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Abstract. The intermediate polar RX J1712.6-2414, discov-
ered by Buckley et al. (1995), turned out to have a phase-
dependent circular polarization of up to —5% in the I band,
the largest value observed in any intermediate polar. By com-
paring the slope of the observed polarized flux with theoretical
models, Buckley et al. (1995) obtained an estimate of 8 MG for
the magnetic field strength. In this fit, only the polarized flux in
the I. band is dominated by cyclotron radiation. Toward shorter
wavelengths, the polarization is caused by free-free emission.

We reexamine this fit and investigate its consequences. By
also taking into account the magnitude of the observed polarized
flux, we conclude that this system must be at a small distance
(5-50 pc), because the polarized flux from free-free emission
is very low. This would make this system the closest interme-
diate polar yet discovered. Furthermore, the unpolarized back-
ground flux present in this system must be lower than that in
RE 0751414 by about a factor 103

As an alternative, we examine whether cyclotron radiation
can cause all of the observed polarization. We find that the re-
sulting fit is still consistent with the observations with the most
likely magnetic field strength such that cyclotron radiation turns
from optically thin to optically thick in the I. band. As a conse-
quence, the magnetic field strength in this system may be signif-
icantly higher than the value obtained by Buckley et al. (1995).
Furthermore, the resulting distance and unpolarized background
flux are consistent with those of other known intermediate po-
lars. For a range of likely white dwarf masses (0.4 — 0.8 Mg)
and specific accretion rates (0.1 — 1 g cm™2 s™!), we obtain
magnetic field strengths at the pole ranging from 9 — 20 MG,
though it may be as high as 15 — 27 MG with a different dipole
inclination.

Key words: polarization — stars: RX J1712.6-2414 — stars:
magnetic fields — novae, cataclysmic variables

1. Introduction

In magnetic cataclysmic variables (MCVs), a low mass main
sequence star transfers matter via Roche lobe overflow onto a
magnetic white dwarf with a field strength sufficiently strong
in order to channel the accreting matter onto or near the white
dwarf’s magnetic pole (e.g., Frank et al. 1992). Above the sur-
face, the accreting matter passes through a strong shock, as it has
to decelerate from supersonic speeds to essentially zero velocity
at the white dwarf’s surface. In the post-shock region the matter
is very hot (kKT ~ 10 keV) and emits hard X-ray radiation. If
the magnetic field is strong enough, then this accretion region
is also the source of strong cyclotron radiation at optical/near
IR wavelengths (e.g., Cropper 1990). From observations, two
distinct classes of MCVs have been detected (e.g., Chanmugam
1992). On the one hand, there exist synchronous systems in
which Pin &~ Powit, Where Py, is the spin period of the white
dwarf and P, is the orbital period of the system. These sys-
tems are also known as AM Hers after their prototype. In the
optical and near IR, these stars emit strong (~ 10%) phase-
dependent linear and circular polarization, which is why these
systems are also referred to as polars (Cropper 1990). From the
polarization and observations of Zeeman and cyclotron lines,
magnetic field strengths B between ~ 7 — 80 MG have been
determined. It is this strong magnetic field combined with a
short orbital separation (most polars have Py < 4 hr, though
some systems with longer orbits are now known) which causes
the synchronous rotation of the white dwarf (e.g., Joss et al.
1979; Lamb et al. 1983; Campbell 1990; King et al. 1990; Katz
1991; Wu & Wickramasinghe 1993).

On the other hand, there are the asynchronous systems with
Pyyin < Powit, which are also called DQ Hers (Patterson 1994)
or intermediate polars (IPs). Most of these systems do not emit
polarized radiation in the optical/near IR. Therefore, there exists
no direct evidence for a magnetic field in these systems. How-
ever, these systems emit radiation at optical and X-ray wave-
lengths that is modulated at Piyiy. In order to explain this, the
white dwarf must have a field with B 2 5 x 10* G such that
the accreting matter is forced to flow to the magnetic pole.
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The most straightforward explanation for the differences be-
tween synchronous and asynchronous MCVs is that the IPs have
much weaker magnetic fields (< 1 MG) than the polars (Lamb
& Patterson 1983; Wickramasinghe et al. 1991). Nevertheless,
there are arguments for the existence of strong magnetic fields
in IPs. Chanmugam & Ray (1984) pointed out that IPs have,
in general, longer orbital periods than the polars. Because of
the resulting larger separation, IPs could remain asynchronous
and still have a fairly strong field (~ 10 MG). In addition, they
suggested that IPs evolve into polars if the field strength is suf-
ficiently strong. As a critical value, they gave B ~ 3 MG. King
et al. (1985) also suggested that these two classes of MCVs
have similar magnetic fields in order to explain their orbital pe-
riod distribution, and they supported the evolutionary scenario
of Chanmugam & Ray (1984).

If it is true that IPs have magnetic field strengths similar to
polars and that at least some of the IPs can evolve into polars,
then one would expect to observe at least a few IPs that dis-
play polarization in the optical/IR. Indeed, three such IPs are
now known. The first to be discovered was BG CMi. Penning
et al. (1986) measured —0.239 4 0.030% circular polarization
in the I band, and West et al. (1987) observed —1.74 + 0.26%
circular polarization in the J band. From this, Chanmugam et
al. (1990) determined a field strength of 3 — 10 MG with a pre-
ferred value of ~ 4 MG. However, as such a field strength is
only slightly above the critical value, it is not certain that this
system will synchronize. The second IP in which polarized radi-
ation was discovered is RE 0751+14 (Rosen et al. 1993; Piirola
et al. 1993). The circular polarization from this system was ob-
served to be modulated at the spin period of 13.9 min, and the
observed degree of circular polarization reached —4.24+0.6% in
the I band (Piirola et al. 1993). The same authors also reported
the discovery of linear polarization in this system in the / band.
By fitting the data to cyclotron emission models by Wickramas-
inghe & Meggitt (1985) and Wickramasinghe et al. (1991), they
obtained a field strength of 8 — 18 MG. This IP was reexamined
by Vith etal. (1996). They not only modeled the optical/IR light
curves but also the light curves at hard X-ray energies. Further-
more, they took into account the stratified shock structure and
used the magnetic field of a displaced dipole. They obtained a
magnetic field at the poles of 9 — 21 MG consistent with the
estimates of Piirola et al. (1993).

