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ABSTRACT

Context. White dwarf masses in cataclysmic variables are difficult to determine accurately, but are fundamental for understanding
binary system parameters, as well as binary evolution.
Aims. We investigate the X-ray spectral properties of a sample of Intermediate Polars (IP) detected above 15 keV to derive the masses
of their accreting white dwarfs.
Methods. We use data from the Swift/BAT instrument which during the first 2.5 yrs of operation has detected 22 known intermediate
polars. The X-ray spectra of these sources are used to estimate the mass of the white dwarfs.
Results. We are able to produce a mass estimate for 22 out of 29 of the confirmed intermediate polars. Comparison with previous
mass measurements shows good agreement. For GK Per, we were able to detect spectral changes due to the changes in the accretion
rate.
Conclusions. The Swift/BAT detector with its combination of sensitivity and all-sky coverage provides an ideal tool to determine
accurate white dwarf masses in intermediate polars. This method should be applied to other magnetic white dwarf binaries.
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1. Introduction

Cataclysmic variables (CV) are binaries with a white dwarf
(WD) accreting matter from a late main-sequence star which fills
its Roche lobe (Warner 1995). Depending on the strength of the
magnetic field of the white dwarf, the matter flowing through
the Lagrange point either forms a full or partial accretion disk
or follows the magnetic field lines towards the magnetic poles of
the white dwarf. Intermediate polars (IPs) are a sub-type of cat-
aclysmic variables (see e.g. the review by Hellier 2002) where a
magnetic field of order B ≈ 1−10 MG (de Martino et al. 2004)
disrupts the inner part of the accretion disk. From this disruption
radius the accreting material follows the magnetic field lines to-
wards the magnetic poles and finally falls freely onto the surface
of the WD, forming a strong shock near the surface of the WD
(Aizu 1973). This so called post shock region is heated up to
a high temperature, about 10−20 keV (King & Lasota 1979).
The main cooling process is thermal Bremsstrahlung. The tem-
perature of the post shock region and hence the spectral shape
of the emitted X-ray radiation depend to first order only on
the mass of the WD. This makes IPs especially interesting, be-
cause their X-ray spectrum allows a relatively simple estimate
of the WD mass (see e.g. Rothschild et al. 1981; Ishida 1991;
Suleimanov et al. 2005).

The white dwarf mass is a fundamental parameter in cata-
clysmic binaries. It not only governs the dynamics of the or-
bital motion and the accretion flow, but also is a main parameter
characterizing the emission of the accretion region (see above).

� Present address: SLAC/KIPAC, 2575 Sand Hill Road, Menlo Park,
CA 94025; majello@slac.stanford.edu

Moreover, it plays a fundamental role in the binary evolution,
and accurate mass distributions of certain sub-classes can help
in constraining the accretion history.

Previous attempts to determine WD masses of IPs us-
ing X-ray measurements have been controversial, since data
from different X-ray instruments led to different mass estimates
(Ishida 1991 with Ginga data; or Ramsay et al. 1998 using
RXTE/PCA, ASCA and Ginga data), and in all cases X-ray
determined masses where substantially higher than masses de-
rived from optical timing or spectroscopy. The classical exam-
ple is XY Ari, an eclipsing IP (which is considered to be the
most suitable object because the uncertainty in the inclination is
very small): the RXTE spectrum yields 1.22 M�, the ASCA data
1.27−1.40 M� depending on GIS, SIS or a combination of the
two detectors, and the Ginga data result in 1.3 M�, while optical
methods yield 0.78−1.03 M� (Ramsay et al. 1998).

Observations above 20 keV are crucial as they provide a
clean signal not contaminated by other system components such
as the accretion disc or the main-sequence star and it avoids com-
plications due to cold or warm absorbers as well as fluorescence
(line) emission. Moreover, at or above this energy, effects of ab-
sorption in the post-shock region are negligible. The only effect
to take into account is reflection which is known to be present
in magnetic cataclysmic variables due to the detection of the
6.4 keV emission line. The only disadvantage was the weak-
ness of the X-ray flux. Thus, a sensitive instrument must be used
for this kind of observation. The Swift Burst Alert Telescope
(BAT, Barthelmy 2004), with an unprecedented sensitivity in the
15−200 keV range, opened a new window for the study of the
hard X-ray sky, combining high sensitivity and all-sky coverage.
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Table 1. IPs detected in the BAT survey 3σ in the 15−55 keV band ordered by constellation. The first three columns give the BAT position and
the offset to the optical position. The count rate was averaged over the entire 2.5 yr observing period. In the lower part of the table we report those
sources which are not currently detected in the BAT survey; for those we give the optical position for which the upper limit was computed.

