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Abstract. We present results of the first simultaneous U BV RI-photopolarimetric observations of the long period
(4.6 hrs) AM Herculis system RX J0203.8+2959. The observed circular polarization shows both negative and
positive polarization, from +7% to —5% in the B-band. A rise of the positive circular polarization is observed
near the same orbital phase as a change in HR1 hardness ratio from soft to hard in the earlier ROSAT X-ray
observations. The negative circular polarization is observed near orbital phases where a soft X-ray component was
seen in ROSAT observations. Linear polarization pulses coincide with the sign reversal of the circular polarization,
and coincide also with changes in the X-ray hardness ratio in earlier ROSAT data. The observed polarization
variations favour two-pole accretion. Least square fits to the position angle curves during linear pulses suggest high
orbital inclination, estimates from i = 67°52" to i = 73°11%. The UBV RI-lightcurves show smooth variations with
a broad maximum and minimum. RX J0203.842959 was in intermediate accretion state during observations in
November 1998 (V' = 15.7 —16.7). The observed flux and circular polarization variations are reproduced by using
constant temperature cyclotron emission models having two accretion regions and with parameters: kT = 10keV,
A = 10° and colatitude 3 = 120°—140° for the negative pole, and kT = 20keV, A = 10* and 3 = 20°—30° for
the main accreting positive pole, and assuming orbital inclination i ~ 70°.
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1. Introduction

The object RX J0203.84-2959 belongs to a sample of very
soft X-ray sources in the ROSAT All-Sky Survey (RASS).
It was preliminarily identified as an AM Herculis star by
Beuermann & Thomas (1993). Schwarz et al. (1998) con-
firmed that RX J0203.842959 has properties typical for
an AM Herculis star (a subclass of cataclysmic variables,
CVs), with an orbital period of 4.6 hrs and brightness
variations between V = 18—15.5. Schwarz et al. (1998)
detected cyclotron emission harmonics and estimated the
magnetic field strength B ~ 38 + 2 MG. The orbital pe-
riod of RX J0203.8+2959 is one of the longest among
all the AM Herculis stars; only two systems, V1309 Ori
(7.98 hrs) and V895 Cen (4.76 hrs) have longer orbital pe-
riods. Most of the AM Herculis stars have periods below
the “period gap”, which occurs between 2 and 3 hours.
Being one of the longest period AM Herculis systems,
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RX J0203.8+2959 is an important object to study the
synchronization process between the primary and the sec-
ondary and the accretion mechanism in the long period
(Porb > 3 hrs) AM Herculis stars.

2. Observations

Our observations were carried out during 7 nights from
13/14 to 19/20 November, 1998, (JD 2451131 — 2451137)
with the Turin-photopolarimeter at the 2.15 metre tele-
scope of Complejo Astronomico El Leoncito, CASLEO
in Argentina (latitude —31° 47" 12”). The multichannel
double image chopping instrument, with dichroic filters
to split the light into five spectral regions for photomulti-
pliers, follows the design principles of Piirola (1973, 1988).
It provides in the U-, B-, V-, R- and I-bands simul-
taneous circular and linear polarimetry as well as pho-
tometry in A\/4-mode. The efficiency for the circular po-
larimetry is ~70% and ~50% for the linear polarimetry
with the A/4-retarder, and ~100% for linear polarime-
try with the A/2-retarder. During the nights of 15/16,
16/17 and 18/19 November, 1998, the instrument was used
in A/2-mode for maximum efficiency for linear polariza-
tion data, and on the other nights (13/14, 14/15, 17/18
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Fig.1l. Simultaneous (UBVRI) light curves of RX

J0203.8+2959 between nights 13/14 and 19/20 November,
1998. Each point presents a single photometric measurement.

and 19/20 November, 1998) \/4-mode was used. The sky
background polarization is directly eliminated by using a
calcite plate as polarizing beam splitter. The instrumental
polarization and the zero-point of the position angle are
determined through observations of high and low polariza-
tion standard stars. The data have been folded in Figs. 1-3
by using the ephemeris determined from V-band minima
by Schwarz et al. (1998):