The third and last IP exhibiting polarized radiation known to
date is RX J1712.6-2414 (hereafter RXJ1712). Discovered by
Buckley et al. (1995) from the ROSAT Galactic Plane Survey,
these authors found a maximum degree of circular polarization
in the I, band of —5%. This is the largest value of polarization
yet found in an IP. In addition, these authors observed polarized
radiation in three other filters in the optical and in white light.
From this they could calculate the polarized flux and compare
it to the models by Wickramasinghe et al. (1991). They found
a value for the field strength of 8§ MG.

Here we reexamine RXJ1712. In particular, we investigate
the fit of Buckley et al. (1995) in Sect.2, and we examine
how important free-free emission can be at optical wavelengths,
which causes the polarization shortward of the I, band in their
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fit. As an alternative, we suggest cyclotron radiation as the
source of all the polarization observed in the optical, which
results in a higher field strength. In Sect. 3, we construct mod-
els that can reproduce the observed light curves and thus derive
new estimates of the magnetic field strength of this system for
arange of possible parameters. Final conclusions are presented
in Sect. 4.

2. Cyclotron versus free-free emission

Buckley et al. (1995) obtained an estimate of the magnetic field
strength B of RXJ1712 by first deriving from the observations
the maximum circularly polarized flux F°*, which is calculated
by multiplying the observed degree of circular polarization P
with the observed flux F°°. The advantage of using F°** is that
this quantity is not influenced by the unpolarized background
radiation present in the system (e.g., emission by the white dwarf
and the main-sequence companion). Instead, its only source is
the hot accretion region on the white dwarf’s surface. It therefore
can be compared directly to the theoretical polarized flux F™°4
predicted by models of the optical/IR radiation emitted by the
accretion region. For the effective wavelengths of the different
filters, they used 7300 A for the I. band, 6400 A for the R,
band, 5500 A for the V band and 4500 A for the pseudo B
band. For this latter band, they combined white light polarimetry
and photometry with the latter being most sensitive at short
wavelengths.

As a comparison, Buckley et al. (1995) used the models by
Wickramasinghe et al. (1991). These models assume that an
accretion disk is disrupted at a distance from the white dwarf
corresponding to the corotation radius

re = (GMPZ;, /473, (1)

At distances larger than ¢, the matter in the accretion disk ro-
tates too slowly as to couple to the magnetic field lines of the
white dwarf. As the matter is not expected to couple at a fixed
distance but rather over a range of radii, the Wickramasinghe
et al. (1991) models assume a range extending from 0.5r; to
r.. The result of this model is an extended ribbon on the sur-
face of the white dwarf with the geometry being determined
entirely by the inclination 6 of the centered dipole. For the ra-
diation emitted by the accretion region, Wickramasinghe et al.
(1991) include cyclotron and free-free emission. As Buckley et
al. (1995) had already concluded from the observed variations
of the radial velocities of emission lines that the system is seen
nearly pole-on, i.e., that the inclination ¢ ~ 0°, they used those
models by Wickramasinghe et al. (1991) with ¢ = 0°, combined
with 6 = 0° (Buckley 1995; private communication), and they
obtained a good fit for B = 8 MG (however, as the degree of
circular polarization from RXJ1712 varies, the inclination must
be at least slightly different from zero). This fit is shown in
Fig. 1, which is adapted from Fig. 16 of Buckley et al. (1995).
Like these authors, we also show in Fig. 1 as a comparison the
observed polarized flux of RE 0751+14 together with a fit by
Piirolaetal. (1993) using ¢ = 60° and B = 8 MG with the Wick-
ramasinghe et al. (1991) models. The abscissa is expressed in
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Fig. 1. The observed polarized flux of RXJ1712 (squares) adapted
from Fig. 16 of Buckley et al. (1995) together with their fit using the
Wickramasinghe et al. (1991) models with B = 8 MG and i = 0°
(solid). Also shown is F° of RE 0751+14 (triangles) adapted from

Fig. 5 of Piirolaetal. (1993) together with a fit (dashed) with B = § MG
and 7 = 60° again using the Wickramasinghe et al. (1991) models

terms of the harmonic ratio s = w/w,, where w is the frequency
and w. = eB/mc is the cyclotron frequency. Because of the
logarithmic scale in both axes, a change in the magnetic field
strength or a change in the normalization of F°%, which is ar-
bitrary in this diagram, simply shifts the observed data in the
diagram.

In the following, we will discuss the behavior of the cy-
clotron and free-free opacities in some detail. This has been
done before (e.g., Meggitt & Wickramasinghe 1982; Vith &
Chanmugam 1995). However, it is important to repeat it here,
as our claim that the magnetic field of RXJ1712 may be signif-
icantly higher than the 8 MG stated by Buckley et al. (1995) is
based mainly on the characteristics of these opacities.

