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ABSTRACT

We present an analysis of high-speed u- and r-band photometry of the eclipsing polar HU Aqr that was obtained with ULTRACAM
mounted on the VLT. The observations were performed during a low state, permitting us for the first time to determine the contact
points of the white dwarf. Using LCURVE we could determine its size, and hence mass, with a direct method and with unprecedented
accuracy. We determined the mass of the white dwarf as 0.78 + 0.02 Mg, the mass ratio Q = Mwp/M.. = 4.59, and the orbital
inclination i = 8724 + 0°9. An extended warm region with a central temperature of ~33 000 K was observed in the u-band at the
location of the previous high-state accretion spot. Weak accretion was ongoing in the low state that led to cyclotron emission that
could best be studied with the r-band data. It has a diameter of only 3° to 4° and is located much closer to the binary meridian
than the accretion-heated region studied in the u-band. The longitudinal shift of the two accretion regions is of order 30°, due to
early and late coupling of accreted matter onto the magnetic field lines in low and high accretion states, respectively. The low-state
cyclotron-emitting region has a vertical extent of 0.005—-0.016 Rwp, a value that seems to be correlated to the instantaneous accretion

rate.
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1. Introduction

Polars are magnetic cataclysmic variables (CVs) consisting of
a late-type main-sequence star and an accreting, synchronously
rotating, highly magnetic white dwarf (see Warner (1995) for
details). The late-type star loses matter via Roche-lobe over-
flow. After initially following a ballistic trajectory, the matter
is caught by the magnetic field of the white dwarf and is fun-
neled onto the surface of the white dwarf where the accre-
tion energy is released in the form of optically thin thermal
plasma radiation at X-ray wavelengths and cyclotron radia-
tion, which is detected from IR to UV wavelengths. The pho-
tosphere of the white dwarf surrounding the accretion region
(or regions) is exposed to this energy and may be repro-
cessed and reradiated in the extreme ultraviolet and soft X-ray
regime.

One of the marked properties of the polars (or AM Herculis
stars according to the prototype) is the occurrence of high and
low states of accretion. Mass loss changes from the donor star
might happen in other CV types as well, but are more difficult to
recognize if there is an accretion disk acting as a mass storage'.
In the absence of a disk, changes in the donor star mass loss rate
immediately lead to changes in the accretion rate onto the white
dwarf. Low states occur randomly; the accretion duty cycle is
of order 50% in the prototype AM Herculis and only 5% in the
high-field system AR UMa (Hessman et al. 2000; Mason et al.
2024), but is not well characterized for a representative sam-
ple of objects. Due to the largely reduced accretion rate during
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A notable exception are the VY Scl stars, disk-accreting Novalikes,
which may show pronounced low states.
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such states, all sources of accretion-induced radiation are effi-
ciently dimmed and the stellar components of the binary can be
observed more easily.

HU Aqr is one of the most intensively studied polars because
it is the brightest eclipsing object (maximum orbital brightness
Vmax = 14.5 Schwope et al. 2001), and thus offers enormous
diagnostic potential. Since its discovery in 1992 (Hakala et al.
1993, Schwope et al. 1993), it was observed in all accessible
wavelength ranges, mostly during states of high or intermedi-
ate accretion. It has a one-pole accretion geometry with a field
strength of 34 MG (Schwope et al. 2003). The accretion region
shows self-eclipses by the white dwarf, which makes it possible
to discern between the bright and faint phases.

The observer and the accretion spot lie in the same hemi-
sphere with respect to the orbital plane. Hence, the accretion
stream and accretion curtain guided by magnetic field lines
give rise to pronounced absorption features in optical and X-ray
light curves and occur 0.08-0.15 orbital phase units prior to the
eclipse (Schwope et al. 2001).

In this paper we present an analysis of high-speed pho-
tometric observations of HU Aqr obtained with ULTRACAM
(Dhillon et al. 2007) when it was attached to one of the Very
Large Telescope (VLT) UTs. Simultaneous observations with
XMM-Newton were performed, and the results of the X-ray
observations were reported by Schwarz et al. (2009). Some of
the results of the ULTRACAM observations were used in other
studies (Vogel et al. 2008; Schwope et al. 2011), but the data
themselves were never properly published. We are taking the
opportunity of the colloquium held in Warwick in September
2024 celebrating Tom Marsh’s legacy after his untimely passing
to correct this omission (Pelisoli et al. 2025).
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Table 1. Observation log of data used in this study.