Toin = HJD 2449243.9401(50) + E x 011917448(7). (1)

2.1. Photometric UBVRI-observations

Photometric U BV RI-data were obtained during 7 nights
(from 13/14 to 19/20, November, 1998) with time resolu-
tion of 26 s. Figure 1 presents simultaneous light curves
(UBV RI) folded over the 4.6 hr orbital period. Light
curves in Fig. 1 have been plotted twice (from phase
® = 0.0 to @ = 2.0) to illustrate the variations over the
orbital period. Brightness varies between magnitudes 16
and 17 in the B- and V-bands. The range of variations
is about one magnitude in all bands. The brightness level
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in the medium accretion state is V' = 17—16 and in the
high state V' = 16—15, according to Schwarz et al. (1998).
The broad maxima in the U- and the B-bands occur be-
tween the orbital phases ® = 0.3—0.4, whereas the V-,
R-, and the I-bands have their maximum 0.3 phase later
(® = 0.6—0.7). Minima in the light curves occur between
the phases ® = 0.90—0.95 in the U- and the B-bands,
whereas the V-, R-, and I-bands have their mimima cen-
tered at the phase ® = 0.0. Schwarz et al. (1998) also
reported phase dependent minima: during their observa-
tions the I-band light curve mimimum lagged the mini-
mum in the B-band by ~0.12 phase units. Small variabil-
ity in the shape of the light curves from night to night,
accompanied with some flickering, complicate accurate de-
termination of times of minima. Predicted timing errors
in ephemeris given by Schwarz et al. (1998) in November
1998 are +10 min (£0.04 phase units).

Due to the Northern declination, the maximum dura-
tion of the nightly runs was slightly greater than 4 hours
(almost one complete cycle) and the values of air masses
were between 2.1 and 2.7. We estimate that the accuracy
of our photometry is 0.04 mag for the UBV R bands and
0.08 mag for the I-band. The full average spread of the
observations in light curves are: 0.45 mag (U), 0.30 (B),
0.30 (V), 0.27 (R), 0.55 (I). Even though we consider some
uncertainty arising from an estimate of the extinction co-
efficients (due to the low altitude of the object), we believe
that the observed spread in the curves reflects real changes
in the physical phenomenona in the source.

2.2. Polarimetry

Polarimetry data, plotted from orbital phase & = 0.0 to
® = 2.0, are shown in Fig. 2 (circular) and Fig. 3 (lin-
ear). Individual observations show only small variations
from night to night, and thus combining the data from
the separate nights, and averaging to the phase bins over
orbital cycle is appropriate in order to increase the S/N ra-
tio. Circular polarimetry (Fig. 2) shows both negative and
positive polarization. Positive circular polarization is ob-
served in the orbital phase interval ® = 0.5—1.1 in the
B-band and between ® = 0.3—1.1 in the V-, R- and I-
bands. The circular polarization reaches +7% near the
phase ® = 0.8 in the B-band, +6% in the V- and I-
bands, and +5% in the U- and R-bands. The negative cir-
cular polarization reaches —5% in the B-band (® = 0.3),
—4% in the I-band (® = 0.2), —2% in the V- and (quite
marginally) —1% in the R-band (® = 0.1). In the U-band
the negative circular polarization is almost negligible.

Figure 3 shows the phase binned linear polarization
data, computed by vectorially averaging individual obser-
vations from the B-,V-, R-, and I-bands in order to in-
crease the S/N ratio. U-band data is not combined with
the data from the other wavelengths due to higher noise
level in this band. The degree of the linear polarization is
low: 3% at maximum and during most part of the orbital
cycle polarization is less than 1%.
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Fig. 2. Simultaneous circular polarization curves (UBV RI)
of RX J0203.8+2959. Data obtained during 7 nights between
13/14 and 19/20 November 1998, has been averaged to 40
phase bins. Error bars correspond to the standard error of the
mean (+o0).

