in the 3–79 keV bandpass. In addition
o strong peaks at harmonics of the NuSTAR orbital period due
o Earth occultations of J15038, the 25–2500 s periodogram also 
hows a peak near the period found in the XMM data. The peak is
t 1678 ± 2 s (1 σ uncertainty) with a power of S = 76.5. If we
MNRAS 523, 4520–4533 (2023) 
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Figure 6. Light curves folded on a period of 1678 s. The 0.3–12 keV XMM (pn, MOS1, and MOS2 added) data are shown in black with filled circles. The 
3–12 keV NuSTAR data are shown in green with diamonds. The thick solid horizontal lines show the averages of the five points closest to phase zero ( = 1) and 
phase 0.5. The thin solid horizontal lines show the 1 σ uncertainties on the averages. The plotted rates are after the background rates are subtracted. The same 
phase zero time is used for XMM and NuSTAR . 
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ount trials using the full number of frequencies in the periodogram
40 000), S = 76.5 corresponds to an FAP of 9 × 10 −13 . Ho we ver,
f we consider that we were searching for a period near the XMM
eriod, the true number of trials is closer to 10, which leads to an
AP of 2 × 10 −16 . 

Due to the longer duration of the NuSTAR observation compared
o the XMM observation, the period measured by NuSTAR is more
recise, and we take 1678 ± 2 s to be the best estimate of the period
f the signal. To determine the amplitude of the signal, we folded
he XMM (pn, MOS1, and MOS2 added) and NuSTAR (FPMA and
PMB added) light curves on the 1678 s period. The amplitude is
etermined by calculating the average background subtracted count
ate of five bins closest to phase zero ( C min ) and the average count
ate of the five bins closest to phase 0.5 ( C max ). For XMM in the
ull 0.3–12 keV bandpass, the amplitude is ( C max − C min )/( C max +
 min ) = 13.3 per cent ± 1.7 per cent (1 σ confidence error), and the
mplitude is 16.2 per cent ± 2.2 per cent at 3–12 keV. For NuSTAR ,
he amplitude is 14.9 per cent ± 2.4 per cent at 3–12 keV, showing
ood agreement between XMM and NuSTAR . The XMM and NuSTAR
olded light curves shown in Fig. 6 have both been folded using the
ame phase zero ephemeris of MJD 59060.49504. We repeated this
alculation for three XMM and two NuSTAR energy bands, and Fig. 7
hows the fractional pulse amplitude versus energy. 
NRAS 523, 4520–4533 (2023) 
.2 X-ray spectrum 

or the spectral analysis, we used the XSPEC v12.12.0 package
Arnaud 1996 ) and performed the fitting with χ2 minimization.

e binned the spectra by requiring bins with detection significance
reater than 5 σ for pn, FPMA, and FPMB and greater than 3 σ
or MOS1 and MOS2. We first fitted the XMM (pn, MOS1, and

OS2) and NuSTAR (FPMA and FPMB) spectra with an absorbed
ower-law model, using Wilms, Allen & McCray ( 2000 ) abundances.
e also allowed for normalization differences between instruments

y introducing a multiplicative constant, making the o v erall model
onstant ∗tbabs ∗pegpwrlw in XSPEC notation. The resulting
t shows that the spectrum is hard with � ∼ 1.1. Ho we ver, the
t is poor with χ2 = 1333 for 582 degrees of freedom (dof),
ith large residuals appearing in the iron line region (6–7 keV),

ndicating a strong emission line or lines. Large residuals are also
resent at the lowest (below 1 keV) and highest (abo v e 30 keV)
nergies. Adding a broad Gaussian significantly impro v es the fit
o χ2 /dof = 833/579 (see Table 2 ). Ho we ver, the lo wer χ2 is due
o the Gaussian improving the fit to the continuum rather than
roperly fitting the iron line. Also, there are ne gativ e residuals in the
igh-energy part of the spectrum, which indicates curvature in the
pectrum. 
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Figure 7. The fractional amplitudes of the 1678 s periodic signal measured with XMM (black filled circles) and with NuSTAR (green diamonds). The error bars 
are at the 1 σ confidence level. 

