N

N

Classifying IGR J15038-6021 as a magnetic CV with a
massive white dwarf
John A Tomsick, Snehaa Ganesh Kumar, Benjamin M Coughenour, Aarran
W Shaw, Koji Mukai, Jeremy Hare, Maica Clavel, Roman Krivonos,

Francesca M Fornasini, Julian Gerber, et al.

» To cite this version:

John A Tomsick, Snehaa Ganesh Kumar, Benjamin M Coughenour, Aarran W Shaw, Koji Mukai, et
al.. Classifying IGR J15038-6021 as a magnetic CV with a massive white dwarf. Monthly Notices
of the Royal Astronomical Society, 2023, 523 (3), pp.4520-4533. 10.1093/mnras/stad1729 . hal-
04143244

HAL Id: hal-04143244
https://hal.science/hal-04143244

Submitted on 24 May 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04143244
https://hal.archives-ouvertes.fr

of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 523, 45204533 (2023)
Advance Access publication 2023 June 9

https://doi.org/10.1093/mnras/stad 1729

Classifying IGR J15038—-6021 as a magnetic CV with a massive white
dwarf

John A. Tomsick,'* Snehaa Ganesh Kumar,? Benjamin M. Coughenour *,' Aarran W. Shaw 3

Koji Mukai ,*> Jeremy Hare,%”® Maica Clavel,” Roman Krivonos, ' Francesca M. Fornasini

Julian Gerber “'? and Alyson Joens!

ISpace Sciences Laboratory, University of California, 7 Gauss Way, Berkeley, CA 94720-7450, USA

2Department of Astronomy, University of California, Berkeley, CA 94720, USA

3Department of Physics, University of Nevada, Reno, NV 89557, USA

4CRESST and X-ray Astrophysics Laboratory, NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
3Department of Physics, University of Maryland, Baltimore County, 1000 Hilltop Circle, Baltimore, MD 21250, USA
®NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA

7 Center for Research and Exploration in Space Science and Technology, NASA/GSFC, Greenbelt, Maryland 20771, USA
8The Catholic University of America, 620 Michigan Avenue, N.E. Washington, DC 20064, USA

9 Université Grenoble Alpes, CNRS, IPAG, F-38000 Grenoble, France

19Space Research Institute, Russian Academy of Sciences, Profsoyuznaya 84/32, 117997 Moscow, Russia

U Stonehill College, 320 Washington Street, Easton, MA 02357, USA

12 Columbia Astrophysics Laboratory, Columbia University, New York, NY 10027, USA

11

Accepted 2023 June 5. in original form 2023 May 19

ABSTRACT

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 discovered 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 £ 25, 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 1.36f8:?‘1‘ Mg. 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.

classify them. Krivonos et al. (2021) provide a recent review of the

1 INTRODUCTION INTEGRAL survey and describes follow-up efforts, including X-ray

The International Gamma-ray Astrophysics Laboratory (INTE-
GRAL) satellite has been used to study the >20keV sky since
it began operations in 2002. Its survey of the sky has led to the
detection of over a thousand hard X-ray sources (Bird et al. 2016;
Krivonos etal. 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
previously known, a large fraction of them were unknown or poorly
studied prior to INTEGRAL, and these are the INTEGRAL gamma-
ray (IGR) sources. For most of the IGR sources, dedicated follow-up
observations [e.g. X-ray, optical, near-infrared(IR)] are necessary to

* E-mail: jtomsick @ssl.berkeley.edu

observations to localize the sources and identify optical or near-IR
counterparts. Most of the CVs that have been detected by INTEGRAL
are magnetic CVs of intermediate polar (IP) type. Lutovinov et al.
(2020) list 78 CVs (IGR and non-IGR) detected by INTEGRAL, and
51 are IPs or IP candidates. Also, as of 2021 December, the IPs
website! has listed 150 known IPs or IP candidates, of which 33
are IGR sources. Thus, INTEGRAL has significantly increased the
population of known IPs.

This work focuses on follow-up observations of one particular
source, IGR J15038—6021 (hereafter J15038), which was first

ISee https://asd.gsfc.nasa.gov/Koji.Mukai/iphome/iphome.html
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Table 1. Observations of IGR J15038—6021.

A magnetic CV with a massive white dwarf 4521

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 ” > 429
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Figure 1. (a) XMM/pn 0.3-12keV 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 coverage is marked.

reported by Bird et al. (2016), and initial follow-up X-ray mea-
surements with the Neil Gehrels Swift satellite were presented in
Landi et al. (2017). Prior to this work, we carried out observations
of IGR sources with the Chandra X-ray Observatory to localize the
sources, allowing us to identify counterparts at other wavelengths.
Chandra also provides information about the soft X-ray spectrum,
and we studied J15038 as part of a Chandra study of 15 IGR sources
(Tomsick et al. 2020). J15038 and IGR J18007—4146 (hereafter
J18007) were the two sources with Gaia optical counterparts and
parallax distance measurements, and we classified both of these as
likely IPs based on their X-ray luminosities, X-ray spectra, and near-
IR magnitudes. Follow-up X-ray observations of J18007 led to the
discovery of an X-ray periodicity at 422.8 & 0.7s and strong Fe
emission lines, confirming its IP nature (Coughenour et al. 2022).
J15038 was  identified with the Chandra  source
CXOU J150415.7—602123 and the VISTA source VVV

J150415.72—602122.87 (Tomsick et al. 2020). Based on the Gaia
DR2? distance of 1.17)3kpc and the Chandra 4+ INTEGRAL
spectrum, we derived a 0.3-100keV  luminosity of
(1.6715) x 10¥ergs™'. A fit to the Chandra + INTEGRAL
spectrum with a cut-off power-law model yielded a very hard
photon index of I' = —0.370:5. This information, combined with the
near-IR magnitudes favouring a stellar type in the KSV-F5V range,
motivated the likely IP classification (Tomsick et al. 2020).