Instrument/Telescope Date Filter Resolution tstart tstop tobs runs
[D/M/Y] [s] [(UT] [UT] [min]
ULTRACAM/VLT 17/05/2005 u,g,Nal 0.5 9:53  10:27 34 33
ULTRACAM/VLT 16/05/2005 u,g,r & u,g,Hell 0.5 6:03 9:53 230 20,21,22
ULTRACAM/VLT 15/05/2005 u,g,r 0.5 6:49 10:19 210 39,4041
ULTRACAM/VLT 14/05/2005  u,r,Hell 0.5 7:30 10:14 164 13,14
XMM-Newton/OM 16/05/2005 UVM2 0.5 4:50 10:22 332
HST/FOS 30/08/1996 2.5 21:27 5:51 504

Notes. Given are the instrument names, the dates, the filters used, the time resolution, and the observation length at the given dates. The last column
identifies the ULTRACAM runs (see Sect. 5).
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Fig. 1. ULTRACAM light curves of HU Aquarii in u (blue), g (green), and r (red) in original time sequence obtained on 14-17 May 2005. The
data from 17 May are not shown here because just the eclipse was observed.

2. Observations

HU Aquarii was observed with the high-speed photometer
ULTRACAM (Dhillon et al. 2007) mounted on the 8.2m Very
Large Telescope at the Paranal Observatory, Chile, during four
nights between 14 May and 17 May 2005 (see Table 1 for a log
of all observations used in this study). ULTRACAM is a triple-
beam camera that can record images in three filters simultane-
ously. The observations were performed through Sloan u, g, and
r filters and a filter centered on CIII/NIII + Hell (central wave-
length 4662 A, FWHM 108 A). The u and r filters were used
throughout the whole campaign, while the g and Hell filters
were used alternatively. The time resolution achieved was 0.5
seconds with only 24 msec of dead time between exposures. The
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data were reduced with the ULTRACAM pipeline. The compar-
ison star for differential photometry is indicated on the finding
chart in Schwope et al. (1993).

During the last night of the campaign (16—17 May) simul-
taneous X-ray and UV-observations were performed with
XMM-Newton. The X-ray data were described in detail in
Schwarz et al. (2009) and are not further addressed here.

HU Aqr was encountered in a low state of accretion in May
2005. Figure 1 shows all ULTRACAM data in the continuum
filters obtained during the mentioned four nights. The mean
brightness during the faint phase was u = 18%5, g = 1800,
and » = 18M1. On the night of 14 May, the bright phase
appeared at its faintest level with the u-band light curve modu-
lated only by the foreshortening of the heated region surrounding
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Fig. 2. ULTRACAM u-band light curve from 14 May 2005 with model fit overplotted. The left panels show the fit to the ingress and egress of
the white dwarf eclipse, while the right panel shows the fit to the full light curve. The residuals to the fit are shown at the bottom (in standard

deviations).
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Fig. 3. ULTRACAM r-band eclipse light curve from 16 May 2005 with
best-fit model shown in gray. The individual components of the model
are also shown: white dwarf (blue dashed line), donor star (red dot-
dashed line), cyclotron spot (green dotted line). The residuals are shown
below (in standard deviations).

the former accretion spot. Its maximum occurred at MJD =
53504.3735 (orbital phase ~0.87). During the two following
nights some flare-like brightness enhancements were observed
affecting all filters. The r-band light curve on 14 May shows
a double-humped modulation similar to the high state, where
it was explained by beaming of the cyclotron radiation (see
Schwope et al. 2003, their Fig. 2) and indicates some weak resid-
ual accretion. The low-state r-band humps from Fig. 1, upper
panel, occur at MJD 53504.3632 and 53504.4005, which corre-
spond to orbital phases —0.25 and +0.18, respectively. The same
explanation, modulation of the r-band light curve by cyclotron
radiation, is adopted here. The pre-eclipse dip due to absorption
of light in the magnetically guided accretion stream, a remark-
able feature in the high-state light curves, was not observed in
the low state of May 2005. In the high state, it was centered at
orbital phase ~0.87, which corresponds to MJD = 53504.3736,
53505.3287, 53505.4155, 53506.2836, and 53506.3703, respec-
tively, for the ULTRACAM observations.