Table 2. Quality of fits to XMM + NuSTAR energy spectra. 

Model a χ2 /dof 

constant ∗tbabs ∗pegpwrlw 1333/582 
constant ∗tbabs(gaussian + pegpwrlw) 833/579 
constant ∗tbabs(gaussian + bremss) 1020/579 
constant ∗tbabs ∗pcfabs(gaussian + bremss) 568/577 
constant ∗tbabs ∗pcfabs(gaussian + reflect ∗bremss) 541/575 
constant ∗tbabs ∗pcfabs(gaussian + gaussian + gaussian + reflect ∗bremss) 542/575 
constant ∗tbabs ∗pcfabs(gaussian + gaussian + gaussian + reflect ∗atable { ipolar.fits } ) 543/575 

a in XSPEC notation. 
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To allow for curvature in the model and to incorporate the 

mission mechanism thought to operate in IPs, we changed the 
ontinuum model to a bremsstrahlung component. While the model 
onstant ∗tbabs ∗(gaussian + bremss) does not provide 
 good fit to the data ( χ2 /dof = 1020/579), adding a partial
o v ering absorption component to the model (Suleimanov et al. 2005 )
 pcfabs ) with N H = (8 . 2 + 1 . 9 

−1 . 1 ) × 10 22 cm 

−2 and a co v ering fraction
f 0 . 69 + 0 . 03 

−0 . 02 (90 per cent confidence uncertainties are quoted unless
therwise indicated) impro v es the fit greatly to χ2 /dof = 568/577.
ith this model, the bremsstrahlung temperature is very high, kT > 

17 keV (90 per cent confidence limit), but there are still residuals at
he high-energy end that we suspect are related to the presence of a
eflection component. 

Reflection of the hard X-ray emission off the WD surface is
ften included in models when fitting IP spectra, and XMM and 
uSTAR spectra show strong evidence for this component in other 
Ps (Mukai et al. 2015 ; Tomsick et al. 2016 ; Shaw et al. 2018 ).
o incorporate this into our working model, we added a reflection
omponent using the reflect model in XSPEC . This component 
s based on Magdziarz & Zdziarski ( 1995 ), which is for reflection
f direct emission from neutral material and includes dependence 
n inclination. By convolving bremss with reflect , the model 
ncludes both a direct and a reflected bremsstrahlung component 
here the strength of the reflected component depends on the 

mplitude parameter, �/2 π . In our case, if the reflection amplitude is
eft as a free parameter, it will increase to values abo v e 1.0. Howev er,
ssuming that we see 100 per cent of the direct emission, values of
/2 π abo v e unity are not physically possible for reflection from the
D surface. Thus, we fix the reflection amplitude to 1.0, resulting in a

t with χ2 /dof = 541/575. Although the bremsstrahlung temperature 
rops to kT = 57 + 39 

−18 keV when we add reflect , it is still high for
MNRAS 523, 4520–4533 (2023) 
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Table 3. Spectral results for bremsstrahlung fits. 

Parameter a Units 1 Gaussian b 3 Gaussians c 

N H 
d 10 22 cm 

−2 0 . 43 + 0 . 07 
−0 . 06 ’’ 

N H,pc 10 22 cm 

−2 5 . 9 + 1 . 8 −1 . 6 ’’ 

pc fraction – 0 . 68 + 0 . 05 
−0 . 10 ’’ 

kT keV 57 + 39 
−18 ’’ 

N bremss 
e – (4 . 6 + 0 . 7 −1 . 0 ) × 10 −4 ’’ 

�/2 π – 1.0 f ’’ 
A 

g – 0 . 28 + 0 . 58 
−0 . 24 ’’ 