Name RA Dec Offset Count rate Significance Exp. time Sensitivity1

(2000.0) (2000.0) (arcmin) (10−5 cts/s/det) ratio (Ms) (10−11 erg/cm2/s)
FO Aquarii 334.481 –8.351 3.3 12.4 ± 0.8 16.6 2.76 1.99
XY Arietis 44.038 19.441 4.3 5.3 ± 0.6 7.9 2.70 1.55
V405 Aurigae 89.497 53.896 0.3 5.4 ± 0.6 8.7 2.70 1.66
MU Camelopardaris 96.318 73.578 1.4 2.9 ± 0.5 6.7 3.46 1.60
V709 Cassiopeiae 7.204 59.289 0.7 16.2 ± 0.7 27.5 3.65 1.61
V1025 Centauri 189.569 –38.713 4.1 1.6 ± 0.8 3.1 1.91 1.88
BG Canis Minoris 112.871 9.940 2.9 5.8 ± 0.8 7.0 1.92 2.15
TV Columbae 82.356 –32.818 2.5 13.0 ± 0.7 20.3 3.55 1.44
TX Columbae 85.834 –41.032 3.5 4.5 ± 0.5 7.8 3.81 1.31
V2306 Cygni 299.560 32.545 3.4 3.1 ± 0.5 4.8 3.85 1.77
DO Draconis 175.910 71.689 1.8 2.7 ± 0.4 7.8 4.47 1.11
PQ Geminorum 117.822 14.740 2.7 6.2 ± 0.7 9.4 2.04 2.17
EX Hydrae 193.102 –29.249 3.0 5.2 ± 0.7 6.4 1.87 1.97
NY Lupi 237.061 –45.478 2.1 15.2 ± 0.8 15.5 1.35 2.58
V2400 Ophiuchi 258.152 –24.246 4.2 10.5 ± 0.9 11.0 1.30 2.52
GK Persei 52.799 43.905 4.4 18.5 ± 0.9 30.4 2.88 1.58
AO Piscium 343.825 –3.178 4.7 8.1 ± 0.6 11.1 3.00 1.62
V1223 Sagittarii 283.759 –31.163 3.0 19.6 ± 1.1 20.8 1.31 2.54
V1062 Tauri 75.615 24.756 5.3 3.1 ± 0.8 5.9 2.09 2.25
RX J2133.7+5107 323.432 51.124 1.9 10.9 ± 0.6 18.2 3.99 1.42
Swift J0732.5-1331 113.156 –13.518 2.8 6.3 ± 0.6 9.7 2.61 1.70
IGR J00234+6141 5.740 61.686 5.3 2.0 ± 0.6 3.0 3.68 1.72
IGR J17303-0601 262.590 –5.993 0.8 14.0 ± 0.8 12.7 1.59 2.78
AE Aquarii 310.04 –0.87 – <0.3 0.4 2.44 2.05
HT Camelopardaris 119.26 63.10 – <0.1 0.3 3.52 1.34
DW Cancri 119.72 16.28 – <1.5 1.5 2.09 2.11
UU Columbae 78.05 –32.69 – <0.7 1.7 3.55 1.50
DQ Herculis 271.88 –45.86 – <1.0 2.5 3.75 1.56
WX Pyxidis 128.27 –22.81 – <1.4 2.8 3.16 1.56

1 Minimum flux to detect a source at 3σ at a given position in the 15−55 keV band.

The present paper is organized as follows: in Sect. 2 we in-
troduce the observations. The results of the measurement can be
found in Sect. 3 which is divided in three subsections to discuss
first the spectral analysis, second the accretion-rate dependence
observed in GK Per, and finally the comparison with previous
methods of mass determination (both with X-ray and non X-ray
methods). The conclusions are given in Sect. 4.

2. Data and models

2.1. The Swift/BAT X-ray survey

BAT is a coded mask telescope with a wide field of view aper-
ture (FOV, 120◦ × 90◦ partially coded) sensitive in the en-
ergy range of 15−195 keV. BAT continuously monitors the hard
X-ray sky surveying gamma-ray bursts. Results of the BAT sur-
vey (Markwardt et al. 2005; Ajello et al. 2008a) show that BAT
reaches a sensitivity of ≈1 mCrab in a 1 Ms exposure. With its
sensitivity and the large amount of exposure already accumu-
lated over the whole sky, BAT is a very good instrument for
studying IPs above 20 keV.

In the analysis presented here we use BAT data to derive
spectra of known IPs. This was done by cross-correlating our
list of source candidates with catalogs of IPs.

