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ABSTRACT

The X-ray spectra of intermediate polars can be modelled to give a direct measurement
of white dwarf mass. Here, we fit accretion column models to NuSTAR spectra of three
intermediate polars; V709 Cas, NY Lup, and V1223 Sgr in order to determine their masses.
From fits to 3-78 keV spectra, we find masses of Mywp = 0.887003 M@, 1.16700; M, and
0.75 £ 0.02 Mg for V709 Cas, NY Lup, and V1223 Sgr, respectively. Our measurements are
generally in agreement with those determined by previous surveys of intermediate polars, but
with typically a factor ~2 smaller uncertainties. This work paves the way for an approved
NuSTAR Legacy Survey of white dwarf masses in intermediate polars.

Key words: accretion, accretion discs —novae, cataclysmic variables — white dwarfs — X-rays:

binaries.

1 INTRODUCTION

Cataclysmic variables (CVs) are binary systems in which a white
dwarf (WD) accretes matter, via an accretion disc, from a stellar
companion filling its Roche lobe. Magnetic CVs (mCVs) contain
WDs with strong magnetic fields (~10°-10%G) that force material
to travel along magnetic field lines. In intermediate polars (IPs), a
class of mCVs, the innermost regions of the disc are disrupted within
the magnetosphere and in-falling material is instead funnelled on to
the poles of the WD in a so-called ‘accretion curtain’ (for a review,
see Patterson 1994). Close to the surface of the WD, the in-falling
material forms a standing shock with a high temperature (>10keV),
which emits hard X-rays via optically thin thermal plasma emission,
cooling the gas in the post shock region as it descends on to the WD
(Aizu 1973).

The WD mass is a fundamental parameter in quantitative studies
of any individual CVs. Moreover, it is important to know the WD
mass distribution of CVs as a class for the understanding of their for-
mation and evolution. While accretion alone would act to increase
the WD mass in CVs, nova eruptions (thermonuclear runaway of
accreted matter) were expected to expel all accreted matter. It was
therefore a surprise that WD mass in CVs was found to be higher on
average than in pre-CVs (Zorotovic, Schreiber & Gansicke 2011).
However, given the potential implications, it is important to confirm
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their results using independent methods. Moreover, a comparison of
WD mass distributions between non-magnetic and magnetic CVs
is of great interest in the context of the origin of the magnetic
field in WDs. A leading scenario for the single magnetic WDs is
that they are the results of mergers during the common envelope
phase; mCVs are then understood to be the consequence of close
interaction during the common envelope phase that end just short
of merger (Ferrario, de Martino & Gansicke 2015, and references
therein). Such a scenario could lead to a measurable difference
between the mean WD masses of magnetic and non-magnetic CVs.

It has been shown that the temperature of the shock in IPs scales
with WD mass (Katz 1977; Rothschild et al. 1981), and therefore
spectroscopy of IPs in the hard X-ray regime can be used to de-
termine WD masses. It has been noted that X-ray spectroscopy
provides a method of measuring WD masses independent of tradi-
tional radial velocity studies, which are dominated by uncertainties
in binary inclination (Suleimanov, Revnivtsev & Ritter 2005; Yuasa
et al. 2010).

X-ray surveys of IPs have led to mass determinations of
~20 IPs (Ramsay 2000; Suleimanov et al. 2005; Brunschweiger
et al. 2009; Yuasa et al. 2010). Unfortunately, systematic uncertain-
ties stemming from poor sensitivities at high energies, and uncer-
tain background (which must be modelled rather than extracted for
non-imaging instruments such as Suzaku’s Hard X-ray Detector;
Fukazawa et al. 2009) means that a number of WD masses remain
poorly constrained. However, the emergence of the Nuclear Spec-
troscopic Telescope Array (NuSTAR) as the first X-ray telescope
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Table 1. Summary of NuSTAR observations.

Source Obs. date Obs. time Exposure (ks)
V709 Cas 2014-07-07 02:01 25.6
NY Lup 2014-08-09 14:51 23.0
V1223 Sgr 2014-09-16 02:26 20.4

capable of focusing hard X-rays (Harrison et al. 2013) has brought
about the ability to perform high-angular resolution spectroscopy
beyond 20 keV. This makes NuSTAR the ideal observatory to make
accurate measurements of WD masses in mCVs. Mass measure-
ments for three IPs observed with NuSTAR have been published so
far (Hailey et al. 2016; Suleimanov et al. 2016).