A Fe h – 0.28 i ’’ 
cos i – 0 . 57 + 0 . 38 

−0 . 25 ’’ 
E line1 keV 6.52 ± 0.05 6.4 f 

σ line1 keV 0 . 32 + 0 . 06 
−0 . 05 0.05 f 

N line1 ph cm 

−2 s −1 (1.9 ± 0.3) × 10 −5 (8.7 ± 1.4) × 10 −6 

EW line1 eV 720 ± 102 273 ± 44 

E line2 keV – 6.7 f 

σ line2 keV – 0.05 f 

N line2 ph cm 

−2 s −1 – (4.4 ± 1.4) × 10 −6 

EW line2 eV – 109 ± 35 

E line3 keV – 6.97 f 

σ line3 keV – 0.05 f 

N line3 ph cm 

−2 s −1 – (3.2 ± 1.3) × 10 −6 

EW line3 eV – 104 ± 43 

C pn – 1.0 f ’’ 
C MOS1 – 1.01 ± 0.05 ’’ 
C MOS2 – 1.00 ± 0.05 ’’ 
C FPMA – 1.21 ± 0.06 ’’ 
C FPMB – 1.20 ± 0.06 ’’ 
χ2 /dof – 541/575 542/575 

a The errors on the parameters are 90 per cent confidence. 
b The full model in XSPEC is constant ∗tbabs ∗pcfabs ∗(gaussian + 

reflect ∗bremss) . 
c This is the same model as the first column except for two additional 
Gaussians. Ditto marks (’’) indicate parameters that are consistent with the 1 
Gaussian column. 
d The column density is calculated assuming Wilms et al. ( 2000 ) abundances 
and Verner et al. ( 1996 ) cross-sections. Along this line of sight, the Galactic 
value is N H = 1.8 × 10 22 cm 

−2 (Kalberla et al. 2005 ). 
e The normalization for the bremss model is equal to 3 . 02 ×10 −15 

4 πd 2 

∫ 
n e n i d V , 

where d is the distance to the source in units of cm, n e and n i are the electron 
and ion densities in the plasma, respectively, and V is the volume of the region 
containing the plasma. 
f Fixed. 
g The abundance of elements heavier than helium relative to solar. 
h The abundance of iron relative to solar. 
i Tied to A . 
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Table 4. Spectral results for PSR model fits. 

Parameter a Units PSR 

b model parameters 

N H 
c 10 22 cm 

−2 0 . 45 + 0 . 07 
−0 . 06 

N H,pc 10 22 cm 

−2 6 . 1 + 1 . 8 −1 . 3 

pc fraction – 0 . 68 + 0 . 05 
−0 . 08 

M WD M � 1 . 36 + 0 . 04 
−0 . 11 

R m 

d R WD 107 

N PSR – (4 . 8 + 13 
−3 . 3 ) × 10 −30 

�/2 π – 1.0 e 

A 

f – 0 . 15 + 0 . 29 
−0 . 09 

A Fe 
g – 0.15 h 

cos i – 0 . 80 + 0 . 15 
−0 . 31 

E line1 keV 6.4 e 

σ line1 keV 0.05 
e 

N line1 ph cm 

−2 s −1 (8.7 ± 1.4) × 10 −6 

E line2 keV 6.7 e 

σ line2 keV 0.05 e 

N line2 ph cm 

−2 s −1 (4.4 ± 1.4) × 10 −6 

E line3 keV 6.97 e 

σ line3 keV 0.05 e 

N line3 ph cm 

−2 s −1 (3.2 ± 1.3) × 10 −6 

C pn – 1.0 e 

C MOS1 – 1.01 ± 0.05 

C MOS2 – 1.00 ± 0.05 

C FPMA – 1.20 ± 0.06 

C FPMB – 1.19 ± 0.06 

χ2 /dof – 543/575 

a The errors on the parameters are 90 per cent confidence. 
b This is the model developed by Suleimanov et al. ( 2016 ) for IPs. The 
full model is constant ∗tbabs ∗pcfabs ∗(gaussian + gaussian + 

gaussian + reflect ∗atable { ipolar.fits } ) . PSR refers to the 
XSPEC table model called ipolar.fits . 
c The column density is calculated assuming Wilms et al. ( 2000 ) abundances 
and Verner et al. ( 1996 ) cross-sections. Along this line of sight, the Galactic 
value is N H = 1.8 × 10 22 cm 