The eclipse light curves obtained in the u- and r-bands show
similarities, but also some remarkable differences (see Figs. 2
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Fig. 4. ULTRACAM r-band eclipse light curves with model fits over-
plotted. The fit includes the eclipse of both the white dwarf photosphere
and cyclotron spot. The residuals are shown below each fit (in standard
deviations).

and 3) that give us the opportunity to measure the size of the
white dwarf and some parameters of the heated region where
accretion happened in the preceding high accretion state, and to
study the location and dimension of the actual accretion region.

3. Analysis: LCURVE modeling of ULTRACAM
high-speed photometry

We modeled the ULTRACAM light curves using LCURVE

(Copperwheat et al. 2010), a code written specifically to model

the light curves of compact binary systems containing at least

one white dwarf. LCURVE can simulate many of the features
seen in the light curves of HU Aqr, including eclipses, Roche
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Table 2. Best-fit parameters for the u-band light curve.

Parameter Unit Value Prior
Mwp Mg 0.78 £ 0.02 u(, 1.4)
M. Mg 0.17 £ 0.01 u(o, 1.0)
Inclination i deg 87.4+0.9 U(0, 90)
Ty-53504 TDB 0.3848869(18)  U(0.3,0.4)
Spot longitude y  deg 46.9 £0.3 U(-180, 180)
Spot latitude § deg 672431 U(-90, 90)
Spot FWHM deg 44.0fg:3 U(0, 180)
Spot Teen K 33 150j§ggg U(0, 10°)

Notes. Best-fit parameters from fitting the ULTRACAM u-band light
curve of HU Aqr from 14 May 2005. We note that T, corresponds to
the center of the white dwarf eclipse, not the mid-egress time as is more
typically used for HU Aqr. It is given in BIMD. The last column gives
the range of the prior; flat priors were assumed for all parameters.

distortion, and some accretion phenomena. It is only able to
model nonmagnetic accretion, although it is possible to add hot
spots to the surface of the white dwarf to mimic some effects
of magnetic accretion. Fortunately, many of the ULTRACAM
observations caught the system in an extremely low state which
allowed us to model features that would usually be too distorted
by accretion variability to fit reliably.

The eclipse of the white dwarf in the u-band is particularly
clean, and all four of the contact points are clearly visible. We
therefore modeled these data with LCURVE to constrain the stel-
lar and binary parameters of HU Aqr. In particular, we focused
on the data from the first night (14 May 2005) where the accre-
tion rate appears to be at its lowest. LCURVE requires many
input parameters to create a model light curve and for this fit the
crucial ones are the mass ratio ¢ = Mwp/Mje, the orbital incli-
nation i, the radii of both stars scaled by the orbital separation
Rwp/a and Ry/a, the temperatures of the two stars Twp and
Tsec, the limb darkening coefficients for both stars, the orbital
period P, and the time at the center of the eclipse 7.

When fitting the u-band data from 14 May 2005, we kept
Py fixed at 0.0868203980 days from Bours et al. (2014) (for
a complete history and latest update of the ephemeris see
Schwope & Thinius 2018). Since a single u-band eclipse is
insufficient to constrain the temperature of the white dwarf
Twp, it was fixed at 13 500 K (Vogel et al. 2008). These authors
used a code similar to LCURVE, but less advanced, to model
the ULTRACAM and the simultaneous XMM-OM data. The
derived temperature was similar to that derived by Ginsicke
(1999) from the light curve models applied to the intermediate-
state HST/GHRS data; they derived 14000 K. We note that
LCURVE assumes blackbody temperatures for all components,
and hence these are essentially flux scaling factors rather than
actual temperatures. After redetermining the white-dwarf radius
and mass from the u-band eclipse profile we checked the results
for consistency with respect to the white-dwarf temperature (see
below). We also fixed T to 3000 K, although this makes no
difference to the fit whatsoever because the donor star flux is not
detected in the u-band.

In addition to these fixed values we forced the donor star
radius to be the same as the Roche lobe radius. We also forced
the white dwarf to follow the theoretical mass-radius relation-
ship of Bédard et al. (2020) for a 13 500 K white dwarf. For the
limb darkening coefficients, we interpolated the four-parameter
nonlinear limb darkening values from Claret et al. (2020) for the
white dwarf and fixed the limb darkening of the donor star to
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a linear value of 0.5. Since the donor star is not detected in the
u-band this value has no effect on the fit.