The linear polarization shows pulses with defined po-
sition angle between the orbital phases ® = 0.3—0.5 and
® = 0.95—1.05. Both of these peaks coincide with the
change of the sign in the circular polarization. A pulse-
like feature is seen also near the phase ® = 0.75, but there
are no zero crossings in the circular polarization near the
same orbital phase. The linear polarization drops to low
level at the phase ® = 0.9. A similar drop in polarization is
also seen in the circular data in the U-, B-, and V-bands,
almost near the same phase. This may be due to some
unpolarized material (an accretion stream?) crossing our
line of sight to the cyclotron emission area between orbital
phases ® = 0.90—0.95. Earlier ROSAT X-ray observations
by Schwarz et al. (1998) showed that during the short in-
terval near photometric phase ® = 0.9 HRI-detectors had
almost zero counts. Optical light curves (Fig. 1) do not
reveal any drop in the flux level during the same orbital
phase, however.
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Fig. 3. Simultaneous linear polarization (top) and position an-
gle (bottom) curves of RX J0203.84-2959 calculated by vecto-
rially averaging the individual observations of B-, V-, R-, and
I-bands. Data have been averaged to 28 phase bins. Error bars
correspond to the standard error of the mean (+o0). The conti-
nous line is a Fourier fit with 5 harmonics of the orbital period.

Comparing our polarization data to earlier ROSAT
PSPC and HRI detectors data and HR1 hardness ratio, by
Schwarz et al. (1998) (Fig. 16 in their paper; HR1 hard-
ness ratio is defined as (H-S)/(H+S), where H and S are
counts above and below 0.4 keV), it can be noticed that
the soft X-ray component (HR1 ~ —0.8) is observed be-
tween the photometrical phases ® = 0.0 and ® = 0.5. The
HRI1 ratio changes rapidly after the phase ® = 0.5 from
—0.8 to ~0.0 and reaches at the phases & = 0.7—0.8 its
maximum, ~0.5, at the same time when also the positive
circular polarization has its maximum peak value. The
soft X-ray component thus either disappears, or strongly
reduces, when a linear pulse is seen and circular polariza-
tion changes its sign. After photometric phase ® = 0.95,
HR1 hardnes ratio drops from hard to soft. This coin-
cides with linear polarization pulse observed between the
phases & = 0.95—1.05, and may be connected to disap-
pearing of the main emission region (positive pole). The
two X-ray components, soft and hard, seen at different
orbital phases, coinciding with a change from negative to
positive circular polarization, suggest two pole accretion.

The wavelength dependences of the negative and the
positive circular polarization are also slightly different.
Furthermore, the positive circular polarization is observed
when V-, R-; and I-bands have their maxima in bright-
ness, whereas the negative circular polarization is seen
during the phases (® = 0.1-0.4) when the U- and B-
light curves have their maxima. Also this favours a two
accreting pole model.
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3. The system geometry

The direction of the linearly polarized component of the
cyclotron emission is perpendicular to the field. This in-
formation can be used for computing the inclination of the
rotation axis with respect to our line of the sight in the
dipole model approximation (Meggit & Wickramasinghe
1982; Liebert et al. 1982)
o~ (2
T

We have applied a standard least square fit method to cal-
culate the rate of the change of the position angle 6 during
two pulses, in order to estimate the orbital inclination 1.
Fits in the phase interval ® = 0.30—0.48 give inclination,
when weighting according to inverse square of the stan-
dard error of each normal points, i = 73°%1%. The broad
pulse can be connected either with disappearance of the
negative pole behind the limb of the white dwarf or ap-
pearance of the positive pole. This pulse may also has been
affected by effects arising from possible overlap of the lin-
ear polarization from another accretion pole, which may
also increase uncertainties in our inclination estimates.