−2 (Kalberla et al. 2005 ). 
d The radius where the accretion disc is magnetically disrupted and free-fall 
begins. The calculated value uses the WD spin rate of 1678 s that we obtain 
in Section 3.1 of this work. 
e Fixed. 
f The abundance of elements heavier than helium relative to solar. 
g The abundance of iron relative to solar. 
h Tied to A . 
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While the actual reflection component has three main features: the
ompton hump abo v e 10 keV, the iron edge at 7.1 keV (for neutral

ron), and an iron fluorescence line at 6.4 keV (also for neutral iron),
he Magdziarz & Zdziarski ( 1995 ) model only includes the first
wo features, which is one reason that we include the Gaussian in
he model abo v e. If the emission line was due only to reflection
rom the WD surface, we would expect a relatively narrow line
entred at 6.4 keV; ho we ver, as sho wn in Table 3 , we measure a broad
ine with σline = 0 . 32 + 0 . 06 

−0 . 05 keV at an energy abo v e 6.4 keV ( E line =
.52 ± 0.05 keV). It is very likely that this is due to contributions from
igher ionization states coming from the hot material in the accretion
olumn, and this is common for IPs (Hellier & Mukai 2004 ). We
odified the model to include three lines with energies fixed to

.4 keV (neutral iron) and 6.7 k eV (He-lik e iron), and 6.97 k eV (H-
NRAS 523, 4520–4533 (2023) 
ike iron). We fixed the line widths to 50 eV, which is, in effect,
 narrow line since it is much smaller than the XMM and NuSTAR
nergy resolutions. This more physical representation of the emission
ines provides an equally good fit χ2 /dof = 542/575. The equi v alent
idths of the three lines are 273 ± 44, 109 ± 35, and 104 ± 43 eV

or neutral, He-like, and H-like iron, respectively. 
We replaced the bremsstrahlung component with a physically
oti v ated IP model with WD mass ( M WD ) as a free parameter. A

onstraint on M WD is possible because M WD sets the maximum
emperature in the post-shock regions (PSRs) of the accretion
olumn. While we used the IP mass (IPM) model (Suleimanov et al.
005 ) in earlier work (Tomsick et al. 2016 ), this model has been
pdated to include a second free parameter, R m 

, which corresponds to
he radius where the accretion disc is disrupted by the WD magnetic
eld. The value of R m 

affects the calculation of the maximum velocity
f the material in the accretion column, which can in turn affect the
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alue of M WD . However, the effect is only significant if R m 

is a few
D radii ( R WD ) or less. For R m 

� 10 R WD , the effect on M WD is less
han a few per cent (Shaw et al. 2020 ). A detailed description of this

odel is found in Suleimanov et al. ( 2016 ), where it is referred to as
he PSR model, and the PSR model was also used e xtensiv ely in Sha w
t al. ( 2020 ). For J15038, the results for a model including direct and
eflected PSR components, partial co v ering, and three Gaussians are 
eported in Table 4 and the spectrum is shown in Fig. 8 . The value
f R m 

= 107 R WD is calculated assuming that R m 

is equal to the
orotation radius (see equations 3 and 4 in Suleimanov et al. 2016 ).
he calculation uses the WD spin period of 1678 s and the M WD 

arameter value. The PSR model parameters indicate a high-WD 

ass, M WD = 1 . 36 + 0 . 04 
−0 . 11 M � (90 per cent confidence errors), which

s in agreement with the high-bremsstrahlung temperature found in 
he earlier fits. 

.3 Optical light cur v e 

he r 
′ 
-band light curve of the optical counterpart to J15038 is shown

n Fig. 4 , along with the light curves of two of the eight comparison
tars we used to calibrate the photometry of the target. With exposure
ime and o v erheads, the light curv es hav e a cadence of ≈1 min. We
ee that J15038 potentially shows some intrinsic variability when 
ompared to the comparison stars. We search for periodic variability 
y calculating the Lomb–Scargle periodogram (Lomb 1976 ; Scargle 
982 ), which utilizes least-squares fitting of sinusoids to the light
urve to determine the power at each frequency in a given range.
e implemented this using the LombScargle class in ASTROPY . 

he periodogram is shown in Fig. 9 . We calculated the 99 per cent
ignificance threshold for the power by randomly shuffling the light- 
urve magnitudes but keeping the time stamps the same for each
poch, ef fecti vely creating a randomized light curve with the same
ampling as the original data. We calculated the peak Lomb–Scargle 
ower for 10 000 of these randomized light curves, from which we
erived the 99 per cent significance level and plotted it in Fig. 9 . We
nd that no peaks appear abo v e this line and thus we conclude that
e are unable to detect a periodicity in the r 

′ 
-band light curve of

15038. 