Polarized radiative transfer using the Stokes parameters I,
Q, U and V is described by three opacities commonly denoted as
K, ¢ and v (e.g., Pacholzcyk 1977; Meggitt & Wickramasinghe
1982; Vith & Chanmugam 1995). Now [ > \/Q2 +U2+V?2
(Rybicki & Lightman 1979), and as I is mainly determined by
the opacity x (e.g., Pacholzcyk 1977), it is best to compare the
cyclotron absorption coefficient x¢yc and the free-free opacity
kg when trying to determine the relative strengths of cyclotron
and free-free emission. This we do in Fig. 2, in which we show
Keye and kg as a function of s. These opacities are shown for the
temperatures k7" = 9.51, 17.8 and 29.3 keV, which correspond
to the temperatures at the shock for accretion onto a white dwarf
with a mass M = 0.4, 0.6 and 0.8 M, respectively. Thereby,
we determine the radius R from the Nauenberg (1972) mass-
radius relation for a pure carbon white dwarf. As the electron
number densities n entering the calculations of these opacities,
we use those at the shock resulting from a specific accretion rate
of n = 0.5 g cm~2 s~ . For the angle 6 between the magnetic
field and the line of sight, we choose 90°, as K¢y is maximal
for this 8 (for s > 1, which is mainly of interest here, k¢ is in-
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Fig. 2. Cyclotron opacity ke and free-free opacity kg for 6 = 90°
and B = 10 MG as a function of the harmonic ratio s. Tempera-
tures k7" and electron number densities n are k7" = 9.51 keV and
n=3.8x10" cm ™’ (solid), k7' = 17.8 keV andn = 2.8 x 10" cm ™
(dashed), kT = 29.3 keV and n = 2.2 x 10" cm™? (dotted). The
curves with steep slopes correspond to ¢y, while the shallow curves
correspond to kg

dependent of 6). For B we select 10 MG (when plotted against
s, the opacities do not depend strongly on ). Furthermore, we
assume that the electron and ion temperatures are identical. It
has been suggested that two temperature effects are important
(Imamura et al. 1987; Woelk & Beuermann 1996). In this case,
the electron temperature remains low across the shock (Woelk &
Beuermann 1996) and reaches its maximum further down the
post-shock region. In contrast, for a one temperature plasma,
the maximum electron temperature is reached at the shock and
is determined solely by the Rankine-Hugoniot jump conditions
(e.g., Frank et al. 1992), and it decreases monotonically in the
post-shock region because of cooling. Because of this, the tem-
perature at the shock is characteristic for the shock structure
and a useful quantity for our discussion. The electron number
density at the shock is also solely determined from the Rankine-
Hugoniot jump conditions.

One can distinguish three cases for the emission from the
accretion region. If x x [, where [ is the geometric path length,
is larger than one, then the emission is optically thick. As the
emitting electrons can be assumed to be in local thermal equi-
librium, the emitted flux will vary as F' w?. On the other
hand, if x x [ is smaller than one, then the emission is opti-
cally thin, and the flux will be approximately proportional to
K (some complications arise because of the polarized radiative
transfer). As [ is typically of the order of a fraction of R, i.e.
I ~ 107 — 108 cm, the transition from the optically thick to the
optically thin region will occur where rcyc is larger than k.
At even higher frequencies, g will eventually become larger
than kcyc. In this region, the decrease of the flux with increas-
ing w will be much slower than the decrease in the optically
thin cyclotron region. One can see from Fig. 2 that k¢ is below
~ 5 x 1072 cm~! in the region where it dominates the total
opacity for kT = 9.51 keV. If kT is higher than that, then kg
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is even lower. In other words, the flux emitted by the emission
region in the free-free opacity dominated region can be below
the flux emitted in the cyclotron opacity dominated region by
orders of magnitude.

Now the degree of polarization in the I band is higher for
RXJ1712 than for RE 0751+14, and the polarized radiation
from the latter system was successfully modeled to be caused
by cyclotron radiation (Piirola et al. 1993; Vith et al. 1996). In
addition, the polarized radiation from BG CMi, where the de-
gree of polarization only reaches 0.24% in the I band, was also
modeled successfully with cyclotron radiation (Chanmugam et
al. 1990). Thus it is surprising that free-free radiation should be
the source of polarized radiation in RXJ1712 over most of the
optical region. If this is indeed the case, then the unpolarized
radiation present in RXJ1712 (caused for example by the white
dwarf and the red dwarf companion) must be lower than that
present in RE 0751+14 by orders of magnitude (provided that
the areas of accretion in those two systems do not differ funda-
mentally). Furthermore, as these two systems are of comparable
brightness (my ~ 14.5™* for RE 0751+14; Mason et al. 1992;
my ~ 14™% for RXJ1712; Buckley et al. 1995), it follows
that RXJ1712 must be much closer than the 400 pc estimated
as the distance to RE 0751+14 (Patterson et al. 1994). From
Fig. 2 one can see that the optical depth of the accretion region
of RXJ1712 may be of the order ~ 1073 — 10~* if free-free
emission causes most of the observed polarization. Say the flux
from the accretion region was lower by a factor 103 in the case
of RXJ1712 than in RE 0751+14. Then it follows that the total
radiation from RXJ1712 is lower by a factor 10° than that of
RE 0751+14. From this, using the respective magnitudes, one
arrives at a distance of ~ 10 pc for RXJ1712, which would
make this system by far the closest IP known to date (Patterson
1994).

For these reasons, we examine as an alternative the possi-
bility that all the observed polarized radiation in the optical is
caused by cyclotron radiation. Because of the high degree of po-
larization in the /. band observed from RXJ1712 and because
models for RE 0751+14 indicate that the cyclotron radiation is
marginally optically thin in the I band (Piirola et al. 1993; Vith
etal. 1996), we may expect that the transition from optically thin
to optically thick cyclotron radiation occurs in the I. band. One
immediate consequence of this is that the resulting magnetic
field strength is significantly higher than the 8 MG derived by
Buckley et al. (1995). In Fig. 3, we show a fit to the Wickramas-
inghe et al. (1991) model used in Fig. 2 but with B changed to
18 MG. The normalization of the observed data is changed such
that F°* increases by a factor 700 (note that the normalization
is completely arbitrary in this figure). Though the resulting fit
is not as good as the one shown in Fig. 1, the cyclotron model
can nevertheless reasonably reproduce F°* in the I., R. and
V band given the large error bars. Only in the pseudo B band
is Fmd significantly lower than F°*. However, one may argue
that the effective wavelength of the pseudo B band should be
at a longer wavelength than the 4500 A used by Buckley et al.
(1995). These authors said that the white light photometer has
an effective wavelength somewhere between the V' band and
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Fig. 3. Same as Fig. 1 but with the magnetic field of RXJ1712 changed
to 18 MG and the normalization changed such that F°* is increased
by a factor 700