During the other linear polarization pulse the least
square fit (weighted according errors) to position an-
gle data between orbital phases ® = 0.91—-1.05 gives
i = 67°%3". The observed variations in position angle are
noisy, but not randomly scattered. They suggest (within
given error estimates) high orbital inclination more prob-
able solution than low inclination. Evidences of two ac-
creting poles (see Sect. 2.2) also supports high inclination
according Schwarz et al. (1998). Assuming orbital inclina-
tion i ~ 70°, the lack of self-eclipses in the light curves
would require a colatitude 8 < 20° for main accreting
region. However, if there are more than one region ac-
creting, the main accreting region may have self-eclipses
if another emission region is seen during that time inter-
val. By studying circular polarization curves (Fig. 2) it
is obvious that possible self-eclipse of the main accretion
region has quite short duration, because positive circu-
lar polarization is observed during most of the the orbital
cycle.

By using formula given by Bailey & Axon (1981):

1
tan 7 tan (3

cos 1 =

cos 2wg, = (3)
where 2¢, is the length of the phase interval where the
sign of the circular polarization is reversed, and the active
pole is far side of the white dwarf, we can estimate (3. The
circular polarization data (Fig. 2) show values of ~0.4 (B-
band) and ~0.2 (V-, R, and I-bands) for 2¢,, which would
then results values in the range from 50° to 24° for 3, and
correspondingly for negative pole values of 8 range from
155° to 130°.

4. Comparison with cyclotron model computations

We have reproduced the observed light curves and polar-
ization variations by using the numerical modelling codes
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for cyclotron emission described in Piirola et al. (1987a,b,
1990, 1993). For the cyclotron fluxes and polarization de-
pendence on the viewing angle «, the angle between the
line of the sight and the magnetic field, we have used
model grids given by Wickramasinghe & Meggit (1985) for
constant high temperature Tghock = 10—40 keV (originally
in 10 degrees divisions) which we have further interpolated
over whole range of viewing angle « for one degree divi-
sions. These models predict the intensity of the cyclotron
emission and linear and circular polarization from a point
source for different viewing angles for each harmonics for a
given optical depth parameter A and electron shock tem-
perature Tihock-

The height of the emission region(s) is assumed to be
very small compared to the radius of the white dwarf. The
observations of ST LMi (Cropper 1986), BL Hyi (Piirola
et al. 1987a), VV Pup (Piirola et al. 1990), for example,
have shown that the height of the emitting regions, h, is
very small in units of white dwarf radius, h < 0.01 Rwp.
The orbital inclination is adopted to the value i = 70°,
which is near the estimates from the rate of change of the
position angle during the two pulses (Sect. 3). The colat-
itudes and longitudes of the emission regions, extension
of the emission regions in longitude and in colatitude are
kept as free parameters.

The amount of polarization given by the constant tem-
perature Wickramasinghe & Meggit (1985) models is often
too high (see Cropper 1985; Piirola et al. 1987a,b, 1990).
The inclusion of an unpolarized background emission is
necessary in order to bring the polarization values into
better agreement with the observations. We have adopted
a colour dependence of the background comparable to rel-
ative flux ratios near ® = 0.0 in each band (lowest states
during orbital cycle) to separate unpolarized background
effects. Schwarz et al. (1998) found that the faint and the
bright phase during the orbital cycle in RX J0203.8+2959
was dominated by blue continuum, where at least three
separate components may contribute: optically thick cy-
clotron emission from accretion region, photospheric radi-
ation of the white dwarf itself, and possible large fraction
of reprocessed continuum radiation from the line emitting
regions. Schwarz et al. (1998) also estimated that only
25% of total visual light observed during the high state
originates from measured cyclotron flux. In our modelling
the adopted background fluxes are in the B-, V-, and R-
bands 3—4 times larger than the peak emission from pure
cyclotron flux (depending on wavelength).