Finally, in order to properly model the u-band light curve
we also needed to account for the warm spot on the surface of
the white dwarf from the former accretion spot. The spot was
modeled with a Gaussian distribution of temperatures with the
central temperature and full width at half maximum (FWHM) as
free parameters. The longitude y (relative to the meridian defined
by the line of centers of the two stars) and the latitude ¢ (relative
to the orbital plane, or colatitude 8 = 90° — § relative to the rota-
tion axis) of the spot are also free parameters, and we assumed
that the white dwarf rotates at the orbital period.

The fit was performed using a custom Python code and the
Markov chain Monte Carlo (MCMC) method, as implemented in
the emcee Python package (Foreman-Mackey et al. 2013). The
input parameters to the fit were the masses of the two stars Mwp
and Mg, the inclination i, the time of superior conjunction of
the white dwarf T, and the spot longitude, latitude, FWHM, and
central temperature. At each step in the fit the input parameters
are used to generate an LCURVE model. The white dwarf mass
is combined with the mass-radius relationship to calculate the
white dwarf radius, and both masses are used with Kepler’s third
law to compute the orbital separation. The ratio of the masses
also sets the Roche lobe of the donor and hence its radius. This
method allowed us to break the well-known degeneracy between
the (scaled) radii of the two stars and the orbital inclination when
fitting just the white dwarf eclipse data (Parsons et al. 2017).
Uniform priors were placed on all the input parameters to keep
them within the physical limits (see Table 2). For the fit we used
100 walkers, with a burn-in period of 1500 steps and 10 000 pro-
duction steps.

The fit to the u-band data from 14 May 2005 is shown in
Fig. 2 and the corner plot that was used to determine the error
ranges is shown in the Appendix (see Fig. A.l). The best-fit
parameters with their uncertainties are listed in Table 2. These
values give a time interval of 33.6 seconds between the first
and second (and third and fourth) white-dwarf eclipse contact
points, a total eclipse duration (first to fourth contact points)
of 620.3 seconds, and an eclipse duration for the center of the
white dwarf of 586.7 seconds. The best-fit binary parameters of
Table 2 are in excellent agreement with previous studies of HU
Aqr (e.g., Schwope et al. 2011), but with improved error ranges.
The uncertainties in i, y, and 6 became unprecedentedly small.
The longitude y is fixed by the eclipse details and the orbital
phase of maximum brightness, while i and ¢ are fixed by the
detailed shape of the eclipse. The only significant assumption
made here is that the white dwarf follows the mass-radius rela-
tionship of Bédard et al. (2020). We therefore chose to use these
stellar and binary parameters when modeling the more complex
r-band light curves.

The best-fit parameters are in agreement, but nevertheless
slightly different compared to earlier studies. The earlier stud-
ies had to assume a distance to HU Aqr, meanwhile a precise
distance is available from Gaia astrometry. We therefore tested
if the assumed temperature of 13 500 K together with the radius
of the WD and the distance to HU Agqr fit well with its ultra-
violet to optical spectral energy distribution. For this we used
the average faint-phase HST/FOS spectrum obtained in an inter-
mediate state of accretion in 1996 (Schwope et al. 2004), cor-
rected for the emission from the accretion stream and curtain, the
faint-phase optical monitor (OM) brightness from the simulta-
neous ULTRACAM/XMM-Newton observations Schwarz et al.
(2009), and the ULTRACAM u,g,r faint-phase data. These
are shown in Fig. 5 together with the WD model atmosphere
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Fig. 5. UV to optical spectral energy distribution of HU Aqr. Shown
are the faint-phase data only, the accretion steam-corrected HST/FOS
spectrum obtained 1996, and the OM data obtained simultaneously with
the ULTRACAM u, g, r photometry. The model spectra for 13 500 K,
14000 K, and 14 500 K scaled to the distance and radius of the white
dwarf in HU Aqr are shown as blue lines.

spectra for 13500 K, 14000 K, and 14500 K, respec-
tively (Koester 2010). This comparison suggests Tegwp =
13500—-14 000 K, and thus confirms our initial assumption. For
completeness we ran a fit to the u-band data with Teg wp fixed at
14 000 K, which gave the same results within the errors as the fit
for 13 500 K, whose parameters are reported in Table 2.