.4 Update on optical and near-IR photometry and the source 
istance 

n Tomsick et al. ( 2020 ), we used an upper limit on N H and
ear-IR magnitudes to derive a range of ef fecti ve temperatures
assuming thermal near-IR emission) between 4000 and 6500 K. 

ith the impro v ement in the N H measurement provided by the
MM + NuSTAR spectrum to (5 . 0 + 0 . 7 

−0 . 6 ) × 10 21 cm 

−2 , the extinction
s much better constrained to A V = 2.3 ± 0.3 (using the G ̈uver &
¨ zel 2009 conversion factor), allowing us to rederive the temperature 
sing optical magnitudes from Gaia DR3 (Gaia Collaboration 2021 , 
MNRAS 523, 4520–4533 (2023) 
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Figur e 9. Lomb–Scar gle periodogram of the optical counterpart to J15038, with the X-ray periodicity, likely the spin period of the WD, marked by the vertical 
dotted line. The horizontal dot–dashed line represents the 99 per cent significance threshold for the power. 
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022 ): BP = 20.038 ± 0.040 and RP = 17.762 ± 0.021. Using
hese magnitudes and the relation A BP –A RP = 0.51 A V (Fitzpatrick
999 ), we find that the extinction corrected colour is BP − RP

( A BP − A RP ) = 1.11 ± 0.16. Using the colour/temperature
ables from Pecaut & Mamajek ( 2013 ) gives a temperature between
700 and 5400 K. This significantly impro v es the constraint on the
emperature. While it is not clear if this temperature corresponds to
hat of the accretion disc or the companion star, if it is the accretion
isc, then the star must be cooler. 
Gaia DR3 also provides a revised distance to the source of

 . 3 + 0 . 7 
−0 . 4 kpc (Bailer-Jones et al. 2021 ), which is only slightly larger

han the Gaia DR2 distance of 1 . 1 + 1 . 5 
−0 . 4 kpc. In both cases, these are

he geometric distances since the colours of J15038 may deviate from
he assumptions made for the photogeometric distances. Using the
evised distance, A G = 2.0 ± 0.3, and G = 19.036 ± 0.005 gives an
bsolute magnitude of M G 

= 6 . 4 + 0 . 7 
−1 . 1 . This indicates that the spectral

ype of the companion is later than G9V (Pecaut & Mamajek 2013 ).

 DISCUSSION  A N D  C O N C L U S I O N S  

ur analysis of the XMM and NuSTAR data from an observation
f J15038 confirms the previously suspected IP nature. We have
nco v ered a 1678 ± 2 s periodicity that we associate with the WD
pin period. The signal is strongest in the 3–12 keV band with an
mplitude near 17 per cent. It is weaker below 3 keV and abo v e
2 keV, but it is detected across the XMM and NuSTAR energy bands.
he relatively weak dependence of the signal strength with energy

s somewhat unusual for IPs. More often, IP signal amplitudes are
ighest at low energies as has been seen for AO Psc, V1223 Sgr, and
14091 (Taylor et al. 1997 ; Hayashi et al. 2011 ; Tomsick et al. 2016 ).