In this work, we present the results of WD mass measurements of
three IPs based on NuSTAR spectroscopy. We compare our results
to those of earlier studies on these WD masses and note the tighter
constraints provided by our mass determinations. This paper, along
with previous work, will pave the way for an approved NuSTAR
Legacy Survey of WD masses in IPs, which will constrain the mass
distribution in this particular class of mCVs.

2 OBSERVATIONS AND DATA REDUCTION

NuSTAR consists of two co-aligned focal plane modules, FPMA
and FPMB, and is the first telescope in orbit able to focus X-rays
up to ~79keV (Harrison et al. 2013). NuSTAR observed the IPs
V709 Cas, NY Lup, and V1223 Sgr in 2014 July, August, and
September, respectively, for 20-26 ks (Table 1). These observations
were previously reported by Mukai et al. (2015).

We reduced the data using the NuSTAR data analysis software
(NuSTARDAS) v1.8.0, packaged with HEasOFT v6.22.1. The task
nupipeline filtered the observations for passages of high back-
ground during passages through the South Atlantic Anomaly and
produced cleaned event files. For each target and instrument, we
extracted spectra from a 70 arcsec radius circular region centred
on the source. Background spectra were extracted from a 100 arc-
sec radius circular region centred on a source-free region on the
same detector. Spectra and corresponding response matrices were
all generated with the task nuproducts. Finally, we grouped each
spectrum to have at least 25 counts per bin using the HEASOFT task
grppha. All spectra were fit in XsPEc v12.9.1 (Arnaud 1996) using
the x? statistic.

2.1 Modelling IP spectra

The shocked gas in IPs cools via optically thin thermal plasma
emission as it descends on to the WD. The continuum of the overall
spectrum in the hard X-ray band can therefore be broadly mod-
elled by a series of bremsstrahlung components. However, since
the shock is formed close to the stellar surface, a significant frac-
tion of the radiation will be directed towards the WD and reflected.
Reflection manifests itself in the X-ray spectrum as a Compton
‘hump’ at ~10-30keV and neutral Fe-K emission at 6.4keV and
has been demonstrated to be extremely important in modelling the
X-ray spectrum of IPs (Mukai et al. 2015). Finally, the immediate
pre-shock column have an effect on the X-ray spectrum (Done &
Magdziarz 1998), as the emitted X-rays may be viewed through this
material some of the time, causing an absorption effect additional
to that of the Galactic interstellar medium (ISM).To account for
this, some model spectra require the addition of a partial covering
component.

Measuring IP mass with NuSTAR 555

For the three IPs discussed in this work, we utilize the IP mass
(IPM) model ! described by Suleimanov et al. (2005), which derives
a WD mass based on the temperature of the bremsstrahlung contin-
uum, assuming the Nauenberg (1972) relation between WD mass
and radius. The Suleimanov et al. (2005) model calculates the pre-
dicted spectrum by modelling the vertical structure of the accretion
column, taking into account the varying gravitational potential over
the height of the shock. However, the model does not account for
the effects of Compton reflection. We rectify this by including the
convolution model for reflection from neutral material reflect
(Magdziarz & Zdziarski 1995), assuming typical ISM abundances
(Wilms, Allen & McCray 2000). This introduces the inclination
angle of the reflecting surface 6 (characterized in reflect by its
cosine, cos #) as a parameter. However, the derived mass does not
depend heavily on cos 6, in contrast to binary inclination, on which
mass has a cubic dependence in radial velocity studies. As the WD
mass is primarily determined by the shape of the continuum, we ex-
clude the part of the spectrum in the 5.5-7.5 keV range, effectively
removing the Fe line complex, which has previously been studied
in these three sources by Mukai et al. (2015). We also include a
partial-covering term in some models, using the pcfabs model.
However, we only use this if we find that a reflection model does
not effectively model the spectrum, as partial covering can model
some of the X-ray reflection effects, leading to degeneracies be-
tween the two models (Yuasa et al. 2010). In all combinations of
models, the Galactic interstellar absorption was accounted for with
tbabs (Wilms et al. 2000). The cross-normalization between the
FPMA/B instruments was accounted for by a constant, Cppyg.-

We first fit the spectra in the energy range 3-78 keV (excluding
the Fe line energy range) to derive a mass estimate. However, it
has also been shown that similarly robust masses can be obtained
by restricting the energy band 2 15keV (Hailey et al. 2016). The
advantage of this method is that absorption and reflection effects
can often be ignored, as they have been seen to be negligible at
these energies, and we can investigate the effect (if any) they have
on the derived masses.