Having established the stellar and binary parameters (and by
extension the contact points of the white dwarf eclipse), we then
constrained the location of the cyclotron component that is seen
to eclipse in the r-band. The offset between the contact points of
the white dwarf and cyclotron component eclipses can be used
to determine the location of the latter.

We modeled the r-band eclipses with LCURVE taking a sim-
ilar approach to the u-band fit, but with some notable differences.
First, we performed fits to the u-band eclipse data from all nights
using the model shown in Fig. 2 and only allowing the central
eclipse time (Ty) to vary. We then fitted the r-band eclipse data
for each night. For these fits we kept the two masses and incli-
nation (hence scaled radii) fixed at the values given in Table 2.
The central eclipse time (7)) was allowed to vary, but we placed
a Gaussian prior on this value based on the value and uncertainty
from fitting the u-band data from the same eclipse. We kept
the spot component on the white dwarf, but allowed its longi-
tude, latitude, FWHM, and central temperature to vary during the
fit.

The r-band data also show considerably more out-of-eclipse
variability than the u-band, likely related to accretion not being
accurately modeled by LCURVE. Therefore, we limited our fit to
just the ingress and egress phases to avoid needing to account for
this extra variability. However, even with limiting the fit to just
these phases, there is still variability that is not accounted for in
the LCURVE model. In particular, the pre- and post-eclipse flux
levels are generally different due to cyclotron beaming and short-
term changes of the accretion rate; some eclipses are brighter
before the eclipse and some are brighter after the eclipse. To try
to account for this we allowed independent scaling factors for the
ingress and egress. LCURVE uses temperatures as scale factors,
so we allowed the temperature of the white dwarf to be different
during the ingress and egress, essentially allowing the additional
emission on one side of the eclipse to be included in the white

dwarf contribution. While this is clearly not physical, the main
aim of these fits was to accurately model the contact points of
the eclipse; we found that this approach allowed the depth of
the ingress and egress to be different, which is vital in order to
accurately measure the contact points. The fits were performed
using the MCMC method with 100 walkers, a burn-in period of
2000 steps, and 10 000 production steps.

An example best fit is shown in Fig. 3 for an eclipse on 16
May 2005; the individual components of the fit are also shown.
It can be seen that the white dwarf component needs to be
brighter before the eclipse, which is likely not the case in real-
ity, but is the result of an additional accretion flux pre-eclipse
that the model compensates for by making the white dwarf com-
ponent brighter. Fits to the r-band eclipses from all four nights
are shown in Fig. 4 and the measured spot parameters are listed
in Table 3. The corner plot used to derive uncertainties for the
night 3 fit is shown in the Appendix (Fig. A.2). Taken at face
value, the numbers given in Table 3 indicate a small, but sig-
nificant (40), shift of the cyclotron emission region from night
to night. LCURVE models the spots simply as a hotter (hence
brighter) region on the surface of the white dwarf with the flux
from the spot changing purely due to the viewing angle and
eclipse. However, cyclotron photons are emitted perpendicular
to magnetic field lines with some beaming patterns, so a simple
viewing angle approximation may not necessarily be an accurate
representation. Moreover, LCURVE does not take into account
any vertical extent to the cyclotron emission region (it assumes
that all emission comes from the surface of the white dwarf),
which could affect these values, a scenario that is tested further
below. Time-dependent accretion and the variable vertical extent
may lead to some scatter in the derived spot location, and the
shift in the spot longitude and latitude might be apparent only.

The temperature of the spot (essentially a measure of how
bright it is) clearly changes from night to night. In the first night
it is very weak and faint, in the last night the spot eclipse is very
clear and deep in the light curve. Despite all these caveats we
note that the cyclotron radiation is emerging from a very small
region with a lateral extent of only 3° to 4°.