In IPs, the accretion disc is disrupted by the white dwarf’s (WD’s)
magnetic field, and the accreting material is funnelled on to the
magnetic poles of the WD. The hard X-rays are produced by shock-
heating in the accretion column, and the measured temperature
depends on the mass of the WD (Suleimanov, Revnivtsev & Ritter

2See Section 3.4 for an analysis using the updated EDR3/DR3 distance.

MNRAS 523, 4520-4533 (2023)
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Figure 2. The 3-79keV 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.

2005; Suleimanov et al. 2016). By obtaining high-quality hard X-
ray spectra, it is possible to measure the maximum temperature of
the material in the accretion column and to constrain the WD mass.
The best place to look for high-mass WDs is among CVs with the
highest temperatures and the hardest spectra, making CVs found in
the 17-100keV INTEGRAL Galactic plane survey (Bird et al. 2016;
Krivonos et al. 2017, 2022) excellent candidates for hosting more
massive WDs. Much of our effort has focused on IGR sources, but
the Neil Gehrels Swift Burst Alert Transient observations have also
been used for studies of hard X-rays from CVs (e.g. Suleimanov,
Doroshenko & Werner 2022).

One reason for interest in massive WDs is the question of whether
the progenitors of Type Ia SNe are merging WDs (the double
degenerate, DD, channel) or accreting WDs that detonate when they
reach the Chandrasekhar limit (the single degenerate, SD, channel).
Based on the relatively low soft X-ray luminosities from nearby
elliptical galaxies and galaxy bulges, Gilfanov & Bogdan (2010)
and Di Stefano (2010a) argue that <5 percent of Type Ia SNe are
from accreting WDs. Also, pre-explosion Chandra and Hubble Space
Telescope imaging of individual nearby Type Ia SNe place constraints
on accreting and nuclear-burning WDs as the SN progenitors (Liu
et al. 2012; Nielsen, Voss & Nelemans 2012, 2013a; Graur, Maoz &
Shara 2014; Nielsen et al. 2014). The observations provide limits on
the luminosity and temperature of the pre-SN WD. However, the fact
that the X-rays can be attenuated by stellar winds, accretion winds,
or WD atmospheres (Di Stefano 2010b; Nielsen et al. 2013b) means
that the accreting WD scenario remains a possibility, and the question
of the dominance of the SD or DD channels and the detailed physics
of Type Ia SN detonations is an active area of observational and
theoretical work (e.g. Caiazzo et al. 2021; Kilic et al. 2021; Bravo
et al. 2022; Leising 2022; Neopane et al. 2022).

MNRAS 523, 4520-4533 (2023)

Even beyond the question of whether CVs are the progenitors
of Type Ia SNe, there are other open questions for which the
WD mass distribution is relevant. While WDs gain mass during
accretion phases, they also have significant mass-loss during ther-
monuclear runaways that result in classical novae. Determining the
mass-loss during nova events is related to understanding element
formation. Recent simulation results suggest that while novae make
a very significant contribution to the formation of lithium in the
Galaxy, WD masses should increase during the accretion-outburst-
accretion cycle (Starrfield et al. 2020). The WD mass measurements
made to date provide evidence that the WDs in CVs are, on
average, more massive than WDs that have not undergone mass
accretion from a companion (Zorotovic, Schreiber & Ginsicke
2011; Shaw et al. 2020), which is consistent with the simulation
results.

The Nuclear Spectroscopic Telescope Array (NuSTAR; Harrison
et al. 2013) has already provided some interesting hints that average
WD masses depend on the age of the population, which would imply
a longer accretion duration. Before NuSTAR, there were studies of
unresolved hard X-ray sources in the Galactic ridge to determine
an overall Galactic average WD mass between 0.50 and 0.66 Mg
(Suleimanov et al. 2005; Krivonos et al. 2007; Yuasa, Makishima &
Nakazawa 2012). NuSTAR measurements of individual CVs in the
relatively young population in the Norma spiral arm suggest that the
temperatures (and therefore masses) may be lower than the masses
in the Galactic Centre region (Hong et al. 2016; Fornasini et al.
2017). Also, there is unresolved hard X-ray emission very close to
Sgr Ax that may be from IPs with even more massive WDs (Perez
et al. 2015; Hailey et al. 2016). Studies of individual IPs have also
been carried out using the less sensitive Swift/BAT data (Suleimanov,
Doroshenko & Werner 2019).
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Figure 3. LCO Sinistro 7 -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.