3 RESULTS

The 3-78keV spectra and best-fitting models for each source are
shown in Fig. 1. We compare spectral fitting results for different
models in Tables 2—4.

3.1 V709 Cas

V709 Cas was first identified as an IP from follow-up of a ROSAT
all-sky survey detection (Haberl & Motch 1995; Motch et al. 1996).
The WD has a spin period Py, = 312.8s (Haberl & Motch 1995;
Norton et al. 1999) and the orbital period of the binary is 5.33h
(Thorstensen, Peters & Skinner 2010). Modelling the X-ray emis-
sion with accretion column models has produced a range of WD
mass for V709 Cas (0.90-1.22 Me); Ramsay 2000; Suleimanov
et al. 2005; Brunschweiger et al. 2009; Yuasa et al. 2010). Nei-
ther the WD nor its companion is detectable in optical spectra
(Thorstensen et al. 2010), so optical radial velocity studies have
not been possible. X-ray spectroscopy is therefore the only reliable
method of determining the mass of the WD, so we aim here to
resolve the prior disagreements with NuSTAR.

"IPM is implemented as an additive table model: (at-
able{polarmodel.fits}; see e.g. Hailey et al. 2016).
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Figure 1. Unfolded 3-78 keV NuSTAR spectra of V709 Cas, NY Lup, and V1223 Sgr, presented in the vF,, regime. Black and red points represent FPMA and
FPMB spectra, respectively. The best-fitting model for each source spectrum is stated in each panel and plotted as a solid line and A x residuals are plotted in
the bottom panel of each spectrum. We plot the iron emission line complex (5.5-7.5 keV), which we excluded from the fits, with the same colour scheme but a

lighter shade.

The IPM model with reflection (reflect*ipm) provides a
good fit to the 3-78 keV (excluding 5.5-7.5keV) NuSTAR spectra
(sz = 1.03 for 659 degrees of freedom, dof) with a WD mass
Mwp = 0.89 £ 0.05M¢. However, the rel..s; parameter, which
characterizes the fraction of downward radiation that is reflected, is
greater than unity, which is unphysical. We therefore freeze rel,.;
to unity and instead allow cos € to vary and find a consistent Mwp =
0.8870% M with cos 6 = 0.621035.

A simple IPM model fit to the 15-78 keV spectrum reveals a good
Xf = 1.00 (213 dof) and Mywp = 0.91 & 0.05 M, in agreement
with the 3-78 keV band reflect*ipm fit. Our measurements of
My are in agreement with the masses of 1.08f8:?§, 0.90 + 0.10,
and 0.96 £ 0.05 M, derived by Ramsay (2000), Suleimanov et al.
(2005), and Brunschweiger et al. (2009), respectively. However,
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our measurements do not agree with the Myp = 1.227093 Mg as

derived by Yuasa et al. (2010).

3.2 NYLup

NY Lup was identified as an IP from follow-up of the ROSAT
all-sky survey (Haberl, Motch & Zickgraf 2002). The WD has
Pgin = 693s and a binary orbital period of 9.87h (Haberl et al.
2002; de Martino et al. 2006). A radial velocity study of the mass
donor suggested Myp > 0.5 M (de Martino et al. 2006), in agree-
ment with X-ray spectral modelling (Mwp = 1.09 £ 0.07M¢),
Myp = 1.157008 Mo; Brunschweiger et al. 2009; Yuasa et al.
2010, respectively). NY Lup shows colour-dependent circular po-
larization modulated on the spin period of the WD indicative of a
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Table 2. V709 Cas: Spectral fitting results.
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V709 Cas

Parameters reflect*ipm? reflect*ipm® ipm

Bandpass (keV) 3-78° 3-78b 15-78

N (102 cm™2) 3434+ 0.74 3.5110:67 -

relrers L1743 1.0¢ -

z° 1.0 1.0 -

zg, 1.0 1.0 -

cos 6 0.45° 0.62102 -

Mwp M@) 0.89 + 0.05 0.88700> 0.91 +0.05

Nipn (10711 1047909 1.07 £ 0.10 1.537927

CrpMB _ 1.04 £ 0.02 1.04 £ 0.02 1.06 + 0.05

Flux (107" erg em™2 s~ 1! 8.1 8.0 43

x2/dof 676/659 675/659 212/213

Notes. *Multiplied by tbabs to account for Galactic absorption.

b3_78 keV bandpasses exclude the iron line complex (5.5-7.5keV).

