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ABSTRACT

SDSS J030308.35+005444.1 is a close, detached, eclipdiitg dwarf plus M dwarf
binary which shows a large infrared excess which has beerpirgted in terms of a circumbi-
nary dust disk. In this paper we present optical and neaatiafl photometric and spectro-
scopic data for this system. At optical wavelengths we oleséeated pole caps from the
white dwarf caused by accretion of wind material from the nrséquence star on to the
white dwarf. At near-infrared wavelengths we see the eeligfstwo poles on the surface of
the white dwarf by the main-sequence star, indicating thetthite dwarf is magnetic. Our
spectroscopic observations reveal Zeeman split emisisies in the hydrogen Balmer series,
which we use to measure the magnetic field strength as 8 MG. mikasurement indicates
that the cyclotron lines are located in the infrared, ndlyiexplaining the infrared excess
without the need for a circumbinary dust disk. We also detegnetically-confined material
located roughly midway between the two stars. Using measemés of the radial velocity
amplitude and rotational broadening of the M star we coirsthee physical parameters of the
system, a first for a magnetic white dwarf, and the locatiothefpoles on the surface of the
white dwarf. SDSS J030308.35+005444.1 is a pre-catactyganiable that will likely evolve
into an intermediate polar in1 Gyr.

Key words: binaries: eclipsing — stars: magnetic fields — stars: kgpe-t white dwarfs

1 INTRODUCTION few days and gradually lose angular momentum via gravitatio
radiation ((Kraft et al._1962; Faulkner 1971) and magnetaking
(Verbunt & Zwaan 19&1; Rappaport et lal. 1983) eventuallngpri
ing them close enough together to initiate mass transfep dhet
white dwarf.

However, whilst the number of identified PCEBs has increased
rapidly in the last few years, there is a complete lack of eayst
containing obviously magnetic white dwarfs (Liebert €12005;
Silvestri et al| 2006, 2007; Rebassa-Mansergas et al. Z01®).
Given that at least 10% of isolated white dwarfs also showenie
of magnetic fields with strengths in excess of 2 MG (Liebeglst

Cataclysmic variables (CVs) are semi-detached binariesato
ing a white dwarf accreting material from a main-sequenaa-co
panion star via Roche-lobe overflow. Around 20% of CVs con-
tain white dwarfs with magnetic fields strong enough to effec
the flow of material on to it (Wickramasinghe & Ferrafio 2000;
Araujo-Betancor et &l. 2005; Pretorius el al. 2013). Thesgnmatic
CVs are divided into two types: polars, in which the white dvig
synchronously rotating with the binary orbit, and interriage po-
lars (IPs), in which the white dwarfs usually rotate fastert the

arXiv:1308.4423v1 [astro-ph.SR] 20 Aug 2013

binary orbit. -1 !

Magnetic CVs are thought to have a similar evolutionary 2003), this is a large discrepancy.
history to non-magnetic CVs. Both initially started out aaim Magnetic white dwarfs are thought to be generally more mas-
sequence binaries that underwent a common envelope pHase w  sive (hence smaller and fainter) than non-magnetic whitarfiw
the two stars orbited within a single envelope of materias- | (Kulebi et al.l 2010; Dobbie et &l. 2012, 2013; Kilebi €12013),

ing angular momentum and spiraling closer together. The re- which could account for some of this discrepancy, but caenet
sulting system consists of a close, detached white dwar$ plu plain the complete absence of strongly Zeeman-split hyeirdiges
main-sequence binary, known as a post common envelopeybinar in the more than 2000 spectroscopically identified whiterflyias
(PCEB). These systems have orbital periods of a few hours to a main-sequence binaries (Rebassa-Mansergas et al. 2012).
Ferrario (2012) recently showed that the initial mass rdiso
tribution implies that there should exist a large populaté close,
* steven.parsons@uv.cl detached white dwarf plus F or G type main-sequence staeselh
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Table 1.Journal of observations. Exposure times for X-shootermbsens are for UVB arm, VIS arm and NIR arm respectivelye Tiimary eclipse occurs

at phase 1, 2 etc.