For the source detection step, we used all the available
BAT data taken from January 2005 to March 2007. An energy
range of 15−55 keV was chosen. The lower limit is given by
the energy threshold of the detectors. The upper limit is taken

to avoid the presence of strong background lines which could
worsen the overall sensitivity. The data screening was performed
analogously to the method presented in Ajello et al. (2008a).
The final all-sky image is obtained as the weighted average of
all the shorter observations. The average exposure time in our
image is 3 Ms, with 1.3 Ms minimum and 5 Ms maximum ex-
posure times. The final image shows Gaussian normal noise and
we identified source candidates as excesses above the 3σ level.
All the candidates are then fit with the BAT point spread
function (using the standard BAT tool batcelldetect) to derive
the best source position. The BAT position error is between
3−7 arcmin, depending on the source intensity (see Ajello et al.
2008a). The identification of IPs from this detection list was
done using the online catalog maintained by Mukai1 and allow-
ing for each source’s position error.

Out of the 29 known IPs to date, Swift/BAT detects 22 objects
(see Table 1). The sources that fall below the BAT sensitivity
(AE Aqr, HT Cam, DW Cnc, UU Col, DQ Her and WX Pyx) are
likely either very far away, or are in a very low accretion state.
All six sources except HT Cam (RXTE detection; Revnivtsev
et al. 2004) were also not detected in RXTE or Integral/IBIS
observations.

For each of the detected IPs, we extracted a 15−195 keV
spectrum with the method described in Ajello et al. (2008b).
Here we recall the main steps. For a given source, we extract

1 http://asd.gsfc.nasa.gov/Koji.Mukai/iphome/iphome.
html, version of March 2007.

http://asd.gsfc.nasa.gov/Koji.Mukai/iphome/iphome.html
http://asd.gsfc.nasa.gov/Koji.Mukai/iphome/iphome.html
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a spectrum from each observation for which the source is in
the field of view. These spectra are corrected for residual back-
ground contamination and for vignetting. The per-pointing spec-
tra are then (weighted) averaged to produce the final source spec-
trum. Thus, the final spectrum represents the average source
emission over the entire survey period (2.5 years) although in-
dividual coverage intervals may differ.

We also extracted the light curves of all detected IPs. In most
of the cases, the sources are too faint to assess any variability.
The only exception is GK Per (see Fig. 2) and this source will be
discussed in detail in Sect. 3.2.

2.2. Spectral model

The main cooling mechanism in the post-shock region is
through bremsstrahlung, thus the simplest method is to fit a
Bremsstrahlung spectrum to the data. The structure of the post-
shock region was investigated first by Aizu (1973), who pro-
vided a conversion formula to determine the white dwarf mass
based on the effective temperature of the Bremsstrahlung spec-
trum. However, in order to estimate the mass of the accreting
white dwarf more accurately, one needs a more careful model-
ing of the temperature and emissivity distribution in the post-
shock region. Woelk & Beuermann (1996) took into account
cyclotron cooling, which can be important for polars, but was
shown to be unimportant for objects with surface magnetic fields
less than 10 MG (like IPs). Frank et al. (2002) derived a simple
analytical model under the assumption of constant pressure in
the post-shock region. Suleimanov et al. (2005) extended this
model to take into account how the pressure grows towards
the white dwarf surface. The emergent spectrum thus is the
sum of many local Bremsstrahlung spectra with their appro-
priate temperatures and pressures. While this model does not
include reflection, Cropper et al. (1998) have shown that in-
cluding the reflection changes the fit parameters and the cor-
responding white dwarf masses only slightly. The main differ-
ence between the model of Suleimanov et al. (2005) and that of
Aizu (1973) is that Suleimanov et al. (2005) uses the cooling
functions of Sutherland & Dopita (1993), which takes thermal
Bremsstrahlung, lines and b−f transitions into account.

In the following we have used the model of Suleimanov et al.
(2005). The free parameters are the mass of the white dwarf and
a normalization constant. Since we fit spectra only above 15 keV,
we do not apply any foreground absorption.

3. Results

3.1. Spectral analysis

In order to derive a WD mass estimate we fitted the model of
Suleimanov et al. (2005) to the BAT IPs using XSPEC. An ex-
ample is given in Fig. 1. The detection of the IP emission up
to ∼100 keV allows an accurate estimate of the bremsstrahlung
temperature. Since the X-ray spectrum depends primarily on the
WD mass, using the model of Suleimanov et al. (2005) we are
able to determine directly an estimate (and its uncertainty) of the
WD mass.