“Elemental abundance relative to solar (fixed).

d1ron abundance relative to solar (fixed).

°Fixed.

fObserved flux in the bandpass.
Table 3. NY Lup: Spectral fitting results.

NY Lup

Parameters reflect*ipm? reflect*ipm? ipm reflect*ipm
Bandpass (keV) 3-78° 3-78° 15-78 15-78
Ny (102 cm=2) 4.03 + 0.83 4757970 - -
relrer 1767033 1.0° - 1.0°
z° 1.0 1.0 - 1.0
Zg, 1.0 1.0 - 1.0
cos 6 0.45¢ 094—0,16 - 0.95,0424
Mwp M@) 1.15 4+ 0.05 116755 1.20 + 0.05 1.17 +0.05
Nipm (10711 0.57 + 0.05 0.5910:03 0.96714 0.5870:09
CrpMB 1.01 £0.02 1.01 £ 0.02 0.98 + 0.04 0.98 £+ 0.04
Flux (10~ erg cm=2 s~ 1)d 11.1 11.1 7.6 7.3
%2 /dof 730/724 725/724 307/270 269/269

Notes. *Multiplied by tbabs to account for Galactic absorption.
b3_78keV bandpasses exclude the iron line complex (5.5-7.5keV).

“Fixed.
dObserved flux in the bandpass.

fairly strong (>4 MG) magnetic field (Katajainen et al. 2010; Potter
etal. 2012).

As in the case of V709 Cas, we obtain a good fit (x> = 1.01; 724
dof) with an IPM model with reflection to the 3-78 keV spectra, but
with anunphysical rel,.s; > 1. Torectify this, we freeze rel s =
1, allowing cos @ to vary, and find a best-fitting (x2 = 1.00; 724 dof)
Myp = 1.16J_r8j8‘2‘ M@ . In this case, we find that cos 6 tends towards
the hard upper limit of 0.95, with the best-fitting value cos 6 > 0.78
(90 per cent confidence). This is consistent with the low value for 6
favoured by Mukai et al. (2015).

Fitting an IPM model, without reflection, to the 15-78 keV band
spectrum indicates a heavier WD (Mwp = 1.20 4+ 0.05 M), though
still consistent with the 3—78 keV band fit within uncertainties. How-
ever, it is worth noting that the 15-78 keV fithas a higher x2 = 1.14
(270 dof). This is not surprising as it has been shown that NY Lup
has the highest amplitude Compton reflection hump, in addition to
the strongest iron line (equivalent width = 132 + 12 V) of the three
sources studied here (Mukai et al. 2015), so reflection is still likely

a significant contribution to the shape of the X-ray spectrum, even
at these energies. Convolving the IPM model with the Magdziarz
& Zdziarski (1995) reflection model in the 15-78 keV band im-
proves the fit (A x> = 38 for one fewer dof; x2 = 0.99) and we find
Mwp = 1.17 £ 0.05M¢, consistent with the full 3-78 keV band
fit. The masses we derive for NY Lup are in good agreement with
the masses determined by Brunschweiger et al. (2009) and Yuasa
et al. (2010), and it is evident that the system contains a relatively
heavy WD.

3.3 V1223 Sgr

V1223 Sgr was discovered by Uhuru (Forman et al. 1978), but only
identified as a CV 3 yr later (Steiner et al. 1981). The WD has
Pyin = 745.6s (Osborne et al. 1985) and the binary orbital period is
3.37h (Jablonski & Steiner 1987). As one of the brightest and most
well-studied IPs, there are a range of mass estimates from 0.71 to
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Table 4. V1223 Sgr: Spectral fitting results.

V1223 Sgr
Parameters reflect*ipm® reflect*ipm® reflect*pcfabs*ipm? ipm
Bandpass (keV) 3-78b 3-78b 3-78b 15-78
Ny (102 cm™2) 6.5910:38 7.65754 0 -
N (102 cm™2) - - 3871146 -
. +0.02
e o9 - 0.52%0 13 -
re:I-refl 206J:027 I-Od I.Od —
1.0 1.0 1.0 -

zg, 1.0 1.0 1.0 -
cosd 0.45¢ 0.95_0.10 0.52791% -
Mwp Mg) 0.75 £ 0.02 0.78 + 0.01 0.75 £ 0.02 0.77 + 0.02

—11 +0.13 +0.44 +0.75
Npym (10711 435+0.18 4.4375-13 557795 7.6615%
CrpMB 1.00 £ 0.01 1.00 + 0.01 1.00 £ 0.01 1.00 + 0.03
Flux (10~ ergem 25~ 1) ¢ 23.2 23.3 233 11.8
x2/dof 1006/919 1027/919 938/917 417/423

Notes. *Multiplied by tbabs to account for Galactic absorption.
b3_78 keV bandpasses exclude the iron line complex (5.5-7.5 keV).