A sample of IPs has been observed by NuSTAR, and the resulting
WD mass distribution is shown in Shaw et al. (2020). While Shaw
et al. (2020) did not obtain measurements of WD masses greater
than 1.1 Mg, there are other cases where higher masses have been
reported. One example is IGR J14091—6108 (hereafter J14091),
which was selected based on its hard X-ray spectrum for a detailed
study with NuSTAR and the X-ray Multi-Mirror Mission (XMM-
Newton or XMM), and a constraint of >1.3Mg was obtained
(Tomsick et al. 2016). In addition, a review of hard X-ray IPs includes
five more IPs with best estimates of WD mass in excess of 1.1 Mg
(de Martino et al. 2020).

For this work, we carried out a joint XMM and NuSTAR observa-
tions of J15038 as well as optical photometry taken at Las Cumbres
Observatory (LCO), and the results are reported below. Section 2
provides information about the observations that were obtained and
the data analysis methods. The results are presented in Section 3,
including timing and spectral analysis with XMM’s large effective
area, sensitivity, and soft X-ray (0.3—12 keV) coverage and NuSTAR’s

sensitive hard X-ray (3—79 keV) coverage, which is critical for the
WD mass measurements. In addition, we use the LCO observations
to search for potential periodic optical signals. A discussion of the
results is presented in Section 4.

2 OBSERVATIONS AND DATA ANALYSIS

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

2.1 XMM

For the European Photon Imaging Camera (EPIC)/pn (Striider et al.
2001) and EPIC/Metal Oxide Semi-conductor (MOS) (Turner et al.
2001) instruments, we reduced the data using the XMM Science

MNRAS 523, 4520-4533 (2023)
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Figure 4. Lower panel: LCO Sinistro 7 -band light curve of the optical counterpart to J15038. The upper and middle panels show the ¥ -band light curves of

two of the comparison stars used to calibrate the photometry of the target.

Analysis Software v18.0.0 to make images, light curves, and spectra.
All three instruments (pn, MOS1, and MOS2) were in Full Frame
mode with the medium thickness optical blocking filter. We used the
standard analysis procedures provided online.® To check the pn for
high levels of particle background, we made a 10-12keV light curve
with 100 s time bins using photons from the entire field of view. At
no point does the light curve exceed the high-background threshold
of 0.4cs™!. However, there is a 600s time period near the middle
of the observations where the full-field pn count rate drops to zero.
The data report indicates that telemetry glitches occurred for this
observation (Obsid 0870790101), which is the cause of the gap. We
applied a filter to the data to remove this time segment, and the only
impact is a reduction of the exposure time.

The pn and MOS images show a point-like source at the location
of J15038 known from the previous Chandra and Swift observations.
We extracted source counts from a circular region with a radius of
25 arcsec centred on J15038 and estimated the background using
a larger (50 arcsec radius for pn and 100 arcsec for MOS) circular
region on parts of the detectors with no sources.* The background
subtracted 0.3-12keV XMM/pn count rate is 0.210 & 0.003 cs™!,
and the light curve is shown in Fig. 1(a).

A second moderately bright source is detected. It is relatively close
to J15038, with an angular separation between the two sources of
1.45 arcmin. It also appears to be point-like, and there is no reason
to suspect that it is related to J15038. Using the MOS1 data, we
determined the source position to be R.A. = 15"04™07°.86, Dec. = —
60°22'2772 (J2000), and here, we report the discovery of XMMU

3See https://www.cosmos.esa.int/web/xmm-newton/sas- threads

“4For pn, the background region was centred at R.A. = 15"04™19% 4, Dec.
= —60°22'48". For the MOS units, the background region was centred at
R.A. = 15M04™41%.0, Dec. = —60°18'37".

MNRAS 523, 4520-4533 (2023)

J150407.8—602227 (see the Appendix for additional information
about this nearby source).

2.2 NuSTAR

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

23 LCO

The J15038 field was observed with one of the three LCO 1m
telescopes located at the South African Astronomical Observatory
in Sutherland, South Africa on 2022 May 2 under proposal ID
NSF2022A-013. We obtained a total of 228 r-band images with
the Sinistro camera operating in the central 2k x 2k window readout
mode, enabling readout times of ~10 s. Each image had an exposure
time of 51 s. Bias, dark, and sky flat calibration frames were obtained
by LCO between 2022 April 30 and 2022 May 1 as part of the
standard calibration plan and data reduction was performed in (near)
real time by the LCO Beautiful Algorithms to Normalize Zillions of
Astronomical Images (BANZAI) pipeline (McCully et al. 2018). In
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Figure 5. Periodogram of J15038 for 0.3-12keV XMM (pn, MOS1, and MOS2) calculated using the Zf test. A period of 1664 + 8s is detected at high

significance.

addition to standard processing, BANZAI also astrometrically solved
individual images using Astrometry.net (Lang et al. 2010).

The average combined LCO image is presented in Fig. 3 and
shows the Chandra position and associated uncertainty from Tomsick
et al. (2020). The Chandra error circle lies on top of a single source
consistent with the optical counterpart identified in Gaia DR2 by
Tomsick et al. (2020).5 The field surrounding the optical counterpart
to J15038 is moderately crowded, such that it was necessary to
perform point spread function (PSF) photometry to extract the r -
band light curve of the source. We used PHOTUTILS (Bradley et al.
2022), an ASTROPY-affiliated (Astropy Collaboration 2013, 2018)
PYTHON package that provides tools for performing photometry.