the B band, but that it should be closer to the B band for blue
objects like IPs. However, if the polarization is indeed caused
by cyclotron radiation as we claim here, then most of the polar-
ized light originates at longer wavelengths, which increases the
effective wavelength of the white light polarimetry. In Fig. 3, we
indicate by an arrow how the position of F°* of the pseudo B
band changes if its effective wavelength is at 5000 A. One can
see that the fit with By = 18 MG improves significantly in this
case. Given the error bars, this fit can no longer be rejected. In
the following section, we will examine in more detail the effect
that the polarized flux in the pseudo B band has on the quality
of the fit. Ideally, one would like to fold £™°¢ over the responses
of the different filters before comparing it to F°%. However, in
order to do that, we need detailed information about the wave-
length dependence of the response of the filter/detector system
used by Buckley et al. (1995). As we do not have this informa-
tion, we have to content ourselves with a comparison between
F and F™¢ as shown in Fig. 3.

3. Polarized radiation from RXJ1712

In the previous section, we argued on fairly qualitative grounds
that all the observed optical polarized radiation may be caused
by cyclotron radiation and that none of it is caused by free-free
radiation. As a result, the magnetic field in RXJ1712 could be
significantly higher than the 8 MG suggested by Buckley et al.
(1995) using the same model as these authors. In this section,
we want to support this claim by calculating the polarized flux
and comparing its magnitude to the magnitude of F°. Also we
make a more complete parameter study in order to find which
magnetic field strengths are possible.

3.1. The model

Our model of the accretion region, which is the source of the
cyclotron radiation, is similar to the one we used previously
for modeling RE 0751+14 (Vith et al. 1996). We assume that
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accretion occurs onto both poles of a white dwarf with the
magnetic field of a dipole written as B(r) = (By/2)(R/7)}
(3 cos O sin © cos @, 3 cos O sin O sin P, 3 cos? © — 1) with the
polar coordinates r, ©,  measured from the center of the dipole.
It is the value of By, the magnetic field at the pole, that we are
interested in here. We keep the dipole centered, as the available
light curves can be reproduced this way.

The geometry of the accretion region is determined from
where matter couples to the magnetic field lines of the white
dwarf. If material links to the field at a position (r, ¢) in the
orbital plane, then this matter will land on the surface of the
white dwarf at a magnetic colatitude € given by (Wickramas-
inghe 1988)

1/2
sine = (R/r)l/2 1 — sin® & cos? qﬁ} 2)
Here 7 is the distance from the center of the white dwarf, ¢ is the
azimuthal angle measured from the projection of the magnetic
axis onto the orbital plane and § is the inclination of the dipole
axis to the rotation axis of the white dwarf (the latter will be
parallel to the orbital axis after only a small amount of matter
has accreted onto the white dwarf). Similar to Wickramasinghe
et al. (1991), we extend the coupling region from 0.5 r. to r..
We select a range of —45° < ¢ < 45°, as it is this region where
most matter is expected to couple to the magnetic field (Wick-
ramasinghe et al. 1991). For simplicity, we keep 1 constant
across the accretion region.

For given M, 7 and B (the latter is only relevant if cyclotron
cooling is important), the shock structure can be determined.
We calculate the shock structure with the closed-integral for-
mula of Wu et al. (1994), but in contrast to Vith et al. (1996),
where bremsstrahlung was the only cooling source taken into
account for the shock structure of RE 0751+14, we include cy-
clotron cooling as well. The relative importance of the two
types of cooling can be expressed in terms of the ratio € of
the bremsstrahlung cooling time ¢y, to the (optically thick) cy-
clotron cooling time %y at the shock. It is (Wu et al. 1994)

2.85 2
~9x 1073 B I;
10 MG 108 K

1016 em=3\ "% /107 0.85
" ( cm ) < cm) 7 3)
Ng T

where Ty and ng are the temperature and electron number densi-
ties at the shock, B is the magnetic field in the accretion region
and x is the shock height. As the magnetic field does not vary
strongly across the accretion region, we use its mean value at
the base of the shock for B in Eq. 3. Because z; depends on
the cooling mechanism, i.e., it is a function of €5, one has to
solve the equations for the shock structure as given by Wu et al.
(1994) iteratively until one finds a self-consistent solution for
€.

Our model of the accretion region assumes homogeneous
accretion. However, there are indications that accretion in po-
lars is very inhomogeneous and occurs in form of blobs (e.g.,

tbr
€ =

tcyc
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Fig. 4. Apparent position of the accretion region for different phases
for 6 = 55° and 7 = 15°. Hidden regions are dotted. Also shown are
the colatitudes 25°, 45°, 65° (solid), and 115°, 135°, 155° (dotted)

Kuijpers & Pringle 1982; Frank et al. 1988; Ramsay et al. 1995),
which could be the case in IPs as well. This would significantly
decrease the optical path length, with all other parameters kept
constant, which in turn would shift the transition point of opti-
cally thin to optically thick cyclotron radiation towards longer
wavelengths. Therefore, when one goes from homogeneous to
inhomogeneous or blobby accretion, the field estimate increases
if all other parameters are kept constant.

3.2. Fitting the slope of the polarized flux

Buckley et al. (1995) did not observe any radial velocity vari-
ations of the emission lines at the spin period. From this they
concluded that the system must be seen nearly pole-on. Be-
cause P was observed to vary nearly sinusoidally (Buckley
et al. 1995), the system must be seen slightly inclined. We se-
lect for now ¢ = 55° and ¢ = 15°. The resulting apparent po-
sition of the accretion region for M = 0.6 M, is shown in
Fig. 4. Though the base of the accretion region on the far side
is always hidden from the observer, some radiation reaches the
observer nevertheless because of the finite shock height. The
circular polarization from this pole will have the same sign as
that of the pole on the near side, so this is consistent with the
observations of a negative P over the entire spin period. The
selected values for & and i can reproduce P°*. This is shown
in Fig. 5. We do not have detailed information of the response
of the filter/detector systems used by Buckley et al. (1995).
Nevertheless, we fold the calculated degrees of circular polar-
ization at different wavelengths over the response curves of the
filters as provided to us by Buckley (1995; private communica-
tion). The model used for this comparison has the parameters
M = 06Mg,m = 1gem 25!, By = 10 MG. For such
a comparison, one has to add an unpolarized background to
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Fig. 5. Comparison between the theoretical and observed degree of
circular polarization in the I, R. and V' bands. The observed data are
extracted from Buckley et al. (1995) and are shifted in phase by 0.18.
For this comparison, a phase-independent and wavelength-independent
unpolarized background has been added