The XMM and NuSTAR energy spectrum also provides the first
etection of iron emission lines from J15038. Although multiple
NRAS 523, 4520–4533 (2023) 
ines are not resolved, it is clear that multiple lines are required,
nd the spectrum is well described by a strong line at 6.4 keV with
n equi v alent width of 273 ± 4 eV and lines at 6.7 and 6.97 keV
ith equi v alent widths near 100 eV. We interpret the 6.4 keV line

s being due to reflection of the hard X-ray emission from the
ccretion column off the WD surface, while the higher energy
ines come from He-like (6.7 keV) and H-like (6.97 keV) iron in the
ccretion column. The ratio of the fluxes of these two lines provides
nother diagnostic of the plasma temperature and potentially M WD 

Xu, Yu & Li 2019 ). For J15038, the results in Tables 3 and 4
ive a ratio of the 6.97–6.7 keV line of 0.7 ± 0.4 (90 per cent
onfidence error). Based on results from other IPs presented in
u et al. ( 2019 ), the corresponding range of WD masses would
e from 0.4 to > 1.1 M �. Unfortunately, the errors are too large to
rovide a meaningful constraint since the line flux ratio of 0.7 ± 0.4
ssentially spans the entire ratio range for the sample of IPs studied
y Xu et al. ( 2019 ). It is explained in Yu, Xu & Li ( 2022 ) that the
ron line ratio method for determining WD masses has limitations
t the high-mass end due to the thermal plasma model used and
he fact that the most massive WD in their sample has a mass of
.2 M �. 
The energy spectrum that we fit in this work has also allowed

or the details of the continuum to become clear. We measure a
igh-bremsstrahlung temperature for the material in the accretion
olumn and also use the PSR model to constrain M WD . These fits
ndicate that M WD is at least 1.25 M � (90 per cent confidence lower
imit) and is also consistent with approaching the Chandrasekhar
imit ( M WD = 1 . 36 + 0 . 04 

−0 . 11 M �). The comparison sources shown in
ig. 10 are the IPs 6 with WD mass measurements obtained from
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uSTAR observations. Shaw et al. ( 2020 ) and Suleimanov et al.
 2019 ) find values of M WD between 0.55 and 1.06 M � and an
verage of 0.77 M � (Shaw et al. 2020 ). While this average mass
s already higher than the average masses of isolated WDs and pre-
Vs, suggesting that WDs gain mass during the accretion-outburst- 
ccretion cycle, J15038 has a much higher mass. In addition, the 
ass of J14091 from Tomsick et al. ( 2016 ) is another IGR IP with
uch higher mass than the previously observed IP population. The 

hird source that has been observed as part of this program, J18007,
as properties that fall within the distribution of other WD masses
n IPs, but, at 1 . 06 + 0 . 19 

−0 . 10 M �, it is at the higher end (Coughenour et al.
022 ). 
Fig. 10 also shows that the J15038 spin period of 1678 s is

onger than a verage b ut not atypical with three spin periods being
onger (TV Col at 1910 s, V1062 Tau at 3800 s, and EX Hya at
022 s). Showing the spin periods and WD masses on the same plot
rovides a convenient way to compare both quantities to other IPs.
e do not necessarily expect to see a relationship between spin

nd mass, and the plot is not meant to suggest that there is any
elationship. 

In addition to the NuSTAR -measured masses (Suleimanov et al. 
019 ; Shaw et al. 2020 ), Fig. 10 also shows WD masses listed in
e Martino et al. ( 2020 ) as well as dynamical WD masses. The de
artino et al. ( 2020 ) masses are measured by modelling the X-ray

pectra, but they are independent of the NuSTAR -measured masses 
ince they come from modelling spectra from other satellites. Two of
he IPs shown in Fig. 10 have dynamical WD mass measurements:
X Hya (Beuermann & Reinsch 2008 ); and GK Per ( ́Alvarez-
ern ́andez et al. 2021 ). In some cases, the de Martino et al. ( 2020 ) and
ynamical masses are somewhat higher than the NuSTAR -measured 
alues. As more dynamical masses become av ailable (e.g. Álv arez-
ern ́andez et al. 2023 ), it will be interesting to make additional

omparisons. Ho we ver, based on the data shown in Fig. 10 , it is clear
hat J15038 and J14091 are outliers when compared to the general
opulation. 
In the standard binary evolution scenario, J15038 and J14091 

ither were born with high-WD masses, or the y hav e undergone
ignificant mass growth via accretion. The topic of high-WD birth 
asses is related to the maximum mass of progenitor stars that result

n WDs, and evidence has been found that WDs can have initial
asses of at least 1.2 M � (Miller et al. 2022 ). This is still lower

han the masses we are finding for J15038 and J14091, suggesting
hat even if they are born with large masses, it is likely that, o v er
ime, they gain more mass by accretion than they lose during nova
ruptions. 