In Fig. 6 we show the full ULTRACAM r-band light curve
from 16 May 2005. We use the best-fit model to the eclipse
(using the egress scale factors to ensure not to overcorrect the
post-eclipse flux) and extended it over the full data range. We
also show the model broken into its individual components. The
white dwarf gives a constant flux except when it is eclipsed,
while the donor star shows a double-peaked light curve as a
result of the Roche distortion. Subtraction of the contributions
of the donor, the white dwarf, and the spot gives a light curve
that may be regarded as pure cyclotron radiation. This is shown
in the bottom panel of Fig. 6. The eclipse of the cyclotron spot is
clearly visible, as is a considerable amount of additional variabil-
ity through nonstationary, time-dependent accretion when the
spot is visible.

Figure 7 shows the white dwarf and donor-subtracted r-
band light curves for several nights. All of the bright phases are
thought to be powered mainly by cyclotron radiation from the
small accretion spots (for the extent, see line 3 in Table 3). They
show the same overall characteristics. There is an almost linear
increase into the bright phase and on its descent (indicated by the
shaded bands). The bright phase itself is modulated by cyclotron
beaming (best visible on 14 May through its double-humped
light curve pattern) and/or by instantaneous changes in the mass
accretion rate. This behavior dominates on 15 and 16 May, when
the overall mass accretion rate was enhanced. The small mea-
sured extent of the accretion spot that emits cyclotron radiation
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Table 3. Best-fit parameters for the r-band light curve.

Parameter Unit 14 May 2005 15 May 2005 16 May 2005 17 May 2005
Spot longitude  deg 15. 3+§§ 16.9 + 0.4 14.6 +0.2 124 + 0.6
Spot latitude deg 69.0%) 68.3+0.2 67.3+0.1 68.2+0.3
Spot FWHM deg 3. 2+é0 42+04 34+0.1 29+03
Spot Teen 10°K 2.9 2.2403 58+04 10.1734

Notes. Best-fit parameters for the cyclotron emission region based on fitting the ULTRACAM r-band light curves of HU Aqr. We note that the
temperature of the spot is purely a flux scaling factor and assumes blackbody emission, which is not an accurate representation of cyclotron

emission.
-—- WD
. ==+ Donor
0.08 X Y (N ETLTLD Spot .
—— Combined
[y
(@]
i
& 0.06 -
Q
£
@]
(9
> 0.04 -
[u}]
o
i
0.02
0.00 ,
. 0.041
2
8¢
T 20.02
c §
D —_
g .
0.00
. . 0.30 0.32 0.34 0.38 0.40 0.42

BMJD - 53506 [days]

Fig. 6. Top panel: ULTRACAM r-band light curve from 16 May 2005 with the best-fit model to the eclipse phases shown in gray (and extended to
the full orbit). The individual components of the model are also shown: white dwarf (blue dashed line), donor star (red dot-dashed line), cyclotron
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emission.

allows us to approximate it as a point on the surface of the white
dwarf. The length of the self-eclipse of the accretion spot, Adgeir;
the orbital inclination, i; and the colatitude 8 = 90° —¢ are related
via cos (TAdgyr) = tan~!(i) tan~'(B). This relation predicts a
length of the self-eclipse of 0.464 phase units, which is much
longer than the observed value, or a length of the bright phase
of 0.536 phase units, which is much shorter than the observed
value. The observed length of the self-eclipse is approximately
0.34 phase units. Taking this at face value, and assuming a spot
on the surface of the white dwarf, a short self-eclipse can be
realized if the latitude of the spot is of order 85°. This high lat-
itude does not conform to the precisely measured ingress and
egress phases of the spot (¢ = —0.038642 + 0.000027, ¢egr =
—0.039047 + 0.000017, spot eclipse length 582.74 + 0.23, s),
which fix the latitude at approximately 68° with very high preci-
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sion and reliability. The remedy is to assume a vertical extent of
the cyclotron emission region.

We tested this scenario with a code similar to LCURVE.
It has the same geometric functionality, but is less elaborate
with respect to the physics of emission and the light curve of
the donor, for example. It was used successfully in an earlier
study of soft X-ray eclipses in HU Aqr (Schwope et al. 2001).
The emission is thought to originate from a cylindrical column
with a radius that corresponds to the measured lateral extent of
the accretion spot (Table 3). The column has a certain height
and is divided into 100 equidistant layers. Each layer has the
same number of tiles. For an assumed height, the code tests
under Roche geometry which tiles are visible at any given phase.
We used the same period; the same masses, and hence mass
ratio; and the same white dwarf radius as used for the LCURVE