the calculated cyclotron radiation. For simplicity, we keep the
background phase-independent (also there is no observational
evidence that the background flux varies at Py, ). In addition,
we use the same magnitude for the background at all three wave-
lengths, as its wavelength dependence is not known a priori. At
6400 A the cyclotron flux is 7% of the unpolarized background
flux. This results in a total flux at 500 pc (a distance used a
bit further down) of 6.9 x 107! erg cm~2 s—! A~!, while the
observed flux is (4.6 £0.9) x 10~ erg cm~2 s~! A~! (Buck-
ley et al. 1995). An agreement within a factor two would be
sufficient given the uncertainties. The calculations of P™¢ can
reasonably reproduce the observations in the I, and R, band.
Only in the V band is the resulting amplitude of P™¢ clearly
too low, though its qualitiative variation with phase is correct.
Finally, we want to point out that for this particular combina-
tion of ¢ and ¢, the angle 6 between the local magnetic field in
the accretion region and the line of sight reaches 80° to 90°.
We find that a lower value of § requires a lower 4 in order to
reproduce the variation of Pc"bs, and 0 will thus be lower. As
we stated above, Ky reaches its maximum at 90°. Therefore,
Keyc in the accretion region will be lower at lower 0. Now we
argue here that the transition from optically thick to optically
thin cyclotron radiation occurs near the /. band. Therefore, if 6
is significantly lower than the 55° adopted here, then the actual
value of By will be higher. As a result, we derive a lower limit
for By by adopting this value for 6.

In Fig. 6 we display x* as a function of By. It is obtained
by fitting F™*¢ with model parameters M = 0.6 M and
m=1gem 257! to F for By ranging from 1 to 20 MG
and always normalizing F™? such that x? is minimized. The
three lines show the result when the effective wavelength of
the pseudo B band is at 4500 A (the value used by Buckley
et al. 1995), 5000 A and 5500 A. One can see from this figure
that there exist two clear local minima of x2. One occurs at
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Fig. 6. %° as a function of By for models using M = 0.6 My and
mh =1 gem™? s7'. The different curves result when one uses as the
central wavelength of the pseudo B band 4500 A (solid), 5000 A (dot-
ted) and 5500 A (dashed), and if one ignores the data point correspond-
ing to the pseudo B band (dash dotted)

By = 5 MG and corresponds to the case that the source of po-
larized radiation is free-free emission shortward of the /. band.
The other minimum occurs at By = 11 MG, when the transition
from optically thin to optically thick cyclotron radiation occurs
near the I, band. Obviously, the fit with free-free emission as
the source is of much better quality. However, this diagram also
shows that the quality of the fit with By = 11 MG depends
strongly on the exact position of the effective wavelength of the
pseudo B band. The further it is moved to longer wavelengths,
the better the fit becomes.

Because the band width of the pseudo B band is very broad,
the flux in this band multiplied by the corresponding degree
of circular polarization is not equivalent anymore to the polar-
ized flux folded over the response of this band. Therefore it is
worthwhile making a fit but ignoring the data point correspond-
ing to the pseudo B band. The resulting x? is also shown in
Fig. 6. The minimum value of x? corresponding to cyclotron
emission being dominant over the entire observed range is still
at By = 11 MG. At the 1o level (sz = 1; Press et al. 1992),
By is larger than 9 MG. However, at the 20 level (Ax2 =4),
one cannot rule out anymore the possibility of By having any
value between 5 MG and 11 MG. It is thus not certain anymore
that the transition region from optically thin to optically thick
cyclotron radiation is lying in or near the /. band. Nevertheless,
as this is still the most likely scenario, we will proceed on the
assumption that this is the case. Future observations in the near
IR will be able to settle this question.

3.3. Fitting the slope and the magnitude of the polarized flux

Up to now, we have neglected the magnitude of F°* and sim-
ply normalized it in order to only fit the slope of F°* with the
slope of ch"d. From now on, we also take the magnitude of
F? into account. From Fig. 1 of Buckley et al. (1995), we ob-
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tain FO»(\) ~ 5 x 107 ergem=2s~! A= at A\ = 6400 A.
We use the maximum value of P = 5% in the I. band,
and by changing the units, we obtain for the polarized flux
F%(w) ~ 5.4x10728 erg cm~2 s~! Hz~'. Next we normalize
the values of F°% that we extracted from Fig. 16 of Buckley et
al. (1995) to this value at 6400 A and compare F with Fmod
in Fig.7a. As we normalized FCObS to its maximum value, we
have to compare it to models at a phase when F™*¢ is maximal.
This is the case at phase 0 (see Fig. 5). For this comparison, we
use a distance of d = 500 pc to this system. The model param-
eters are as before M = 0.6 M and 72 = 1 g cm™2 s~!. The
best fitting model is By = 11 MG. For these model parameters,
the transition from optically thin to optically thick cyclotron
radiation occurs in the I, band. Now, it is possible to fit the ob-
served data with a model with significantly lower By such that
the polarized flux shortward of the I, band is caused by free-
free emission. We demonstrate this in Fig. 7b using as model
parameters M = 0.6 M, m =1 gcem™2 s~! and By = 6 MG.
As vg o< cosf in the case of free-free emission, and as kg
is largely independent of 6, the polarized flux in the case of
free-free emission reaches its maximum when 6 = 0°, which is
just the opposite to cyclotron radiation. Therefore, we have to
use phase 0.5 for the comparison shown in Fig. 7b. However,
in order to fit Fé’bs, we have to increase the polarized flux from
RXJ1712 by a factor 1100, which means that this system must
be closer by a factor 33, and we obtain a distance of 15 pc. Of
the IPs for which Patterson (1994) gives a distance estimate, the
by far closest IP is V471 Tau with d = 45 pc. All other IPs have
distances ranging from 90 pc to 1100 pc. Thus RXJ1712 would
be by far the closest IP known to date! RXJ1712 would be excep-
tional for its distance as well as its strong circular polarization.
This has also consequences for the magnitude of the unpolar-
ized background flux of this system. As P is even higher in
RXJ1712 than in RE 0751+14, the unpolarized background ra-
diation in RXJ1712 must be lower by a factor ~ 103 than in
RE 0751+14, provided that these two systems have comparable
accretion geometries.