Concerning the question of the progenitors of Type Ia SNe, 
eeing massive WDs in accreting binaries (J15038 and J14091) is 
 point in fa v our of the SD accretion channel for Type Ia SNe.
o we ver, the number of known isolated massive WDs is also

ncreasing with disco v eries of sources like Zwick y Transient F actory
ZTF) J190132.9 + 145808.7 (Caiazzo et al. 2021 ) and the rapidly
otating (70 s spin period) Sloan Digitized Sky Survey (SDSS) 
MNRAS 523, 4520–4533 (2023) 
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221141.80 + 113604.4 (Kilic et al. 2021 ), which both are likely
o be the product of past WD mergers (the DD channel). SD and
D channels are both still viable, and continuing to impro v e our
nowledge of the accreting and isolated WD mass distributions is an
mportant part of determining which is the dominant channel. 

Our results on the WD masses for J15038 and J14091 suggest
hat there may be a larger population of high-mass WDs among the
GR sources. While an INTEGRAL detection for an IP indicates a
elatively high temperature in the accretion column, it is only with the
ncrease in hard X-ray sensitivity provided by NuSTAR that allows
or spectra with high enough quality to constrain the bremsstrahlung
emperatures and therefore the WD masses. There are still a large
umber of unclassified IGR sources (Krivonos et al. 2022 ), and the
umber of IGR IPs will increase. More work is necessary to find
dditional IPs, to confirm their IP nature with WD spin measurements
ith XMM , and to measure their masses with NuSTAR . The end result
ay be a WD mass distribution with a significantly larger number of

igh-mass WDs than previous studies have found. 
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PPENDIX  A :  X M M U J 1 5 0 4 0 7 . 8  −6 0 2 2 2 7  

lthough considerably fainter than J15038, we performed some 
dditional analysis of the nearby source XMMU J150407.8 −602227, 
hich was detected by XMM and NuSTAR (see Fig. 2 ). The
MM /pn + NuSTAR spectrum can be reasonably well fitted ( χ2 /dof
 53/44) with an absorbed thermal bremsstrahlung model with N H = 
2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
3.8 ± 0.7) × 10 22 cm 

−2 and kT = 25 + 11 
−7 keV. The source has a

.3–79 keV absorbed flux of 1.2 × 10 −12 erg cm 

−2 s −1 . There are
ignificant positive residuals in the 6–7 keV iron line region, which
ay indicate the presence of an iron line. 
The J15038 field was previously observed with Chandra on 

017 April 26 with a 5 ks exposure (Tomsick et al. 2020 ), and
MMU J150407.8 −602227 is not detected. If the source was at the
ux seen by XMM + NuSTAR , approximately 96 counts would have
een detected in Chandra /Advanced CCD Imaging Spectrometer 
ACIS), indicating that the source flux changed between 2017 April 
nd 2020 July by a factor of 20 or more. Such a high level of
ariability rules out an AGN and disfa v ours an IP classification.
o we ver, an IP cannot be completely ruled out since low-flux states

re sometimes seen for IPs (e.g. Covington et al. 2022 ). 
The best XMM position estimate is 1.2 arcsec away from the

ISTA source VVV J150407.69 −602226.88 with Z = 19.51 ± 0.13, 
 = 18.81 ± 0.12, J = 18.05 ± 0.09, H = 17.40 ± 0.09, and K s =
7.14 ± 0.13. There is no optical source present in the LCO r 

′ 
-

and data. The positions are close enough for the VISTA source
o be the counterpart, and it may be, but if the column density of
.8 × 10 22 cm 

−2 is interstellar, then one would expect the VISTA
olours to show much higher extinction. Although there is not enough 
nformation for a definite classification, the absorption may be local 
o the source as seen, for example, for obscured High Mass X-ray
inary (HMXBs). 
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