For each image, we built an effective PSF (ePSF; Anderson & King
2000) by selecting ~130 bright, isolated stars. We iterated between
the ePSF and the stars used to build it 10 times, oversampling with
respect to the detector pixels by a factor of 4. For each image, the ePSF
was then used to fit and subtract the detected sources, resulting in a
best-fitting flux for each detected source. To calibrate the photometry
of the target, we selected eight field stars as comparison sources and
used their known 7 -band magnitudes from the American Association
of Variable Star Observers (AAVSO) Photometric All-Sky Survey
(APASS; Henden et al. 2016) to derive the magnitude of the target.
The light curve of the optical counterpart to J15038 is shown in
Fig. 4, along with the light curves of two of the comparison stars.

3Gaia source ID 5876459780108921216

3 RESULTS

3.1 X-ray timing

As many magnetic CVs show periodicities in their light curves at
the spin period of the WD, we carried out a periodicity search.
We made an event list for the XMM instruments (pn, MOS1, and
MOS?2) composed of photons in the source regions in the 0.3-12 keV
bandpass, and we used barycen to shift the individual event times to
the Solar system barycenter. Using the Z? (Rayleigh) test (Buccheri
et al. 1983), we calculated the power for 40 000 frequencies ranging
from 4 x 10~ to 0.04 Hz. The 25-2500s periodogram is shown in
Fig. 5, and a strong signal at 1664 & 8 s (1o uncertainty) is detected.
The peak of the signal is at a power of S = 100.5, and the false alarm
probability (FAP) is given by e 5> multiplied by the number of trials.
In this case, we calculate an FAP of 6 x 107'8, indicating a highly
significant signal. The errors on the period are calculated by finding
the locations where the periodogram has values of S—1 (above and
below 1664 s).

We repeated the analysis with data from the two NuSTAR instru-
ments (FPMA and FPMB) by making an event list composed of
the arrival times (shifted to the Solar system barycenter) of photons
detected in the source regions in the 3—79 keV bandpass. In addition
to strong peaks at harmonics of the NuSTAR orbital period due
to Earth occultations of J15038, the 25-2500s periodogram also
shows a peak near the period found in the XMM data. The peak is
at 1678 £ 2s (1o uncertainty) with a power of S = 76.5. If we

MNRAS 523, 4520-4533 (2023)
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count trials using the full number of frequencies in the periodogram
(40000), S = 76.5 corresponds to an FAP of 9 x 1073, However,
if we consider that we were searching for a period near the XMM
period, the true number of trials is closer to 10, which leads to an
FAP of 2 x 10716,

Due to the longer duration of the NuSTAR observation compared
to the XMM observation, the period measured by NuSTAR is more
precise, and we take 1678 &£ 2 s to be the best estimate of the period
of the signal. To determine the amplitude of the signal, we folded
the XMM (pn, MOS1, and MOS2 added) and NuSTAR (FPMA and
FPMB added) light curves on the 1678 s period. The amplitude is
determined by calculating the average background subtracted count
rate of five bins closest to phase zero (Cy,;,) and the average count
rate of the five bins closest to phase 0.5 (Ciax). For XMM in the
full 0.3-12keV bandpass, the amplitude is (Cinax — Cpin)/(Crnax +
Chin) = 13.3 percent + 1.7 percent (1o confidence error), and the
amplitude is 16.2 per cent & 2.2 per cent at 3—12 keV. For NuSTAR,
the amplitude is 14.9 percent + 2.4 percent at 3—12keV, showing
good agreement between XMM and NuSTAR. The XMM and NuSTAR
folded light curves shown in Fig. 6 have both been folded using the
same phase zero ephemeris of MJD 59060.49504. We repeated this
calculation for three XMM and two NuSTAR energy bands, and Fig. 7
shows the fractional pulse amplitude versus energy.

MNRAS 523, 4520-4533 (2023)

3.2 X-ray spectrum

For the spectral analysis, we used the XSPEC v12.12.0 package
(Arnaud 1996) and performed the fitting with x? minimization.
We binned the spectra by requiring bins with detection significance
greater than 5o for pn, FPMA, and FPMB and greater than 3o
for MOS1 and MOS2. We first fitted the XMM (pn, MOS1, and
MOS2) and NuSTAR (FPMA and FPMB) spectra with an absorbed
power-law model, using Wilms, Allen & McCray (2000) abundances.
We also allowed for normalization differences between instruments
by introducing a multiplicative constant, making the overall model
constantxtbabsxpegpwrlw in XSPEC notation. The resulting
fit shows that the spectrum is hard with I' ~ 1.1. However, the
fit is poor with x2 = 1333 for 582 degrees of freedom (dof),
with large residuals appearing in the iron line region (6-7keV),
indicating a strong emission line or lines. Large residuals are also
present at the lowest (below 1keV) and highest (above 30keV)
energies. Adding a broad Gaussian significantly improves the fit
to x2/dof = 833/579 (see Table 2). However, the lower x is due
to the Gaussian improving the fit to the continuum rather than
properly fitting the iron line. Also, there are negative residuals in the
high-energy part of the spectrum, which indicates curvature in the
spectrum.
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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 1o confidence level.