“Insensitive to fit.
dFixed.
€Observed flux in the bandpass.

1.05M¢, for the WD in V1223 Sgr (see Hayashi et al. 2011, and
references therein).

The reflect*ipm neither with fixed inclination (free reflec-
tion fraction) nor with varying inclination (rel,.s; = 1) provides a
formally acceptable fit in the 3-78 keV band (x? = 1.10; 919 dof
and 1.12; 919 dof, respectively). The residuals suggest that the fit is
poor below 5 keV, indicating that we are likely accounting for ab-
sorption incorrectly. To this end, we modify the fit with the addition
of a partial covering model (pc fabs), to account for absorption by
the pre-shock flow. The fitimproves (x> = 1.02;917 dof) with a par-
tial covering column density N = 38.722(’ x 10?2¢cm~2 and cov-
ering fraction P = 0.520{] and we find Mywp = 0.75 £ 0.02 M,
in this case.

The uncovered IPM model, with no reflection, provides a good
fit ( Xf = 0.99; 423 dof) to the 15-78keV band spectrum and we
find Mwp = 0.77 & 0.02 M, consistent with the 3-78 keV band
measurement. Our Mwp measurements are more indicative of a
moderate mass WD, in agreement with previous measurements of
0.93 £ 0.12, 0.75 % 0.05, and 0.82() My (Beuermann et al.
2004; Yuasa et al. 2010; Hayashi et al. 2011), rather than a heavy
(>1M@) WD, as suggested by Ramsay (2000) and Evans & Hellier
(2007).

4 DISCUSSION

4.1 WD mass measurements

We have shown that it is possible to obtain accurate mass esti-
mates for WDs in IPs by modelling the X-ray spectrum in the
3-78keV band as a one-dimensional accretion flow, which cools
via bremsstrahlung as it descends on to the surface of the WD
(Suleimanov et al. 2005). Though previous studies have suggested
that reflection may have a negligible effect on the measured mass
(Cropper, Ramsay & Wu 1998), it has been shown that it is an im-
portant component in observed X-ray spectra (Mukai et al. 2015).
In the case of V1223 Sgr, we require a partial covering component
to account for the absorption effects of the accretion curtain.

We also constrain consistent WD masses with only the 15-78 keV
portion of the spectrum (see also Yuasa, Makishima & Nakazawa

MNRAS 476, 554-561 (2018)

2012; Hailey et al. 2016). This has the advantage of reducing compu-
tational time but still producing a consistent mass estimate, though
with slightly larger statistical uncertainties. Still, this method can
be used as a robust estimate of WD mass, before more complicated
models are considered over the full band.

The derived masses for the three IPs studied here are mostly
consistent with previous measurements. However, the largest dis-
crepancy lies with V709 Cas, where the mass of the WD was
derived to be 1.2270% Mg by Yuasa et al. (2010), compared to
Mywp = 0.88700) Mgy derived in this work (consistent with Ram-
say 2000; Suleimanov et al. 2005; Brunschweiger et al. 2009).
Yuasa et al. (2010) note that there may be some systematic un-
certainties present in their results as a result of the limitations of
their model, and we note here the large residuals in the Suzaku
spectral fits and the resultant large negative uncertainty in the de-
rived mass. This does not necessarily mean that our work is free
from potential systematic uncertainties — we do use the same model
as Suleimanov et al. (2005) and Brunschweiger et al. (2009) and
derive consistent masses — but NuSTAR is less susceptible to an
uncertain background estimation due to its capability as an imaging
telescope. Also, Yuasa et al. (2010) do not provide a treatment of
reflection in their modelling, despite it having been shown to be an
important component of the X-ray spectrum of V709 Cas (Mukai
et al. 2015). We investigate this by fitting an [IPM model with no
reflection component to the 3—78 keV (excluding 5.5-7.5 keV as be-
fore) spectra of V709 Cas. We find an unacceptable fit (x2 = 1.15;
660 dof) and Mwp = 1.15 & 0.03 M, consistent with Yuasa et al.
(2010). It is therefore evident that the mistreatment of reflection in
X-ray spectral fitting can lead to a misinterpretation of WD mass.