Calculations are made by dividing extended emis-
sion arcs into three separate strips, each consisting of
20 equidistant points along a line on the surface of the
white dwarf, for which Stokes parameters @, U, V and
I are calculated independently, as an approximation for
regions where volume elements do not obscure each other,
and their contributions to total polarization and flux are
summed together as a function of orbital phase. The ge-
ometric model which gives acceptable fits to our data for
different temperatures Tyhock, plasma parameter A values
and for different harmonics numbers w/w,, by using value
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CALC. CIRCULAR POLARIZATION:

INDIVIDUAL CURVES

COMBINED CURVES
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Fig. 4. Calculated circular polarization curves from orbital
phase ® = 0.0 to ® = 1.0, by using parameters i = 70°, two ex-
tended emission regions between colatitudes 3 = 20°—30° and
B = 120°—140°, by 90° in longitude separated and both con-
sisting of three strips, centered at colatitudes 20°, 30°, and 40°
(positive region) and 120°, 130°, and 140° (negative region).
Values kT = 20keV, A = 10* and harmonic number w Jwe from
8 (top), 7, 6, 5 and 4 (bottom) are used for dominant positive
circular polarization region. Correspondingly values for w/wc
from 7 (top), 6, 5, 4, and 3 (bottom), kT’ = 10keV, A = 10°
are applied for negative cirular polarization emission region.
Left panel shows curves for individual emission strips and the
right panel the combined polarization curves.

1 = 70° for orbital inclination, contains two extended emis-
sion regions, (separated 90° in longitude): positive (main)
circular polarization region between colatitudes § = 20°
and 30° and the other region (negative polarization) be-
tween 5 = 120° and 140°.

The general pattern of circular polarization variations
over the orbital cycle (Fig. 2) is fairly well reproduced by
the model, using cyclotron model parameters kTghock =
20 keV, A = 104, and the harmonics 8, 7, 6, 5, and 4 in
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the UBV RI bands, respectively (Fig. 4) for the main ac-
cretion region. These harmonics correspond to magnetic
field of about 32-33 MG. The low S/N ratio in the U
and I bands (Fig. 2) does not allow any detailed compar-
ison of the phase dependent variations in U and I, but
the amplitude level in these bands is roughly in accor-
dance with the predictions from the model. The relative
amount of negative circular polarization is largest in the
blue, which points to the possibility of stronger magnetic
field in the second, less active, pole. Our best fit, with
kTihock = 10 keV and the harmonics (7), 6, 5, 4, and
(3), in the (U)BV R(I) bands, respectively for the nega-
tive circular polarization, corresponds to magnetic field of
about 40-41 MG. These field estimates are in reasonable
agreement with the value 38 +2 MG obtained by Schwarz
et al. (1998). Tight constraints for the field strength can
not be set based to our cyclotron model fittings, but vary-
ing a large range of harmonics with different tempera-
tures and plasma parameters, we can say that harmonic
numbers 3 or lower, are not able to predict well varia-
tions observed in the I-band, as well the harmonics clearly
higher than 8 or 10, do not seem to give enough high po-
larization for B-band, setting the field range to be about
25-43 MG. Confirmed two-pole accretors, like VV Pup
(Wickramasinghe et al. 1989), UZ For (Schwope et al.
1990), DP Leo (Cropper & Wickramasinghe 1993) and QS
Tel (Schwope et al. 1995), have shown significantly differ-
ent fields in two accreting regions. In some cases, nearly
a factor of 2 difference has been observed between mag-
netic field strengths in different poles. The more strongly
accreting pole has usually the weaker magnetic field.

The models predict brightness variations (Fig. 5)
which are about three times smaller than observed and
not that smooth. If we reduce the amount of unpolar-
ized background, the relative flux variations increase, but
then the polarization predicted by the model will be too
high. The observed linear polarization pulses at phases 0.5
and 0.95 are well reproduced by the model (Fig. 6). The
negative pole is near the limb at the phase 0.5. The min-
imum in the brightness near the phase ® = 1.0 is due to
having both emission regions at self-eclipse by the white
dwarf limb. The length of the extended accretion regions
are not very strongly constrained. The fit to the observed
smooth and asymmetric variations in circular polarization
and flux, by using small and very short accretion regions
is worse comparing to fitting by longitudinally extended
emission regions. The short emission regions produce also
a short-term, sharp linear pulse with too high peak value,
whereas the longer emission regions give flatter and weaker
linear polarization peaks (consistent with observations)
when the angle between magnetic field and our line of
the sight, «, is close ~90°.