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

Model* x*/dof
constantxtbabsxpegpwrlw 1333/582
constantxtbabs (gaussian + pegpwrlw) 833/579
constantxtbabs (gaussian + bremss) 1020/579
constantxtbabsxpcfabs (gaussian + bremss) 568/577
constantxtbabskpcfabs (gaussian + reflectxbremss) 541/575
constantxtbabskpcfabs (gaussiant+gaussiantgaussian + reflectxbremss) 542/575
constantstbabs#pcfabs (gaussiantgaussiantgaussian + reflectxatable{ipolar.fits}) 543/575

“in XSPEC notation.

To allow for curvature in the model and to incorporate the
emission mechanism thought to operate in IPs, we changed the
continuum model to a bremsstrahlung component. While the model
constantxtbabs* (gaussian + bremss) does not provide
a good fit to the data (x2/dof = 1020/579), adding a partial
covering absorption component to the model (Suleimanov et al. 2005)
(pcfabs) with Ny = (8.27]7) x 10> cm~2 and a covering fraction
of 0.69*0103 (90 per cent confidence uncertainties are quoted unless
otherwise indicated) improves the fit greatly to x2/dof = 568/577.
With this model, the bremsstrahlung temperature is very high, kT >
117 keV (90 per cent confidence limit), but there are still residuals at
the high-energy end that we suspect are related to the presence of a
reflection component.

Reflection of the hard X-ray emission off the WD surface is
often included in models when fitting IP spectra, and XMM and
NuSTAR spectra show strong evidence for this component in other

IPs (Mukai et al. 2015; Tomsick et al. 2016; Shaw et al. 2018).
To incorporate this into our working model, we added a reflection
component using the reflect model in XSPEC. This component
is based on Magdziarz & Zdziarski (1995), which is for reflection
of direct emission from neutral material and includes dependence
on inclination. By convolving bremss with reflect, the model
includes both a direct and a reflected bremsstrahlung component
where the strength of the reflected component depends on the
amplitude parameter, $2/27. In our case, if the reflection amplitude is
left as a free parameter, it will increase to values above 1.0. However,
assuming that we see 100 per cent of the direct emission, values of
Q/27 above unity are not physically possible for reflection from the
WD surface. Thus, we fix the reflection amplitude to 1.0, resulting in a
fit with x2/dof = 541/575. Although the bremsstrahlung temperature
drops to kT = 57f?‘§ keV when we add reflect, itis still high for
an IP.

MNRAS 523, 4520-4533 (2023)
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Table 3. Spectral results for bremsstrahlung fits.

Table 4. Spectral results for PSR model fits.

Parameter® Units 1 Gaussian® 3 Gaussians® Parameter® Units PSR model parameters
Nu? 1022 cm™2 0431007 ” Nu® 102 cm™2 0455007
Nitpe 102 cm 2 59414 ” Nitpe 1022 cm~2 6.1%73

pe fraction - 0.6810% v pc fraction - 0.681'3:8;

kT keV 57158 ” M Mo 136004
Nbremsse - (46t(1)(7)) X 1074 ” d 0.11
Q2 - 1.0f & R Rwo 107

AS - 0.28+038 ” Npsr - (4.873%) x 10730
Apeh - 0.28! ” Q2w - 1.0°

cosi - 0.57+0:38 » Af _ 0.157929
Elinel keV 6.52 £ 0.05 6.4 Apet _ 0.15"

Tlinel keV 0.3270.08 0.05" - _ 0.80%013
MNiinel phem=2s7! (1.9+£03)x 107> (874 1.4)x 107° Einel keV 6.4c
EWiinel BY 720 + 102 273 + 44 _ eV 0.05°

Eiinez keV - 6.7 Niinel phem=257! (8.7 + 1.4) x 1076
Oline2 keV - 0.05f i keV 6.7¢

Niine2 phem2 57! - (44+14)x10°° line eV 0.05¢
EWiine2 eV - 109 + 35 Nine2 phem=2s~! (44 +1.4) x 1076
E]ine3 keV - 6.97f Eline3 keV 6.97¢

O line3 keV - 0.05" O line3 keV 0.05¢

Niine3 phem™2s~! - (32£13) x 107 Niine3 phem=257! (32+13) x 1076
EWiines Y - 104 + 43 Con B 1.0

Cpn - Lo’ N Chos! - 1.01 = 0.05
Chost - LOT£0.05 Cnmos2 - 1.00 & 0.05
Cmos2 - 1.00 £+ 0.05

CrpmA - 1.21 £0.06 » CrpMA - 1.20 & 0.06
CrpMB - 1.20 £ 0.06 ” CrpMB - 1.19 £ 0.06
x2/dof - 541/575 542/575 x2/dof _ 543/575

“The errors on the parameters are 90 per cent confidence.

bThe full model in XSPEC is constant*tbabsspcfabs* (gaussian +
reflectxbremss).

“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.

9The 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 Ny = 1.8 x 10?> cm~2 (Kalberla et al. 2005).

¢The normalization for the bremss model is equal to % f nenidV,
where d is the distance to the source in units of cm, n. and #n; are the electron
and ion densities in the plasma, respectively, and V is the volume of the region
containing the plasma.

TFixed.

8The abundance of elements heavier than helium relative to solar.

hThe abundance of iron relative to solar.

iTied to A.