Next we want to compare F™¢ with F°* for a range of
parameters. For this we need to choose values for 7 and M.
For RE 0751+14, Vith et al. (1996) were able to estimate lower
and upper limits on 7 and M from observations at hard X-
ray energies. Unfortunately, only soft X-ray observations exist
for RXJ1712 (Buckley et al. 1995). The soft X-ray flux from
MCVs is emitted from parts of the atmosphere of the white
dwarf that are heated by the hard X-rays which originate from
the post-shock region (e.g., Cropper 1990). Thus soft X-rays do
not originate directly from the post-shock region, and soft X-
ray observations are therefore not very suitable for estimating
mm and M. We therefore adopt a typical range of values for our
calculations. We use here M = 0.4, 0.6 and 0.8 Mg and 1 =
0.1and 1 g cm™2 s~!. We calculate the cyclotron and free-free
emission from the emission region for values of By = 5—35 MG
in 5 MG steps. As we explained previously, we want to select
values of § and ¢ such that 6 of the accretion region is close but
not above 90°. Also, the variation of PC"bs with phase should
be reproduced. We therefore have to use 6 = 48°, ¢ = 14°
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Fig. 7. Fits to Fobs using Bp = 6, 9, 11 and 13 MG (as
indicated by the numbers next to the curves) with F°® =
54 x 107 erg em™? 57! Hz ™' at the central wavelength of the R,
band. In a a distance of 500 pc to RXJ1712 is assumed, while in b a
distance of 15 pc is used. The arrow in a indicates how the position of
F? would change if the effective wavelength of the pseudo B band
was changed to 5000 A

for M = 04 Mg and 6 = 58°, ¢ = 16° for M = 0.8 Mg,.
A summary of our model parameters is given in Table 1. This
table also shows ¢, and x for selected values of By. The mean
magnetic field strength in the accretion region is lower than By
by about 3% for M = 0.4 M, 2% for M = 0.6 Mg and 1%
for M = 0.8 M. Note that when bremsstrahlung is the only
significant source of cooling, then xy does not depend on 7
and is only a function of M. Furthermore, if cyclotron cooling
is dominant, then the average temperature in the post-shock
region is strongly reduced (see Wu et al. 1994 and Woelk &
Beuermann 1996 for more detailed discussions of the effects of
cyclotron cooling).

From Fig. 8 one can see that the polarized cyclotron flux
increases with increasing M. This is caused by the increasing
temperature in the shock (in the Rayleigh-Jeans limit, the total
flux is proportional to the temperature, and the peak of F™¢ is
influenced strongly by this limit). In contrast, the polarized flux
caused by free-free radiation decreases with increasing M . This
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Table 1. Accretion column on a magnetic white dwarf

M R
Mp)  (cm)

0.4

kT, N
(keV) (cm™?)

™

(gem™?s7h) (MG)

7.68 x 10" 5
15
25
35
7.68 x 10° 5
35
5.62 x 10" 5
15
25
35
5.62x10% 5
35
437 x 10 15
25
437 x 10° 5
35

1.09 x 10° 0.1 9.51

1.0

0.6 8.75 x 108 17.8

0.8 7.08 x 10% 29.3

is explained by the temperature dependence of the correspond-
ing opacities. For our purposes, the most important effect of
decreasing 7h is that the polarized flux from free-free emission
decreases. This is caused by the strong (quadratic) dependence
of the free-free opacities on the number densities. Thus the dis-
tance derived from Fig.7 (M = 0.6 M, i = 1 gecm—2 s~ 1)
for a By in the case that free-free emission is dominant is higher
than the ones resulting for models with 7 = 0.1 gcm =2 s~!
and those with M > 0.6 M. We list the parameters of the best
fitting models with free-free emission being dominant in the
optical in Table 2 and with cyclotron emission being dominant
in Table 3. We thereby ignore the data from the pseudo B band.
Models with values of By between those for which calculations
were made are obtained by interpolating on a s scale. As we
pointed out above, F™ for free-free emission is highest if ¢
is smallest, which is just the opposite of cyclotron emission.
Correspondingly, we use in Table 2 models at phase 0.5, while
models at phase 0 are used in Table 3. In the case of free-free
emission, distances range from 4.8 to 30 pc. Thus the system
is close enough in order to detect the parallax of this system
from ground based observations. All these values would make
RXJ1712 by far the closest IP (Patterson 1994). However, if cy-
clotron emission is indeed dominant in all observed filters, then
distances are typical of other IPs (Patterson 1994). The resulting
field strengths are about twice as high as in the case of free-free
emission and range from By ~ 9 — 20 MG with the error being
mostly due to the uncertain values of M and 7h. An increase in
M and in 7i results in a decrease in By.