Schwope, A. D., et al.: A&A, 706, A41 (2026)

0.200
0175 ‘M' W

——— May 16
0.150 2005

x

3

Y

kel

L oazs

[}

©

g

5

z 7 N—

a g

o aash May 15
5 o075 il N 2005
]

©

T

2 0.050

©

o

; 0.025 .

m Moy e
0.000 2005

-0.4 -0.2 0.0 0.2 0.4

Orbital phase
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white dwarf and donor star contributions subtracted. Each curve is off-
set vertically by 0.075 for clarity. The shaded pink regions indicate the
approximate phases where the additional variability appears and disap-
pears on 16 May 2005.

models. We only asked for the number of tiles that are visible
at any given phase and did not consider any foreshortening or
beaming. The output is normalized to unity. The height is mod-
ified until an agreement is reached between the observed and
modeled lengths of the bright phases.

The results of this exercise are illustrated in Fig. 8. The mod-
eled and observed lengths of the bright phase are shown as a
function of the column height (in units of white-dwarf radii).
Four complete bright phases were covered, and their individ-
ual lengths were determined as the phase interval between half
light during their initial ingress and egress phases. The modeled
length was simply the FWHM of the bright phase. The compar-
ison shows that the column height evolved from 0.006 Ryyp at
the lowest state on 14 May to 0.015 Rwp on 16 May, when the
overall brightness of HU Aqr had increased considerably.

4. Discussion and conclusion

We presented an analysis of high-speed photometry with
ULTRACAM when it was mounted at the VLT. The target was
the bright eclipsing polar HU Aqr. The details of the eclipses in
the u- and r-bands were studied and modeled with LCURVE.
The object was encountered in an unusually low state of accre-
tion. Due to this, the white dwarf could be uniquely located in the
binary system for the first time. From modeling the data obtained
on 14 May in the lowest accretion state, the white-dwarf mass
was inferred from the measured size (length of eclipse ingress
and egress) and found to be 0.78 Mg, close to the value of
~0.8 M determined as the median mass in CV sample studies
of their X-ray or UV-spectra (Shaw et al. 2020; Pala et al. 2022).

The u-band light curve displays a maximum at orbital phase
0.870. The smoothly variable brightness variation outside the
eclipse and the details of the eclipse were both successfully mod-
eled assuming a heated region at a longitude of 47° and a lati-
tude of about 67° (for the exact values and their uncertainties, see
Table 2). The binary inclination was redetermined and found to
be 87°4. Assuming a Gaussian-shaped symmetric heated region,
its maximum temperature was 33 000 K, and its size (FWHM)
44°. The large extent gives rise to the smooth brightness varia-
tion. The maximum spot temperature is highly dependent on the
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Fig. 8. Predicted vs. observed length of the bright phase (FWHM) for a
column on the white dwarf at a latitude of 68° and an azimuth of 18° asa
function of its height. The height is given in units of white-dwarf radii.
The chosen inclination is 87¢4. The dashed horizontal lines illustrate
the observed lengths of the four fully covered bright phases on 14 May
(magenta), 15 May (blue), and 16 May (black).

assumed temperature profile and should not be taken too literally.
The measured longitude (azimuth) y agrees very well with the
longitude of the high-state X-ray emitting accretion spot, while
its latitude (6 = 67.2°, colatitude 8 = 22.8°) is higher by a few
degrees compared to the colatitude of 25-31° found in the ear-
lier study. However, at the time of the analysis of the X-ray data,
the exact location of the white dwarf in the system was not yet
known; it is still difficult or even impossible to fix exactly at
that occasion because it is outshined by accretion-induced radi-
ation. Its location affects the derived (co)latitude of the accre-
tion spot. We therefore consider the heated region detected in
the ULTRACAM u-band as the surroundings of the former high-
state soft X-ray emitting region, which had a diameter of about
3° (Schwope et al. 2001).

The binary parameters found here, which we consider the
most precise and reliable set of parameters yet achieved for HU
Aqr, are in excellent agreement with a previous determination
(Schwope et al. 2011), but with considerably smaller uncertain-
ties. The previous study involved Call emission and Na absorp-
tion lines from the irradiated and non-irradiated hemispheres
of the donor star, respectively, to constrain the mass ratio. Our
new results presented here confirm the validity of the previous
approach with the additional benefit of the spectroscopic method
that it can also be applied to non-eclipsing objects.