While the actual reflection component has three main features: the
Compton hump above 10keV, the iron edge at 7.1 keV (for neutral
iron), and an iron fluorescence line at 6.4 keV (also for neutral iron),
the Magdziarz & Zdziarski (1995) model only includes the first
two features, which is one reason that we include the Gaussian in
the model above. If the emission line was due only to reflection
from the WD surface, we would expect a relatively narrow line
centred at 6.4 keV; however, as shown in Table 3, we measure a broad
line with oy, = 0.321’8;82 keV at an energy above 6.4keV (Ejp =
6.52 £0.05 keV). Itis very likely that this is due to contributions from
higher ionization states coming from the hot material in the accretion
column, and this is common for IPs (Hellier & Mukai 2004). We
modified the model to include three lines with energies fixed to
6.4keV (neutral iron) and 6.7 keV (He-like iron), and 6.97 keV (H-

MNRAS 523, 4520-4533 (2023)

“The errors on the parameters are 90 per cent confidence.

PThis is the model developed by Suleimanov et al. (2016) for IPs. The
full model is constantxtbabs*pcfabs* (gaussian+gaussian+
gaussian + reflectxatable{ipolar.fits}).PSR refers to the
XSPEC table model called ipolar.fits.

“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 Ny = 1.8 x 10?2 cm™2 (Kalberla et al. 2005).

4The 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.

¢Fixed.

fThe abundance of elements heavier than helium relative to solar.

8The abundance of iron relative to solar.
"Tied to A.

like iron). We fixed the line widths to 50 eV, which is, in effect,
a narrow line since it is much smaller than the XMM and NuSTAR
energy resolutions. This more physical representation of the emission
lines provides an equally good fit x2/dof = 542/575. The equivalent
widths of the three lines are 273 £ 44, 109 & 35, and 104 & 43 eV
for neutral, He-like, and H-like iron, respectively.

We replaced the bremsstrahlung component with a physically
motivated IP model with WD mass (Mwp) as a free parameter. A
constraint on Mwp is possible because Mwp sets the maximum
temperature in the post-shock regions (PSRs) of the accretion
column. While we used the IP mass (IPM) model (Suleimanov et al.
2005) in earlier work (Tomsick et al. 2016), this model has been
updated to include a second free parameter, R,,,, which corresponds to
the radius where the accretion disc is disrupted by the WD magnetic
field. The value of R, affects the calculation of the maximum velocity
of the material in the accretion column, which can in turn affect the
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Figure 8. Unfolded XMM and NuSTAR energy spectrum fitted with the PSR model fit shown in Table 4. The components are three Gaussians (dash—dotted
lines), reflection (dotted line), and the PSR model (dashed). We fitted the data with all three XMM instruments (pn, MOS1, and MOS2), but, for clarity, we only

show the pn data.

value of Mwp. However, the effect is only significant if Ry, is a few
WD radii (Rwp) or less. For Ry, 2 10 Ryp, the effect on Myp is less
than a few per cent (Shaw et al. 2020). A detailed description of this
model is found in Suleimanov et al. (2016), where it is referred to as
the PSR model, and the PSR model was also used extensively in Shaw
et al. (2020). For J15038, the results for a model including direct and
reflected PSR components, partial covering, and three Gaussians are
reported in Table 4 and the spectrum is shown in Fig. 8. The value
of Ry, = 107 Ryp is calculated assuming that R, is equal to the
corotation radius (see equations 3 and 4 in Suleimanov et al. 2016).
The calculation uses the WD spin period of 1678 s and the Mwp
parameter value. The PSR model parameters indicate a high-WD
mass, Mwp = 1.36f8j?‘,‘ Mg (90 per cent confidence errors), which
is in agreement with the high-bremsstrahlung temperature found in
the earlier fits.

3.3 Optical light curve

The r -band light curve of the optical counterpart to J15038 is shown
in Fig. 4, along with the light curves of two of the eight comparison
stars we used to calibrate the photometry of the target. With exposure
time and overheads, the light curves have a cadence of ~1 min. We
see that J15038 potentially shows some intrinsic variability when
compared to the comparison stars. We search for periodic variability
by calculating the Lomb-Scargle periodogram (Lomb 1976; Scargle

1982), which utilizes least-squares fitting of sinusoids to the light
curve to determine the power at each frequency in a given range.
We implemented this using the LombScargle class in ASTROPY.
The periodogram is shown in Fig. 9. We calculated the 99 per cent
significance threshold for the power by randomly shuffling the light-
curve magnitudes but keeping the time stamps the same for each
epoch, effectively creating a randomized light curve with the same
sampling as the original data. We calculated the peak Lomb-Scargle
power for 10000 of these randomized light curves, from which we
derived the 99 per cent significance level and plotted it in Fig. 9. We
find that no peaks appear above this line and thus we conclude that
we are unable to detect a periodicity in the r-band light curve of
J15038.

3.4 Update on optical and near-IR photometry and the source
distance

In Tomsick et al. (2020), we used an upper limit on Ny and
near-IR magnitudes to derive a range of effective temperatures
(assuming thermal near-IR emission) between 4000 and 6500 K.
With the improvement in the Ny measurement provided by the
XMM + NuSTAR spectrum to (5.0%07) x 10?' cm2, the extinction
is much better constrained to Ay = 2.3 4+ 0.3 (using the Giiver &
Ozel 2009 conversion factor), allowing us to rederive the temperature
using optical magnitudes from Gaia DR3 (Gaia Collaboration 2021,

MNRAS 523, 4520-4533 (2023)
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Figure 9. Lomb-Scargle 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.