With the exception of MU Cam, all spectral fits show ac-
ceptable reduced χ2 (see Table 2 which include the errors at the
90% confidence level; the number of degrees of freedom is al-
ways 10, based on 12 channels and 2 fit parameters). We re-
frained from attempting to fit more sophisticated models. Note
that, in all the cases, a power law does not produce a good fit
because of the clear curvature of the data.
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Fig. 1. Swift/BAT spectrum of GK Per, averaged over 2.5 yrs, fitted with
the model described in Suleimanov et al. (2005).

3.2. Accretion-rate dependence of GK Per

In the simplistic case, it is assumed that the accreted mass falls
freely from infinity onto the white dwarf. In reality, however, the
matter does not come from infinity, but falls from the Alfvén ra-
dius RA, which in turn depends on the mass accretion rate (from
Suleimanov et al. 2005):

RA

RWD
≈2.3

(
Ṁ

1020 g/s

)−2/7(
MWD

M�

)−1/7( RWD

109 cm

)5/7( B

106 G

)4/7

(1)

Thus, including this dependency, the white dwarf mass is:

MWD(RA) = MWD(∞)

(
1 − RWD

RA

)
· (2)

Therefore, the higher the accretion rate, the smaller is RA, and
thus the smaller the mass of the white dwarf which is deduced
under the assumption of infinite origin.

There is yet another dependency which makes a statement on
the deduced mass relative to the real mass somewhat uncertain.
Accretion is only possible if RA < RΩ (Warner 1995), where
RΩ is the “corotation” radius, i.e. the radius where the Keplerian
angular velocity is equal to the rotation velocity of the WD (oth-
erwise the mass would be thrown out of the system):

RΩ
RWD

= 2.3P2/3
p (min)

(
MWD

M�

)1/3 ( RWD

109 cm

)−1

· (3)

Thus, fast rotating systems require higher accretion rates at the
same magnetic field strength, and we measure smaller masses
than they have in reality. Because of this, we think we mea-
sure only a lower limit for the mass of the following four sys-
tems (with their WD rotation period in parenthesis): GK Per
(5.85 min), V709 Cas (5.12 min), DO Dra (8.83 min), V405 Aur
(9.09 min).

Figure 2 reveals that GK Per had an outburst at the beginning
(January 2005) as well as at the end (Dec. 2006−>Mar. 2007)
of the covered observing period. GK Per is well known for its
periodic outbursts, which take place every three or four years
(Sabbadin & Bianchini 1983; Šimon 2002). Brat et al. (2006)
mention an increased optical brightness in Dec. 2006, about
0.6 mag above its usual quiescent level, which is consistent
with our detection of increased X-ray emission. Since GK Per
is among the brightest IPs in our sample, we are able to split

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200811285&pdf_id=1


124 J. Brunschweiger et al.: WD masses of IPs

Table 2. Detected IPs with masses from XSPEC fit with the model from Suleimanov et al. (2005). The temperature is from a bremsstrahlung fit,
and is provided for comparison.

Name kT Mass F14−195 DistanceA L14−195 Ṁ χ2
red

(keV) (M�) (10−11 erg/cm2/s) (pc) (1032 erg/s) (1016 g/s)