The best fit to observed data is achieved by assuming
relatively long emission regions (tens of degrees in longi-
tude). The length of the main emission region in our model
shown in Figs. 4, 5, and 6 (60° in longitude) corresponds
~1/3 Ryq in units of white dwarf radius. The asymmetry
seen in our light (Fig. 1) and polarization curves (Fig. 2) of
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CALCULATED LIGHT CURVES:

INDIVIDUAL CURVES

COMBINED CURVES
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Fig. 5. By using the same parameters as in Fig. 4 (for circular
polarization) the calculated light curves are presented.

RX J0203.84-2959, suggests also that the cyclotron emis-
sion regions are longitudinally extended. This is in accor-
dance with earlier modelling of cyclotron emission in AM
Herculis stars. The assumption that the accretion takes
place over a small spot near the magnetic pole in centered
dipole field is showed to be too simplified. Longitudinally
extended arc-shaped accretion region(s), slightly offset
from the magnetic pole, have been proposed to explain
the circular polarization curves in AM Herculis stars, see
e.g.: Wickramashinge & Ferrario (1988), and Ferrario &
Wickramasinghe (1990).

Observed polarization and brightness variations have
been succesfully modelled by using extended emission
regions, for example, in ST LMi (Ferrario et al. 1989;
Ferrario et al. 1993; Cropper & Horne 1994), DP Leo
(Schmidt 1988; Cropper & Wickramasinghe 1993); V347
Pav (Bailey et al. 1995; Ramsay et al. 1996; Potter et al.
2000). The extension of emission regions have been es-
timated to be, for example: 0.25 Ryq (Wickramasinghe
1988), 0.3 Rya (UZ For in high state, Schwope et al. 1990),
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CALCULATED POLARIZATION:
INDIVIDUAL CURVES COMBINED CURVES
(REGION 1 & REGION 2)
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.0%
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Fig. 6. Calculated linear polarization and position angle curves
for harmonic number w/w. = 7 for positive pole and harmonic
w/we = 6 for negative pole. The other parameters are the same
as for calculations in Figs. 4 and 5.

0.5 Rwq (DP Leo, Schmidt 1988) or extended from 15° to
~100° in longitude (V834 Cen, Cropper 1989; ST LMi,
Cropper & Horne 1994; VV Pup, Piirola et al. 1990; DP
Leo, Cropper & Wickramasinghe 1993; EV UMa, Hakala
et al. 1994). Recent X-ray observations have also shown
that hard X-ray emission regions in systems BL Hyi (Wolff
et al. 1999) and V2301 Oph (Steinman-Cameron et al.
1999) have extension of 45°-50° in longitude.

Although that our model is able to produce the
observed variations in polarization acceptable well
(Figs. 4, 5, and 6), we can not assert that our solution
is unique. The model fits are depending on several param-
eters, such as orbital inclination, (data favours high in-
clination, see Sect. 2.2) and choice of the correct electron
shock temperature Typock and plasma parameter A (values
kT = 20 keV are adopted from Schwarz et al. 1998 fits to
ROSAT-data).

5. Conclusions

We have observed RX J0203.84-2959 and collected a large
amount of circular and linear polarimetric and photomet-
ric data covering well the orbital phase. A rise of posi-
tive circular polarization is observed near the same orbital
phases as the change in X-ray spectrum HR1 hardness ra-
tio in 1994 during ROSAT observations. Negative circular
polarization is observed at the same orbital phase when
the soft X-ray component is seen (Schwarz et al. 1998).
Linear polarization show pulses at the orbital phases when
the sign of the circular polarization is reversed. Two pulses
coincide with the change in the X-ray spectrum. Observed
polarization variations favour a two-pole accretion instead
of one accreting pole model. The position angle variations
suggest relatively high values for the inclination angle of
the white dwarf spin axis, ¢ ~ 70°(£20°).
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