We also examine a geometry in which 6 is close to 0°. This
we do with 6 = 0° and ¢ = 3°. The parameters are also listed in
Tables 2 and 3. In the case of free-free emission, the resulting
distance increases. But for most values of M and 1, RXJ1712
still remains the closest IP known. Only for M = 0.4 M, and
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€ Zs re/R
(cm)
0.013 1.90 x 10® 9.62
0.330  1.70 x 108
1.899 1.20 x 10®
7.994  6.84 x 107
0.001 1.91 x 107
0.380 1.67 x 107
0.039 4.81 x 10® 13.7
1.153  3.52 x 108
9.675 1.60 x 108
56.40  6.19 x 107
0.004 4.88 x 107
1.329  3.39 x 10’
3.644 518 x 108 187
4491  1.49 x 10®
0.009 1.03 x 10®
4294  4.85 x 107

Table 2. Field strength and distance in the case of free-free emission

5 ~ 55° 6=0°
M m By d By d
Mp) (gem™s™)  (MG) (pc)  (MG) (pc)
0.4 0.1 11 8.9 16 23
1.0 10 30 13 52
0.6 0.1 10 7.1 15 15
1.0 6 14 10 36
0.8 0.1 9 4.8 15 11
1.0 5 12 9 31

m = 1.0 gcm~2 s~! does the distance become comparable to
that of V471 Tau, which is the closest IP previously known (Pat-
terson 1994). The resulting values of B if cyclotron radiation
dominates are higher than in the case of 6 ~ 55°, and they rep-
resent an upper limit for the possible field strength for given M
and 7 because 6 ~ 0°. We obtain values of 15 — 27 MG.

One may argue that the area onto which accretion occurs
may be significantly higher than in our calculations. This would
result in an underestimate of the distances derived by us. How-
ever, for 6 = 0° and M = 0.4 Mg accretion occurs onto
a fractional area of 3.4% (it is smaller for other parameters)
for two pole accretion. The resulting total accretion rate for
m=1gem™2s lis M =5.1 x 10" g s~!'. In the list by Pat-
terson (1994), the average value is M = 1.1 x 10'7 g s~!. Thus
our values of M are certainly not biased towards values that are
too low compared to other IPs, and our distance estimates are
not systematically too low, either.
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F_[erg cm™ s Hz™]

Fig. 8. Comparison of F," with F*

F_ [erg cm™ s™ Hz]

M = 0.6 Mg
m=01gecm?s’

M = 0.4 Mg

m=01gecm?s’

M= 0.8 My
m =0.1gcm?’s

for different M and 7 as indicated in
each panel, with F"™ calculated for
a distance of 1000 pc. In each panel,
the magnetic field By of the models in-
creases from 5 MG to 35 MG in steps
of 5 MG (from left to right). For these
models 6 = 55° and ¢ = 15° for
M = 0.6 Mg. The observed data are
indicated by squares and error bars. The
dotted line highlights the effective wave-

2

.
1014 1015 1015
w [Hz]

I
1012 1016 101%
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1014

Table 3. Field strength and distance in the case of cyclotron emission

6 ~ 55° 6=0°
M m By d By d
Mo) (gem™>s™')  (MG)  (pe) MG)  (pe)
0.4 0.1 20 951 27 1270
1.0 14 318 21 1120
0.6 0.1 19 1240 26 1230
1.0 11 589 17 1040
0.8 0.1 19 1400 26 1230
1.0 9 808 15 977

Here we also want to briefly address the question whether
the observed radial velocity modulations of the emission lines
can rule out any of the accretion geometries considered here.
Buckley etal. (1995) detected low variations at the beat period of
atmost K ~ 20 km s~ ! and no variations at all at the spin period
with an upper limit of 10 km s~!. Garlick (1996) investigated
the radial velocity variations of emission lines in diskless IPs and
applied his findings to RXJ1712. He argues that 7 is very close to
0° as an inclination of 2° would already result in radial velocity
variations larger than 50 km s~!, in conflict with observations.
In this case, however, our models would not be able to reproduce
the variations of P°, as we need an inclination of at least ~ 3°
for that. We cannot resolve this conflict here. Nevertheless, the
work by Garlick (1996) at least seems to rule out our models
of & =~ 55° for which ¢ =~ 15°. This rather increases the field
estimate.

In addition, we want to look at the question whether
our high field estimates are consistent with the asynchro-
nism of RXJ1712. Patterson (1994) gives as a condition for
synchronism that the field be higher than (Bgynen/MG) ~

I
1019 1016 1017

w [Hz]

length of the R. band

2.2(M /Mg)*!(Pop/hr)*8. A mass-radius relation and an av-
erage M-P,,, relation enter that formula. For RXJ1712 with
Py, = 3.4 hr (Buckley et al. 1995), we thus obtain Bgynen =~
4 MG for M = 0.4 Mg, Bgyneh = 14 MG for M = 0.6 Mg and
Bgynen = 34 MG for M = 0.8 M. By comparing this constraint
to Table 3, it seems that it rules out M = 0.4 M, and some of
the parameters for M = 0.6 M, while all estimates of By for
M = 0.8 Mg are below Bgynen. However, many assumptions
enter this relation for synchronism. Furthermore, given the un-
certainties in theories of synchronization (e.g., Campbell 1990;
Wu & Wickramasinghe 1993), one may be best advised not to
reject a 0.4 M white dwarf simply based on the above listed
values for Bgynch.

4. Conclusion

The magnetic field of RXJ1712, which is the IP with the high-
est observed degree of polarization discovered so far, was deter-
mined by Buckley etal. (1995) to be 8 MG. From their fit to F°%
it follows that the polarized radiation in the R., V and pseudo
B band is caused by free-free emission. Cyclotron radiation is
only significant in the . band and longward of it.