2022): BP = 20.038 £ 0.040 and RP = 17.762 £ 0.021. Using
these magnitudes and the relation Agp—Agp = 0.51Ay (Fitzpatrick
1999), we find that the extinction corrected colour is BP — RP
— (App — Agp) = 1.11 £ 0.16. Using the colour/temperature
tables from Pecaut & Mamajek (2013) gives a temperature between
4700 and 5400 K. This significantly improves the constraint on the
temperature. While it is not clear if this temperature corresponds to
that of the accretion disc or the companion star, if it is the accretion
disc, then the star must be cooler.

Gaia DR3 also provides a revised distance to the source of
1.37%7 kpc (Bailer-Jones et al. 2021), which is only slightly larger
than the Gaia DR2 distance of 1.1%{7 kpc. In both cases, these are
the geometric distances since the colours of J15038 may deviate from
the assumptions made for the photogeometric distances. Using the
revised distance, Ag = 2.0 £ 0.3, and G = 19.036 £ 0.005 gives an
absolute magnitude of M = 6.47%7. This indicates that the spectral
type of the companion is later than GOV (Pecaut & Mamajek 2013).

4 DISCUSSION AND CONCLUSIONS

Our analysis of the XMM and NuSTAR data from an observation
of J15038 confirms the previously suspected IP nature. We have
uncovered a 1678 + 2 s periodicity that we associate with the WD
spin period. The signal is strongest in the 3—12keV band with an
amplitude near 17 percent. It is weaker below 3keV and above
12 keV, but it is detected across the XMM and NuSTAR energy bands.
The relatively weak dependence of the signal strength with energy
is somewhat unusual for IPs. More often, IP signal amplitudes are
highest at low energies as has been seen for AO Psc, V1223 Sgr, and
J14091 (Taylor et al. 1997; Hayashi et al. 2011; Tomsick et al. 2016).

The XMM and NuSTAR energy spectrum also provides the first
detection of iron emission lines from J15038. Although multiple

MNRAS 523, 4520-4533 (2023)

lines are not resolved, it is clear that multiple lines are required,
and the spectrum is well described by a strong line at 6.4 keV with
an equivalent width of 273 £ 4eV and lines at 6.7 and 6.97 keV
with equivalent widths near 100eV. We interpret the 6.4 keV line
as being due to reflection of the hard X-ray emission from the
accretion column off the WD surface, while the higher energy
lines come from He-like (6.7 keV) and H-like (6.97 keV) iron in the
accretion column. The ratio of the fluxes of these two lines provides
another diagnostic of the plasma temperature and potentially Mwp
(Xu, Yu & Li 2019). For J15038, the results in Tables 3 and 4
give a ratio of the 6.97-6.7keV line of 0.7 £ 0.4 (90 percent
confidence error). Based on results from other IPs presented in
Xu et al. (2019), the corresponding range of WD masses would
be from 0.4 to >1.1 Mg. Unfortunately, the errors are too large to
provide a meaningful constraint since the line flux ratio of 0.7 & 0.4
essentially spans the entire ratio range for the sample of IPs studied
by Xu et al. (2019). It is explained in Yu, Xu & Li (2022) that the
iron line ratio method for determining WD masses has limitations
at the high-mass end due to the thermal plasma model used and
the fact that the most massive WD in their sample has a mass of
1.2Mg.

The energy spectrum that we fit in this work has also allowed
for the details of the continuum to become clear. We measure a
high-bremsstrahlung temperature for the material in the accretion
column and also use the PSR model to constrain Mwp. These fits
indicate that Myp is at least 1.25 Mg (90 per cent confidence lower
limit) and is also consistent with approaching the Chandrasekhar
limit (Mwp = 1.36f8;?‘|‘ Mg). The comparison sources shown in
Fig. 10 are the IPs® with WD mass measurements obtained from

Based on the classification as an IP or an IP candidate at https://asd.gsfc.n
asa.gov/Koji.Mukai/iphome/iphome.html.
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Figure 10. The WD masses and spin periods of IPs. The sources marked with blue diamonds have WD masses from Shaw et al. (2020) or Suleimanov et al.
(2019) and periods from Ritter & Kolb (2011). The sources marked with black filled circles are from de Martino et al. (2020). The sources in green are from
our studies of IGR sources: J14091 (Tomsick et al. 2016); J18007 (Coughenour et al. 2022); and J15038 (this work). The references for the dynamical mass

measurements are provided in the text.

NuSTAR observations. Shaw et al. (2020) and Suleimanov et al.
(2019) find values of Myp between 0.55 and 1.06 My and an
average of 0.77 Mg (Shaw et al. 2020). While this average mass
is already higher than the average masses of isolated WDs and pre-
CVs, suggesting that WDs gain mass during the accretion-outburst-
accretion cycle, J15038 has a much higher mass. In addition, the
mass of J14091 from Tomsick et al. (2016) is another IGR IP with
much higher mass than the previously observed IP population. The
third source that has been observed as part of this program, J18007,
has properties that fall within the distribution of other WD masses
in IPs, but, at 1.067 10 Mo, it is at the higher end (Coughenour et al.
2022).