4.2 Underestimation of WD mass?

The IPM model (Suleimanov et al. 2005) utilizes the link between
the temperature of the standing shock and the mass of the WD. The
model assumes that the inner radius of the accretion disc, R;,, which
terminates at the magnetospheric radius of the WD, R, is far enough
from the WD surface that accreting material can be considered to
be free-falling from infinity. However, if R,, is sufficiently small
(<5 WD radii, Rwp), then the accretion flow will be accelerated to
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Figure 2. Power spectra of the X-ray light curves of V709 Cas, NY Lup and V1223 Sgr. Power spectra are rms normalized (van der Klis 1997). The spin
periods of the WDs are marked with an arrow and the predicted noise level is denoted by a dashed line (note that this does not take into account detector
dead-time). For V709 Cas, we plot the best-fitting model consisting of a broken power law with a Gaussian and a Oth order polynomial, the Gaussian and the
broken power law (with a break at v, = 2.4 & 1.0 x 1073 Hz) components of the best-fitting model are represented by the dotted lines.

lower velocities, and the shock will have a lower temperature than
derived by the assumed model (Suleimanov et al. 2016). This leads
to the possibility of some WD masses being underestimated by IP
mass models.

Revnivtsev et al. (2009, 2011) postulated that the frequency of
the break that is commonly seen in the power spectra of systems
with magnetospherically truncated accretion discs corresponds to
the Kepler frequency at R,,. Therefore, measuring this break could
provide an estimate of R,,. Based on this relation, Suleimanov et al.
(2016) claimed that the magnetospheres of the two IPs, GK Per and
EX Hya, reached to <3Rwp, and thus these WD masses had been
underestimated previously (e.g. by Suleimanov et al. 2005; Yuasa
et al. 2010).

Here, we investigate the possibility of a misinterpretation of R,
affecting our mass measurements of the three IPs studied in this
work. We construct the power spectra for these three IPs (Fig. 2) us-
ing the pYTHON package MaLTPyNT (Bachetti 2015). Power spectra
are constructed from 2048s light-curve segments and combined to
produce the averaged power spectrum for each source. We find that
NY Lup and V1223 Sgr exhibit no obvious break in their power
spectra, with the only visible indicator of discrete variability be-
ing the spin period of the WDs in each system. This is contrary
to Revnivtsev et al. (2011), who report a break at v, = 0.07 Hz
in optical photometry of V1223 Sgr. We must note here that white
noise dominates the power spectra at frequencies above ~0.01 Hz,

so a break at 0.07 Hz would likely be undetectable. However, if the
break as measured by Revnivtsev et al. (2011) is indeed indicative
of the Kepler frequency, then this would indicate that R, is ex-
tremely close to the WD surface (~1.1Rwp for a 0.78 M WD).
If this were the case, we would see a very soft X-ray spectrum as
the accretion flow would not be accelerated to very high velocities
before reaching the shock — if accelerated at all — and the post-shock
region would have a very low temperature. This is not in agreement
with the observed properties of V1223 Sgr, which exhibits a shock
temperature of kTgocx > 30 keV (Yuasa et al. 2010; Mukai et al.
2015), typical of IPs.

The power spectrum of V709 Cas, however, may show a break
close to or at the spin frequency. To investigate, we fit a model con-
sisting of a broken power law, with a Gaussian at the spin frequency,
and a Oth-order polynomial for the white noise at higher frequencies.
We find that a power law with a break at v, =2.4 £ 1.0 x 107> Hz
can constrain the power spectrum. However, the fit is indistinguish-
able at 90 per cent confidence from a single power law model, with
a Gaussian at the spin period (A x? = 2.7 for one more dof). We
therefore cannot confidently claim the detection of a break and do
not attempt to use v, to modify the masses we have derived in this
work.