FO Aqr 15.2 ± 1.6 0.61 ± 0.05 4.7 ± 0.5 4001 9.00 29.0 1.4
XY Ari 29.1 ± 6.2 0.96 ± 0.12 2.3 ± 0.4 2702 2.01 2.8 1.3
V405 Aur 22.1 ± 4.2 0.89 ± 0.13C 2.2 ± 0.5 – – 0.5
MU Cam 19.6 ± 4.7 0.74 ± 0.13 1.3 ± 0.3 – – 1.7
V709 Cas 30.0 ± 2.5 0.96 ± 0.05C 7.2 ± 0.6 – – 1.0
V1025 Cen 10.8 ± 7.7 0.46 ± 0.31 0.4 ± 0.3 – – 0.6
BG CMi 18.9 ± 5.5 0.67 ± 0.19 2.0 ± 0.4 7003 11.73 32.3 0.7
TV Col 21.6 ± 2.4 0.78 ± 0.06 5.0 ± 0.5 3864 8.92 18.8 0.9
TX Col 17.0 ± 3.2 0.67 ± 0.10 1.7 ± 0.3 5505 6.15 16.9 0.7
V2306 Cyg 20.5 ± 5.7 0.77 ± 0.16 1.2 ± 0.3 – – 1.0
DO Dra 12.0 ± 2.6 0.50 ± 0.11C 1.0 ± 0.3 1556 0.29 1.3 0.7
PQ Gem 16.8 ± 2.8 0.65 ± 0.09 2.5 ± 0.4 – – 1.0
EX Hya 19.4 ± 4.4 0.66 ± 0.17 2.1 ± 0.5 64.57 0.10 0.28 0.4
NY Lup 39.1 ± 4.3 1.09 ± 0.07 7.1 ± 0.6 6908 40.45 25.3 1.1
V2400 Oph 21.1 ± 2.8 0.81 ± 0.10 4.3 ± 0.6 – – 1.0
GK Per 26.2 ± 5.4 0.90 ± 0.12B,C 2.8 ± 0.5 3409 10.24 16.2 0.8
AO Psc 13.1 ± 1.9 0.55 ± 0.06 2.8 ± 0.4 42010 10.13 38.6 0.7
V1223 Sgr 17.0 ± 1.3 0.65 ± 0.04 8.5 ± 0.8 52711 28.25 82.0 1.0
V1062 Tau 18.3 ± 5.8 0.72 ± 0.17 1.6 ± 0.4 50012 4.79 11.6 0.4
RX J2133 27.1 ± 2.9 0.91 ± 0.06 4.6 ± 0.4 >60013 – 0.6
Swift J0713 21.7 ± 4.1 0.79 ± 0.11 2.5 ± 0.4 – – 0.9
IGR J00234 22.8+30.0

−11.5 0.85 ± 0.39 0.7 ± 0.3 – – 0.8
IGR J17303 37.1 ± 4.4 1.08 ± 0.07 6.6 ± 0.6 – – 1.1

A References to the distances: 1. McHardy et al. (1987); 2. Littlefair et al. (2001); 3. Berriman (1987); 4. McArthur et al. (2001); 5. Buckley
& Tuohy (1989); 6. Mateo et al. (1991); 7. Beuermann et al. (2003); 8. de Martino et al. (2006); 9. Warner (1987); 10. Hellier et al. (1991);
11. Beuermann et al. (2004); 12. Szkody & Silber (1996); 13 Bonnet-Bidaud et al. (2006).
B All numbers correspond to the measured spectrum during the low-flux period; but see Sect. 3.2.
C The derived mass is likely a lower limit due to the fast rotation of the WD; see Sect. 3.1.
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Fig. 2. Light curves of GK Per in the 15−195 keV band with a binning of 5 days. The middle panel shows the full observation while the left panel
shows the outburst at the beginning and the right panel that at the end of the covered observing period.

the data into three different periods, namely the low-flux period
as well as the two outbursts, and derive the mass separately for
these periods.

The results in Table 3 show that we measure lower masses
at higher flux. While our data are not sufficient to demonstrate
that the mass estimates quantitatively follow that expected on
the basis of the expected change in RA, the change is suggestive
of being due the dependence on the accretion rate according to
Eqs. (1) and (2). Note the systematically higher mass estimate
if we were not been able to distinguish the different flux levels.
Only the mass derived during the low-flux (low-accretion) pe-
riod of GK Per should be considered – the last row in Table 3
is for illustrative purposes only. The values as derived during
the outbursts are similar to those of Suleimanov et al. (2005),
suggesting that those data were also taken during periods of

Table 3. Comparison of mass estimates for different sections of the light
curve of GK Per.

Part of light curve Mass (M�) χ2
red

Low-flux period, without outbursts 0.90 ± 0.12 0.78
Jan. 2005 outburst 0.74 ± 0.05 1.66
Mar. 2007 outburst 0.67 ± 0.03 1.24
Sum of the total period 0.78 ± 0.05 0.79

increased accretion. We finally note that for all other sources
of Table 2 the mass estimates are unlikely to be affected by high
accretion rates, i.e. the source being in outburst.

Assuming that the magnetic field (and the mass) does not
change significantly, we attempted to determine the accretion

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200811285&pdf_id=2
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Fig. 3. Relation between measured mass and accretion rate for different
magnetic fields for MWD = 1.1 M� and MWD = 1.2 M�. The values
of this work are shown (filled circles) with accretion rates from Warner
(1995). The parallel curves are for different values of the magnetic field,
namely 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1, 2, 3, 5, 7 and 10 MG, respectively
(from bottom to top). The open square represents the measured mass and
its corresponding accretion rate derived by Suleimanov et al. (2005).
The accretion rate has its first limit from the constraint that the system
must have an accretion rate lower than 0.01 × 1020 g/s at quiescence,
because of its life time.