Date at Instrument Telescope  Filter(s)  Start Orbital Expes Conditions

start of run (um) phase time (s) (Transparency, seeing)
2007/10/17 ULTRACAM WHT u'g'i’ 02:34 0.88-1.18 5.2 Goody1.2 arcsec
2007/10/18 ULTRACAM WHT u'g'i’ 02:25 0.28-1.52 5.2 Goody1.2 arcsec
2007/10/29 ULTRACAM WHT u'g'i’ 04:40 0.80-1.09 2.3 Poor; 3 arcsec
2010/11/10 ULTRACAM NTT u'g'i’ 04:27 0.47-1.25 4.3 Excellent;1 arcsec
2010/11/11 ULTRACAM NTT u'g'i’ 03:16 0.54-1.80 4.3 Goody1.2 arcsec
2010/11/25 ULTRACAM NTT u' g'i’ 03:18 0.69-1.16 3.8 Excellent;1 arcsec
2012/09/09 ULTRACAM WHT u'g'r’ 03:18 0.80-1.70 4.0 Goody1.2 arcsec
2012/10/09 ULTRACAM WHT u'g’r’ 2351 0.91-1.12 5.0 Goody1.4 arcsec
2012/10/13 ULTRACAM WHT u'g'r’ 00:33 0.89-1.11 3.8 Excellent;1 arcsec
2012/11/16 X-shooter VLT - 00:57 0.47-2.25 606,294,100 dHent, <1 arcsec
2012/11/30 HAWK-I VLT Kg 00:31 0.48-1.69 1.0 Average;1.5 arcsec

are descendents of somewhat more massive main-sequeree bin 2

ries and so could harbour magnetic white dwarfs, invisiblepa
tical wavelengths due to their bright main-sequence coiopan
An alternative hypothesis involves the generation of mégriield
during the common envelope phase itself via a magnetic dgnam
(Tout et al.| 2008} Potter & Taut 2010). In this scenario, sy
with strongly magnetic white dwarfs emerge from the commuon e

velope at small separations and hence evolve into CVs ort shor

timescales.

There are a small number of magnetic white dwarfs ac-
creting from the wind of their main-sequence companionsstar
(Reimers et al. 1999; Reimers & Haoen 2000; Schmidt et als200
2007 Vogel et al. 2007, 201/1; Schwope et al. 2009). Thedersgs
are characterised by cool white dwarfs with field strengfresfew
10 MG (i.e. cyclotron lines in the optical) and main-sequestars
that underfill their Roche-lobes, hence these systems faetipre-
polars, yet to become CVs. The accretion rates in thesemsgste
are of the order o10~*3-107* Mg/yr, several orders of magni-
tude smaller than in normal polars, but much higher than irveq

OBSERVATIONS AND THEIR REDUCTION
2.1 ULTRACAM photometry

SDSS J0303+0054 was observed with ULTRACAM mounted as a
visitor instrument on the.2m William Herschel Telescope (WHT)
on La Palma in 2007 and 2012 and at them New Technology
Telescope (NTT) on La Sillain 2010. ULTRACAM is a high-speed
triple-beam CCD camera (Dhillon etial. 2007) which can aegui
simultaneous images in three different bands; for our olasiens
we used the SDS&, ¢’ and eithen’ or 4’ filters. A complete log
of these observations is given in Table 1. We windowed the @CD
order to achieve exposure times-08—4 seconds which we varied
to account for the conditions; the dead time between expssuas
~ 25 ms.

All of these data were reduced using the ULTRACAM
pipeline software. Debiassing, flatfielding and sky backgtsub-
traction were performed in the standard way. The source flax w
determined with aperture photometry using a variable apert
whereby the radius of the aperture is scaled according téuthe
width at half maximum (FWHM). Variations in observing condi

alent detached non-magnetic PCEBs_(Debes|2006; Tappé!'t et a tions were accounted for by determining the flux relative ¢owm-

2011; Pyrzas et al. 2012; Parsons et al. 2012a; Ribeiro|20aB)
which have accretion rates of the order16f~'"—107"'° Mg /yr.
The exception to this is the non-magnetic system QS Vir which
has a mass transfer rate td~ % M /yr (Matranga et &l. 2012),
although this system may be a hibernating CV (O’Donoghué. et a
2003 Matranga et &l. 2012).

parison star in the field of view. We flux calibrated our tasgst de-
termining atmospheric extinction coefficients in each &f lands

in which we observed and calculated the absolute flux of aur ta
gets using observations of standard stars (from Smith 20812)
taken in twilight. Using our extinction coefficients we egtolated
all fluxes to an airmass o,

SDSS J030308.35+005444.1 (henceforth SDSS J0303+0054)2 2 HAWK-I NIR photometry

was identified as an eclipsing PCEB containing a ced@@00 K)
featureless DC white dwarf with a low-mass M dwarf compariion
a 3.2 hour orbit by Pyrzas etlal. (2009). Parsons let al. (20d@b
sented high-speed photometry of the system and noted analnus
modulation in theu’ and ¢’ bands that could not be attributed to
the ellipsoidal distortion of the M star, they proposed gtatspots
on the M star could be responsible. Recently, Debes| et al2(20
discovered a large infrared excess in the system which ttggiea
is caused by a circumbinary dust disk.