We can use the fact that most IPs are approximately in spin
equilibrium (King & Lasota 1991; King 1993) as an indepen-
dent approximation of R,. For mCVs in spin equilibrium, Rj,
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(and therefore Ry,) is approximately equal to the co-rotation radius
Reo = (GMwp Py, /41)' (King & Lasota 1991). For NY Lup
and V 1223 Sgr R, > 10Rwp, which is far enough away from
the WD surface to have a negligible effect on the shock temper-
ature. However, the low Py, = 312.78 s (Haberl & Motch 1995;
Norton et al. 1999) of V709 Cas suggests that R,, may be closer
to the WD surface. Using the Nauenberg (1972) relation between
WD mass and radius, we find Ry, ~ 10.5Rwp for a 0.88 M WD.
This is still not close enough to the WD to have a large effect on
the derived Mwp according to Suleimanov et al. (2016). The tem-
perature of the shock kTyocx = % nmy G,?@‘[“)D (1 — Rn/Rwp), where
u = 0.615 is the mean molecular weight for a completely ionized
plasma with solar abundances and my is the proton mass. The best-
fitting mass Mwp = 0.8800) My implies k Ty = 44.1735keV.
If we re-calculate the mass using this temperature and instead place
the inner disc at R, = 10.5Rwp, we find Myp = 0.92700; Mg —
an increase but still consistent within uncertainties with the mass
derived from an infinite fall height.

4.2.1 Location of the standing shock

Another caveat of the IPM model (Suleimanov et al. 2005) is that it
assumes that the standing shock is formed immediately above the
WD surface. However, this may not always be the case. To explain
the differing amplitudes of reflected emission seen in the three
systems studied in this work, Mukai et al. (2015) propose that the
shock may form at a non-negligible distance from the WD surface,
dependent on the level of reflection exhibited. V709 Cas exhibits
a low-reflection amplitude and thus the shock is likely ~0.2Rwp
above the WD. Conversely, NY Lup, which shows strong reflection
inits spectrum, likely has a shock close to the WD surface, consistent
with the assumptions in the Suleimanov et al. (2005) model. To
explain the level of reflection seen in the spectrum of V1223 Sgr,
Mukai et al. (2015) suggest a shock height of ~0.05Rwp.

Underestimating the shock height Rk leads to an underesti-
mation of Mwp as it introduces an additional term to the calcu-
lation of the shock temperature: kTgock = % my (RWG;K%(I —
Ry /Rwp). In the case of V709 Cas, a shock with temperature
kT = 44.1133keV located 0.2Rwp above the WD would im-
ply Mwp = 0.96 = 0.04M©®. The inclusion of the fall height at
R, ~ 10.5Rwp would increase the WD mass further to Mwp =
1.00%0.0 M.

In addition to the case of V709 Cas, Mukai et al. (2015) sug-
gest a shock height of 0.05Rwp for V1223 Sgr. This would imply
Mwp = 0.77 & 0.02 M — a slight increase but consistent within
uncertainties with the best-fitting mass derived from the [IPM model.
It is evident that the shock height can have a non-negligible effect
on the derived WD mass if it is more than a few tenths of a WD
radius above the stellar surface and should be carefully considered
in the analysis of IP spectroscopy.

4.3 Comparison with cooling-flow models

In their study of reflection from the three IPs presented in this
work, Mukai et al. (2015) utilize an isobaric cooling-flow model to
characterize the emission from the post-shock region (mkcflow;
Mushotzky & Szymkowiak 1988). We can use the best-fitting shock
temperatures to derive the implied mass and compare to the IPM
model fits in this work. Assuming the material is falling from infinity
and forming a shock just above the surface of the WD (which we
note above may not be a completely valid assumption but mirrors
GMwp

the model of Suleimanov et al. 2005), then kTy,ock = %umH R
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The best-fitting temperatures are k Typose = 50.0735, 55.5757, and
35.4t};§ keV for V709 Cas, NY Lup, and V1223 Sgr, respectively.
This translates to Mywp = 0.947003,0.997003,and 0.79 £ 0.02 Mg,
respectively, utilizing the Nauenberg (1972) mass—radius relation.
For V709 Cas and V1223 Sgr, these values are broadly consistent,
within uncertainties, with those calculated from our IPM model
fits. However, there is a remarkable difference for NY Lup, for
which we derive Myp = 1.16700; Mg using the IPM model to
fit the spectrum. It is worth noting here that, out of the three
sources studied in this work, NY Lup is the one that is most af-
fected by a reflection component, which may have an effect ei-
ther on the temperature derived from the cooling-flow model or on
the mass derived from the IPM model. However, the likely reason
for the discrepancy is the high value of kTg,ock > 50keV, which
drives the location of the cut-off in a bremsstrahlung energy spec-
trum. The cut-off for NY Lup is beyond 50 keV, where the back-
ground is much more dominant, and thus it is difficult to constrain
kTgnock tightly. It is possible that the current data do not provide
robust constraints on high-mass WDs, and that longer exposures
are required in order to increase signal to noise at high energies.