rate via Eqs. (1)−(3), using the rotation period of 351 s Watson
et al. (1985). In Fig. 3 the three mass estimates from Table 3 are
shown together with the generally adopted values for the mass
accretion rate of GK Per in its different states (Warner 1995),
namely 4 × 1016 g/s at quiescence and 23 × 1016 g/s in outburst.
We also add the measurement of M = 0.6 M� from Suleimanov
et al. (2005). In order to be consistent, all four measurements
should fall onto one particular line for the magnetic field of the
white dwarf. Testing white dwarf masses between 0.6−1.3 M�,
we find that the mass of the white dwarf in GK Per must be
definitely higher than 0.9 M�. A mass of 1.15 M� provides the
best match, and we present the graphs for 1.1 and 1.2 M� to
show how sensitive the mass estimate is (note, however, that
this hinges on the assumption of the accretion rate). For 1.1 M�
the data points are flatter than the corresponding curve of B =
0.2 MG, while for 1.2 M� the data points are already steeper than
the nearest B = const. curve. The online material provides the re-
maining figures with white dwarf masses of 0.9 M�, 1.0 M� and
1.3 M�. Our accretion rate corrected mass of the white dwarf
of GK Per of 1.15 M� compares well with the lower limit of

0.9 M� derived by Morales-Rueda et al. (2002). However, the
implied magnetic field of 0.2 MG is at the low end of what is be-
lieved to be the canonical magnetic field strength of IPs, namely
1−10 MG (de Martino et al. 2004).

The canonical way of deriving the accretion rate is via
the X-ray luminosity, i.e. using the relation LX = 0.1 × ε ×
G × MWD × Ṁ/RWD, where ε is the bolometric correction to
the X-ray luminosity in the 14−195 keV band, the factor 0.1
accounts for the ratio of X-ray to total accretion luminosity,
and we assume the conversion efficiency of gravitational bind-
ing energy to radiation being equal to 1 for WD surface ac-
cretion, as well as isotropic emission. For a bremsstrahlung
spectrum of 20 (40) keV, ε = 0.33 (0.53). Using our mass
estimate of 0.90 (1.15) M� and the corresponding radius of
6200 (3500) km (according to the relativistic Fermi gas), we
obtain Ṁ = 1.7 (0.7) ×1016 g/s. This is somewhat lower than
according to the typical values used above, and, if true, would
suggest an even lower magnetic field. It seems obvious that the
combination of the accretion rate estimate from LX with the de-
pendencies according to Eqs. (1)−(3) is not fully consistent with
our general belief of B ∼ 1−10 MG in IPs.

3.3. Comparison with other methods of mass determination

The canonical method of determining the WD mass in CVs
is by measuring the radial velocities of optical emission lines.
However, this method suffers from two main problems. First,
the uncertainty in the inclination of the system leads to a wide
range in mass. Second, in magnetic systems the velocities along
the collimating field lines dominate the radial velocities.

An alternative method is to measure the mass ratio and infer
the mass of the secondary by modeling the infrared light curves
(e.g. Allan et al. 1996). Again, the uncertainty in the inclination
limits the accuracy of the mass determination.

Eclipsing systems offer a unique opportunity to measure the
mass more accurately due to the relatively small uncertainty in
the inclination of the binary system. Moreover, in eclipsing sys-
tems the radius of the white dwarf can be determined, thus pro-
viding yet another method (though rarely applicable due to the
few eclipsing systems) to determine the WD mass.

3.3.1. The whole sample

In Table 4 and Fig. 4 we compare the mass estimates obtained
by our analysis to previous mass estimates via radial velocity
studies. In general, there is good agreement, with no systematic
effect visible. A detailed comparison with respect to individual
sources is given below.

While we compare our results to those obtained with IBIS
onboard INTEGRAL (see below), we choose not to discuss the
differences (Table 4) of our results to those obtained by Ginga,
ASCA and RXTE due to the systematic, and unexplained, dif-
ferences for XY Ari (Ramsay et al. 1998). In the next section we
discuss each object.