Fig. 10 also shows that the J15038 spin period of 1678s is
longer than average but not atypical with three spin periods being
longer (TV Col at 1910s, V1062 Tau at 3800s, and EX Hya at
4022 s). Showing the spin periods and WD masses on the same plot
provides a convenient way to compare both quantities to other IPs.
We do not necessarily expect to see a relationship between spin
and mass, and the plot is not meant to suggest that there is any
relationship.

In addition to the NuSTAR-measured masses (Suleimanov et al.
2019; Shaw et al. 2020), Fig. 10 also shows WD masses listed in
de Martino et al. (2020) as well as dynamical WD masses. The de
Martino et al. (2020) masses are measured by modelling the X-ray
spectra, but they are independent of the NuSTAR-measured masses
since they come from modelling spectra from other satellites. Two of

the IPs shown in Fig. 10 have dynamical WD mass measurements:
EX Hya (Beuermann & Reinsch 2008); and GK Per (Alvarez-
Hernandez et al. 2021). In some cases, the de Martino et al. (2020) and
dynamical masses are somewhat higher than the NuSTAR-measured
values. As more dynamical masses become available (e.g. Alvarez-
Hernandez et al. 2023), it will be interesting to make additional
comparisons. However, based on the data shown in Fig. 10, it is clear
that J15038 and J14091 are outliers when compared to the general
population.

In the standard binary evolution scenario, J15038 and J14091
either were born with high-WD masses, or they have undergone
significant mass growth via accretion. The topic of high-WD birth
masses is related to the maximum mass of progenitor stars that result
in WDs, and evidence has been found that WDs can have initial
masses of at least 1.2 Mg (Miller et al. 2022). This is still lower
than the masses we are finding for J15038 and J14091, suggesting
that even if they are born with large masses, it is likely that, over
time, they gain more mass by accretion than they lose during nova
eruptions.

Concerning the question of the progenitors of Type Ia SNe,
seeing massive WDs in accreting binaries (J15038 and J14091) is
a point in favour of the SD accretion channel for Type Ia SNe.
However, the number of known isolated massive WDs is also
increasing with discoveries of sources like Zwicky Transient Factory
(ZTF) J190132.94145808.7 (Caiazzo et al. 2021) and the rapidly
rotating (70s spin period) Sloan Digitized Sky Survey (SDSS)

MNRAS 523, 4520-4533 (2023)
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J221141.804+113604.4 (Kilic et al. 2021), which both are likely
to be the product of past WD mergers (the DD channel). SD and
DD channels are both still viable, and continuing to improve our
knowledge of the accreting and isolated WD mass distributions is an
important part of determining which is the dominant channel.

Our results on the WD masses for J15038 and J14091 suggest
that there may be a larger population of high-mass WDs among the
IGR sources. While an INTEGRAL detection for an IP indicates a
relatively high temperature in the accretion column, it is only with the
increase in hard X-ray sensitivity provided by NuSTAR that allows
for spectra with high enough quality to constrain the bremsstrahlung
temperatures and therefore the WD masses. There are still a large
number of unclassified IGR sources (Krivonos et al. 2022), and the
number of IGR IPs will increase. More work is necessary to find
additional IPs, to confirm their IP nature with WD spin measurements
with XMM, and to measure their masses with NuSTAR. The end result
may be a WD mass distribution with a significantly larger number of
high-mass WDs than previous studies have found.
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APPENDIX A: XMMUJ150407.8—602227

Although considerably fainter than J15038, we performed some
additional analysis of the nearby source XMMU J150407.8—602227,
which was detected by XMM and NuSTAR (see Fig. 2). The
XMM/pn + NuSTAR spectrum can be reasonably well fitted ( 2/dof
= 53/44) with an absorbed thermal bremsstrahlung model with Ny =
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(3.8 + 0.7) x 102cm=2 and kT = 25%}'keV. The source has a
0.3-79keV absorbed flux of 1.2 x 107"2ergcm=2s~!. There are
significant positive residuals in the 6-7 keV iron line region, which
may indicate the presence of an iron line.

The J15038 field was previously observed with Chandra on
2017 April 26 with a 5ks exposure (Tomsick et al. 2020), and
XMMU J150407.8—602227 is not detected. If the source was at the
flux seen by XMM + NuSTAR, approximately 96 counts would have
been detected in Chandra/Advanced CCD Imaging Spectrometer
(ACIS), indicating that the source flux changed between 2017 April
and 2020 July by a factor of 20 or more. Such a high level of
variability rules out an AGN and disfavours an IP classification.
However, an IP cannot be completely ruled out since low-flux states
are sometimes seen for IPs (e.g. Covington et al. 2022).

The best XMM position estimate is 1.2arcsec away from the
VISTA source VVV J150407.69—602226.88 with Z=19.51 £ 0.13,
Y=1881+0.12,J=18.05 £ 0.09, H=17.40 £ 0.09, and K, =
17.14 + 0.13. There is no optical source present in the LCO r-
band data. The positions are close enough for the VISTA source
to be the counterpart, and it may be, but if the column density of
3.8 x 10%2cm™2 is interstellar, then one would expect the VISTA
colours to show much higher extinction. Although there is not enough
information for a definite classification, the absorption may be local
to the source as seen, for example, for obscured High Mass X-ray
Binary (HMXBs).
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