We reexamine this fit and its consequences. By compar-
ing F° to the polarized flux obtained from models in which
free-free emission dominates in the optical, we conclude that
RXJ1712 must be very nearby. For model parameters of M =
0.4 — 0.8 Mg and 72 = 0.1 — 1 gecm™2 s~!, we obtain dis-
tances of 5 — 50 pc. Thereby, low M and high 7 (because of
the temperature and density dependence of the free-free opac-
ities) result in a higher flux and thus in a larger distance. Thus
RXJ1712 would be the closest IP known to date. Certainly, its
parallax should be measurable from ground based observations.
Another consequence of fitting F°* shortward of the I, band
with free-free emission is that the unpolarized background ra-
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diation (caused for example by the white dwarf, the red dwarf
companion etc.) must be very low in this system. As P is
higher in RXJ1712 than in RE 0751+14, we estimate that the
unpolarized background flux in RXJ1712 must be lower than
that in RE 0751414 by a factor ~ 10°. All these points make
it seem unlikely that free-free emission is the source of the ob-
served polarization. In addition, we obtain a lower limit for the
distance to RXJ1712 from the Roche lobe filling secondary. The
period-mass relation (M, /Mg) = 0.11( P, /hr) (e.g., Frank et
al. 1992) results in a mass of the secondary of M, = 0.37 Mg,.
By making the simplifying assumption that the secondary has
the structure of a main sequence star, we can obtain an abso-
lute magnitude of My = 9.8™* using the data listed by Aller
(1976). By assuming that all the flux observed in the V' band
originates from the secondary, we derive a distance of 70 pc to
RXJ1712 using my = 14™2 (Buckley et al. 1995). However,
much of the light in this band is emitted from sources other than
the secondary. Therefore, the actual distance must be larger than
the above derived value. However, this lower limit contradicts
the upper limit of 50 pc obtained from the magnitude of the
polarized flux in the case that it is caused by free-free emission.
This largely rules out the free-free hypothesis.

As an alternative, we propose here that the polarized ra-
diation at all observed optical wavelength bands is caused by
cyclotron emission and that optical free-free emission from the
accretion region is not significant in RXJ1712. We have shown
that the observations seem at first sight to rule out this possibil-
ity mainly because of the observed polarized flux in the pseudo
B band, which is almost as high as that in the . and V' band.
However, it is not certain that the effective wavelength of this
band is at 4500 A, as suggested by Buckley et al. (1995), and it
may well be at a longer wavelength, as this band actually cor-
responds to white light observations. In this case, a fit to F°
using cyclotron radiation as the sole cause of polarized radia-
tion improves significantly. The transition from optically thin
to optically thick cyclotron radiation is then in or near the I
band, whose effective wavelength is about 7300 A (Buckley et
al. 1995).

One immediate result of fitting F°% with cyclotron emission
in the transition from optically thin to thick instead of free-free
emission is that the resulting magnetic field is higher. For exam-
ple, using the same model as Buckley et al. (1995), we obtain
a field strength of 18 MG instead of 8 MG. We investigate the
possible values of By by calculating models for a range of M
and 7i. The parameters § and ¢ are selected such that the ob-
served variation of the degree of polarization can be reasonably
reproduced and that the angle 6 between the line of sight and
the magnetic field in the accretion region reaches values near
90°. That way, for particular values of M and 71, we obtain a
lower estimate for By, as lower values of 6 result in a higher
By because of the strong angle dependence of the cyclotron
opacities. We obtain values for By ranging from ~ 9 — 20 MG.
with higher values of M and 7 resulting in a lower By. We
also calculate models with 6 being at its other extreme. This
results in an upper limit for By for a given M and 7h. In this
case, we obtain values of By ranging from 15 to 27 MG. The

485

calculations illustrate the large uncertainty in By caused by the
still unknown and from the optical observations not constrained
M and . In principle, one can determine or at least constrain
these from hard X-ray observations (e.g., Vith et al. 1996). Un-
fortunately, such observations have not yet been made or at least
not yet been published.

Another consequence of our proposed fit of the observed
polarized flux with cyclotron radiation is that IR observations
(say inthe J and K bands) of the polarized flux should resultin a
lower polarized flux than that observed in the /. band, because
the cyclotron radiation is optically thick in these wavelength
bands. In contrast, if free-free emission is dominant shortward
of the I band and cyclotron radiation becomes dominant in the
1. band, then the polarized flux should strongly increase as one
goes from the I, band into the IR. To make this discussion more
quantitative, we want to consider the case of M = 0.6 Mg,
m=1gem™ 2 s~ and § and i with values as in Fig. 8. With
By =11 MG, F, cm"d reaches its maximum in the /. band. In the
J band (not shown in Fig. 8), the circular polarization changes
its sign. The reversal of the sign when going from optically thin
to optically thick cyclotron radiation in models with inhomoge-
neous temperature structure was already pointed out by Wickra-
masinghe & Meggitt (1985). In the K band, F,™ reaches about
one tenth of F™°4 in the V band, but circular polarization may
not be observable as F™°! only reaches a few percent of the
total flux emitted by the emission region. However, if free-free
emission is dominant in most of the optical region, which is the
case for By = 6 MG, then ch"d reaches its maximum at the
long wavelength end of the J band with a factor 1000 above
F™4d in the V band. The K band is again optically thick and
the circular polarization reverses its sign at the long wavelength
end of this band. To summarize, the resulting behavior of FC"bs
in the IR band is very different for the two alternative models
of the optical polarization of RXJ1712.

Finally, we want to point out the consequences of not de-
tecting any polarization in the IR or the parallax being below
the observable limit. For one, it rules out free-free emission as
the source of observable polarization in the optical in this sys-
tem. Thus RXJ1712 becomes the third IP after BG CMi (Chan-
mugam et al. 1990) and RE 0751+14 (Piirola et al. 1993; Vith
et al. 1996) in which cyclotron radiation is the sole source of
observed polarization. Though the number of such objects is
still small, it starts to become unlikely that free-free emission
from the accretion region can cause observable polarization in
the optical in IPs. Secondly, it implies a much higher magnetic
field strength in RXJ1712 than the one derived by Buckley et
al. (1995). Our models typically result in a By that is about a
factor 2 higher in the case of cyclotron radiation in the optical
than in the case of free-free emission. Unfortunately, the value
of By in the cyclotron emission models is still very uncertain
mainly because of the unknown values of M and 7. To con-
strain these, X-ray observations may prove to be very useful.
Nevertheless, the possibly high value of By (maybe even higher
than in RE 0751+14) makes RXJ1712 a prime candidate for an
IP that may synchronize and turn into a polar, an evolutionary
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scenario suggested by Chanmugam & Ray (1984) and King et
al. (1985).
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