3.3.2. Discussion of individual objects

The mass of 0.96 ± 0.12 M� for XY Ari matches very well
the value of 1.04 ± 0.13 M� from Hellier (1997). This is par-
ticularly encouraging given the systematic differences in pre-
vious estimates as discussed in Ramsay et al. (1998) – see the
Introduction. Since XY Ari is the only eclipsing IP, its optically
determined mass is generally assumed to be secure. The fact that

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200811285&pdf_id=3
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Table 4. Comparison of our mass estimates with those from previous X-ray observations

Name BAT1 RXTE2 RXTE3 GINGA4 ASCA5 Other methods6 References7

M� M� M� M� M� M�
FO Aqr 0.61 ± 0.05 0.60 ± 0.05 0.88 0.92 1.05
XY Ari 0.96 ± 0.12 0.97 1.04 ± 0.13 [1]
V405 Aur 0.89 ± 0.13 0.90 ± 0.10 1.10 >0.54
V709 Cas 0.96 ± 0.05 0.90 ± 0.10 1.08
V1025 Cen 0.46 ± 0.31 0.60
BG CMi 0.67 ± 0.19 0.85 ± 0.12 1.20 1.09 0.8 ± 0.2 [2]
TV Col 0.78 ± 0.06 0.84 ± 0.06 0.96 1.30 0.51 0.75 ± 0.15 [3]
TX Col 0.67 ± 0.10 0.70 ± 0.30 0.73 0.48 0.66
DO Dra 0.50 ± 0.11 0.75 ± 0.05 0.83 ± 0.10 [4]
PQ Gem 0.65 ± 0.09 0.65 ± 0.20 1.29
EX Hya 0.66 ± 0.13 0.50 ± 0.05 0.45 0.46 0.48 0.49 ± 0.13 [5]
NY Lup 1.09 ± 0.07 >0.5 [6]
V2400 Oph 0.81 ± 0.10 0.59 ± 0.05 0.71 0.68
GK Per 0.90 ± 0.12 0.59 ± 0.05 0.52 0.9 ± 0.2, >0.87 [7], [8]
AO Psc 0.55 ± 0.06 0.65 ± 0.05 0.60 0.56 0.40
V1223 Sgr 0.65 ± 0.04 0.95 ± 0.05 1.10 1.28 0.4-0.6 [2]
V1062 Tau 0.72 ± 0.17 1.00 ± 0.20 0.90

References: 1: this work, BAT; 2: Suleimanov et al. (2005); 3: Ramsay (2000); 4: Cropper et al. (1999); 5: Ezucka, Ishida (1999); 6: Other methods
of determination of mass and the last column are the references of them. 7: References: [1] Hellier (1997); [2] Penning (1985); [3] Hellier (1993);
[4] Haswell et al. (1997); [5] Hoogerwerf et al. (2004); [6] de Martino et al. (2006); [7] Crampton et al. (1986); [8] Morales-Rueda et al. (2002).

Fig. 4. Comparison of the measured white dwarf masses with the ones
from other methods (values from Table 4). The source names are abbre-
viated; the labels of V1223 Sgr and EX Hya overlap.

our mass estimate matches so well suggests that our analysis
does not suffer from major systematic uncertainties.

Penning (1985) derives a mass range of 0.6−1.0 M� for the
WD in BG CMi. Our value of 0.72 ± 0.14 M� falls in that range.

For the system TV Col, Hellier (1993) determined a mass
of 0.75 ± 0.15 M�, which agrees very well with our estimate of
0.78 ± 0.06 M�.

In DO Dra our WD mass estimate is 0.50 ± 0.11 M�.
Haswell et al. (1997) find a mass of 0.83 ± 0.10 M�, which is
substantially different to our value. Mateo et al. (1991) also find
a mass of 0.83 ± 0.10 M�. The difference could be the result
of the short spin period of the WD (see Sect. 3.2), thus making
our estimate a lower limit. However, our mass estimates of the
other WDs with short spin period are not as far below the optical
estimates.

Using data of the first months of BAT observations, a signifi-
cantly higher mass (0.83± 0.17 M�) is deduced for EX Hya than

for the rest of the time – although the count rate does not differ in
these periods. If the first 100 days are ignored, a mass of 0.66 ±
0.13 M� is derived. While we cannot completely exclude a sta-
tistical fluctuation which leads to a change in the spectrum, one
possible physical reason for the strange behavior could be that
this system has a much lower mass accretion rate than the others.
In the model of Suleimanov et al. (2005) cyclotron cooling plays
a role for a <0.01 g/s/cm2, so if the accretion rate were lower,
this could provide an explanation. Hoogerwerf et al. (2004) mea-
sured a mass for the WD in EX Hya of 0.49 ± 0.13 M�, which
is comparable within the errors with our value.

In the system NY Lup we obtain a mass of 1.12 ± 0.06 M�.
This value is consistent with the lower limit of 0.5 M�, which
Martino et al. (2006) determined.

For V1223 Sgr a WD mass of 0.65 ± 0.04 M� was de-
rived. Penning (1985) gives a range of 0.4−0.6 M�, which fits
our value.