The r-band data obtained simultaneously on 14 May and
even more so those obtained during the following nights show a
different emission component: beamed cyclotron radiation from
some weak residual accretion. The cyclotron-emitting region is
much smaller than the heated region around the former high-
state accretion spot. Its location and size were also determined
with LCURVE and found to be at the same (co)latitude as the
warm region, but shifted by about 30° in longitude closer to
the binary meridian. It has a diameter of only 3° to 4°, i.e.,
it is of similar size to the high-state soft X-ray emitting spot,
but at a different location. Cyclotron radiation was also found
in a previous high state of accretion. It was emitted along an
accretion arc with a total extent of about 20° (Schwope et al.
2003). The eclipse ingress lasted 4 seconds, the egress 9 seconds.
The position of the far end of the arc, as seen from the donor,
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was well in agreement with the high-state accretion-heated spot
studied here based on the ULTRACAM u-band data. The near
end of the high-state arc was found at a longitude of about 25°
to 30°, farther away from the binary meridian, as determined
here from the ULTRACAM r-band data. The low-state scatter
in the longitude of the spot was between 12° and 17°. The mat-
ter that feeds the low-state cyclotron spot is threaded onto mag-
netic field lines much closer to L; than in the high state, and it
is tempting to assume that matter couples to the field directly
at L.

Although the r-band eclipse could be well modeled with
LCURVE, the implied length of the bright phase was found to
be shorter than observed. The assumption of a vertical extent
of the cyclotron-emitting plasma solves the discrepancy. The
cyclotron-emitting region has a height that varies between 0.005
and 0.016 white dwarf radii, and is correlated with the overall
brightness of the system. The vertical and the lateral extent could
both be well determined. The derived values imply that the col-
umn (as a synonym for the emission region) is pillbox-shaped
rather than pencil-shaped with a height-to-length ratio of about
1/5. Interestingly, both the high-state cyclotron and the soft X-
ray emitting regions have a similar height of about 0.015 Ryp,
which means that the correlation between the column height and
the accretion rate is valid only for a very restricted range in the
low-state accretion rate.

The eclipse length of the cyclotron emitting spot found here
is 582.7 s, that of the high-state soft X-ray spot was 587.5
(Schwope et al. 2001). Both structures have comparable sizes,
the eclipse ingress and egress length of the optical and the egress
length of the X-ray eclipse are comparable (the ingress length
of the X-ray eclipse could not be measured precisely due to the
unknown effect of soft X-ray absorption in the high-state accre-
tion curtain) and the heights are comparable as well. Hence,
any difference in the eclipse length seems to be due to a shift
in the colatitude, the low-state cyclotron-emitting spot being
located at a higher latitude than the high-state X-ray spot. How-
ever, there is a caveat. The length of the ROSAT-observed X-ray
eclipse is longer than the white-dwarf eclipse determined here,
ATx = 587.5s versus ATwp = 586.7s. This seems counterin-
tuitive because the accretion spot is located in the upper hemi-
sphere; one thus might expect ATx to be shorter than ATwp,
but the spot lies closer to the obscuring donor than the center
of the white dwarf, thus extending the eclipse length. Another
effect is that the measurement of the soft X-ray eclipse is biased
toward a more extended length because of soft X-ray absorp-
tion at the eclipse ingress. One needs a better defined X-ray
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eclipse to finally determine the latitude of the X-ray emitting
spot.

Our study has shown how observations of a well-selected tar-
get with a world-leading instrument mounted on a prime facil-
ity and analyzed with suitably adapted software gives unprece-
dented insight into the fine details of accretion onto a strongly
magnetic white dwarf. The binary parameters of HU Aqr could
ultimately be settled.

5. Data availability

The ULTRACAM data (see Table 1) is available at the CDS via
https://cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/
706/A41.
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Appendix A: Posterior probability distributions for the ULTRACAM u- and r-band fits
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Fig. A.1. Posterior probability distributions of the seven parameters for the u-band fit (see main text for details).
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Fig. A.2. Posterior probability distributions of the six parameters for the r-band fit of the third night (see main text for details). The size of the
white dwarf and its time of superior conjunction were kept fixed during the fit at the values found from the u-band fit.
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