4.4 Iron abundance

In all of our fits, we have assumed Wilms et al. (2000) solar abun-
dances for the reflecting surface, including iron. Conversely, analy-
sis of Fe lines in IP spectra suggests that the majority of WDs in IPs
have significantly sub-solar Fe abundances (see e.g. Ezuka & Ishida
1999; Yuasa et al. 2010). However, as the majority of confirmed IPs
are at distances <500 pc (Suleimanov et al. 2005, and references
therein), and therefore in the solar neighbourhood, we would expect
the abundances of the companion stars (and therefore the accreted
material) to be similar to that of the Sun, on average. It is unclear
if we would expect the abundance of the reflector (i.e. the WD sur-
face) to be significantly sub-solar, but as it is continuously accreting
stellar material from a main-sequence companion in the solar neigh-
bourhood, then, unless the elements quickly stratify, it would not be
unreasonable to assume solar abundances. We therefore approach
the subject of iron abundance with some caution.

Nevertheless, we show here how changes in abundances can af-
fect reflection and therefore the derived mass. Fixing Zg. to a value
of 0.5 (relative to solar), we find Myp = 0.92 £ 0.05, 1.20 £ 0.04,
and 0.78 £ 0.02 Mg, for V709 Cas, NY Lup, and V1223 Sgr, re-
spectively. Lowering iron abundances has the effect of increasing
the derived mass (by approximately one error bar), but it is unclear
if a sub-solar Z, is the correct approach.

We must note here that a degeneracy is present if rel, ., cos9,
and Zp. are all allowed to vary at the same time, so an accurate
interpretation of all three parameters simultaneously is not possi-
ble with the current modelling strategy. A detailed study of abun-
dances is possible with grating spectroscopy of the iron line region
with e.g. Chandra/High Energy Transmission Grating Spectrometer
(HETGS) or the micro-calorimeter of the future X-ray Astronomy
Recovery Mission (XARM).

4.5 Towards a systematic IP survey

Here, we have shown that we can accurately model WD masses
in IPs (within ~5 percent) using relatively short exposures with
NuSTAR. We can improve on the precision of previous measure-
ments determined using non-imaging telescopes in significantly less
time. For example, a 46.2 ks observation of V1223 Sgr with Suzaku
enabled Yuasa et al. (2010) to derive Mwp = 0.75 + 0.05Mg,
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compared to the 20.4 ks NuSTAR observation presented here from
which we calculated Mywp = 0.75 £ 0.02Mp. We even derive
tighter constraints from our NuSTAR spectra than from 2.5 yr of
Swift/BAT observations (Brunschweiger et al. 2009). Also, NuSTAR
is the first telescope to unambiguously detect Compton reflection
in IPs (Mukai et al. 2015), which is an important component in
modelling their hard X-ray spectra.

This brings into context the potential efficiency of a systematic
survey of IPs with NuSTAR. We have therefore devised an ~1Ms
NuSTAR Legacy Survey® (PI: Shaw) of 25 mCVs in order to effi-
ciently measure the WD mass distribution in IPs, which has many
important implications for binary evolution models and the pro-
duction of type la supernovae (Zorotovic et al. 2011). To devise
the target list we selected the 25 brightest mCVs in the Swift/BAT
70 month catalogue (Baumgartner et al. 2013) that have not previ-
ously been observed with NuSTAR.

5 CONCLUSIONS

We have modelled the mass of three bright IPs observed with
NuSTAR and found that the measured masses are consistent with
the majority of previously published measurements but with tighter
constraints. For NY Lup, we find a very strong reflection component
that contributes to the X-ray spectrum even above 15 keV, confirm-
ing the results of Mukai et al. (2015). We find no strong evidence
for a break in the power spectra of the sources, suggesting that the
inner edge of the accretion disc is likely relatively distant from the
WD, unlike in GK Per (Suleimanov et al. 2016). However, we do
present our results with caveats, showing that just a slight change in
the height of the shock above the WD, the location of the inner ac-
cretion disc, or the iron abundance can alter our interpretation of the
derived WD mass. This work along with that of Hailey et al. (2016)
and Suleimanov et al. (2016) has shown that NuSTAR is the ideal
facility with which to perform a systematic survey of IPs in order to
accurately determine the mass distribution of WDs in mCVs. This
will be realized with an approved ~1 Ms NuSTAR Legacy Survey.
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