The accretion-corrected mass of 1.15 ± 0.15 M� for GK Per
is within the error bars of the values from other methods: 0.9 ±
0.2 M� from Crampton et al. (1986) and the lower limit M >
0.87 ± 0.24 M� from Morales-Rueda et al. (2002).

3.3.3. Comparison with INTEGRAL/IBIS data

Barlow et al. (2006) and very recently Landi et al. (2009) pro-
vided a table with temperatures derived from Integral/IBIS data.
The method of Aizu (1973) provides a direct conversion from the
bremsstrahlung temperature to mass of the white dwarf. which
we use to derive the masses as listed in Table 5. The comparison
of these masses to those derived here using Swift/BAT shows,
in general, very good agreement (Table 5. The only outlier is
MU Cam where our temperature (and mass) is substantially
greater. However, in a recent analysis of XMM-Newton and
INTEGRAL data, Staude et al. (2008) conclude that the estimate
of Barlow et al. (2006) seems too low. These authors attempted
a combined XMM-INTEGRAL fit, and arrive at a temperature
of 35 ± 10 keV, which they describe as “convincing agreement
with the INTEGRAL data points”. Though the Swift/BAT spec-
trum for MU Cam is the worst in terms of reduced χ2, we are
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Table 5. Comparison of masses and effective temperatures with a remsstrahlung model from BAT (this work, model: Suleimanov et al. 2005)
and INTEGRAL/IBIS by (Barlow et al. 2006) and (Landi et al. 2009). 1: Masses, derived from the temperatures with the model of Aizu (1973).
2: Bremsstrahlung temperature.

Name BAT/this work IBIS/Barlow IBIS/Landi
mass (M�) kT (keV) mass (M�)1 kT (keV)2 mass (M�)1 kT (keV)2

FO Aqr 0.61 ± 0.05 15.2+1.7
−1.5 – – 1.06+0.38

−0.51 29.7+70.1
−16.6

MU Cam 0.74 ± 0.13 19.6 ± 4.7 0.37 ± 0.17 8.1 ± 4.7 – –
V709 Cas 0.96 ± 0.05 30.0 ± 2.5 0.88 ± 0.06 23.3 ± 2.2 0.95+0.07

−0.08 25.6+2.7
−2.4

NY Lup 1.12 ± 0.06 39.1 ± 4.3 0.99 ± 0.06 27.1 ± 2.2 – –
V2400 Oph 0.81 ± 0.10 21.1 ± 2.8 0.73 ± 0.05 18.6 ± 1.4 – –
GK Per 0.90 ± 0.12 26.2 ± 5.4 1.00 ± 0.40 28.7 ± 15.6 0.87+0.25

−0.21 23.0+9.2
−6.5

V1223 Sgr 0.65 ± 0.04 17.0 ± 1.3 0.74 ± 0.07 18.8 ± 1.2 – –
RX J2133 0.91 ± 0.06 27.1 ± 2.9 0.90 ± 0.12 23.8 ± 4.3 – –
IGR J00234+6141 0.85 ± 0.39 22.8+30.0

−11.5 0.64 ± 0.18 15.9 ± 5.1 – –
IGR J17303-0601 1.08 ± 0.07 37.1 ± 4.4 0.98 ± 0.14 26.7 ± 4.8 1.10+0.21

−0.16 31.6+12.7
−7.8

confident that our measurement does not suffer from large sys-
tematic uncertainties.

4. Conclusions

An accurate determination of white dwarf masses in IPs is im-
portant for our understanding of the accretion geometry and bi-
nary evolution. However, this has so far been complex because of
the difficulty in measuring the radial velocities and inclination of
the systems. The main advantage of using X-ray measurements
is that they allow a direct measurement of the WD mass without
relying on the above parameters.

Indeed, since bremsstrahlung is the main cooling mecha-
nism in the post-shock region, it is possible to relate the tem-
perature of the IP’s X-ray spectrum to the WD mass (e.g. Aizu
1973; Suleimanov et al. 2005). Using this method, we deter-
mined WD masses for a complete sample of 22 IPs detected in
the ongoing Swift/BAT survey. For 6 objects, this represents the
only available mass estimate.

All mass estimates are in good agreement with previously
estimated WD masses and in general, thanks to the good signal-
to-noise ratio, are more accurate. In particular, we reach surpris-
ingly good agreement for the only eclipsing IP, XY Ari, sug-
gesting that our analysis does not suffer from major systematic
errors.

Detailed analysis of the light curve of GK Per shows that
BAT detects the dependence of the source flux on the accretion
rate. While this has been expected for a long time, to our knowl-
edge this effect has never yet been supported by observational
evidence.
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