In this paper we present new optical and near-infrared photo
metric and spectroscopic data for SDSS J0303+0054 whickissho
that the white dwarf is in fact magnetic, eliminating the chéer a
highly spotted M star or circumbinary disk. We also consiithie
physical parameters and evolution of the binary.

We observed SDSS J0303+0054 for a full binary orbit with the i
frared imager HAWK-I installed at the Nasmyth focus of VLTFY

at Paranal (Kissler-Patig et/al. 2008). We used the fastophetry
mode which allowed us to window the detectors and achievga ne
ligible dead time between frames (a few microseconds). e us
the K¢ band filter and exposure times of 1 second. The data were
reduced using the ULTRACAM pipeline in the same manner as de-
scribed in the previous section. The data were flux calidraging
2MASS measurements of nearby comparison stars.

2.3 X-shooter spectroscopy

SDSSJ0303+0054 was observed for almost 2 full binary
orbits using the medium resolution spectrograph X-shooter

© 2013 RAS, MNRASD00[THI3
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Figure 1. Phase folded ULTRACAM and HAWK-I light curves. The light s have been normalised to the regions immediately befot@fter the primary
eclipse and offset from each other vertically by 1. The gagbér’ and K bands are caused by a lack of coverage.

(D’Odorico et al! 2006) mounted at the Cassegrain focus of-VL
UT2 at Paranal. X-shooter consists of 3 independent armgitrel
simultaneous spectra longward of the atmospheric cuto®f iff-
crons) in the UV (the “UVB” arm), optical (the “VIS” arm) andou
to 2.5 microns in the near-infrared (the “NIR"arm). We usétl s
widths of 1.0”, 0.9” and 0.9” in X-shooter’s three arms andrizd
by a factor of two in the dispersion direction in the UVB andsVI
arms resulting in a spectral resolution of 2500-3500 adtwssn-
tire spectral range.

before the eclipse of the white dwarf. This variation is s the
v’ band £10%) whilst it is slightly weaker in the’ band &5%).
The M dwarf is not detected during thé band eclipse im-
plying that it contributes a negligible amount of flux in thiand.
Therefore, the variations in thé band light curve must originate
from variations in brightness on the surface of the whiterdial-
ing out starspots on the M star as suggested in Parsons 8i.8bp
The fact that this variation has remained constant over tyea®s
spanning our ULTRACAM observations strongly implies tHa t

The reduction of the raw frames was conducted using the stan-hjte dwarf is synchronously rotating with the binary (ashis M

dard pipeline release of the X-shooter Common Pipelinedripbr
(CPL) recipes (version 1.5.0) within ESORex, the ESO ReEipe
ecution Tool, version 3.9.6. The standard recipes were tasepti-
mally extract and wavelength calibrate each spectrum. A$teu-
mental response was removed by observing the spectropatitom
standard star LTT 3218 and dividing it by a flux table of the eam
star to produce the response function. The wavelength scade
also heliocentrically corrected. A telluric correction svapplied

star, since its tidal synchronisation timescale is muchtshdhan
the cooling age of the white dwarf). The M star contribute%oaf
the overall flux in they” band meaning that, in addition to the vari-
ation from the white dwarf, there is also a small ellipsoiateldu-
lation component in this band (although the white dwarfatons
still dominate). Since ellipsoidal modulation causes gestlphases
0.25 and 0.75, the maximum of the light curve occurs sligady-
lier than in theu’ band, and the minimum occurs slightly later (see

using observations of the DC white dwarf GD 248 obtained just Figyre2).

before the start of our observations of SDSS J0303+0054.

3 RESULTS
3.1 Lightcurves

Figured shows our ULTRACAM and HAWK-I light curves folded
on the ephemeris of Pyrzas et al. (2009). The features wisit#
similar to those reported by Parsons etlal. (2010b), naniify e
soidal modulation in the longer wavelength bands, and soui
of-eclipse variations in the’ andg’ bands. FigurgEl2 shows a zoom-
in on these variations, which are roughly sinusoidal, peglust

(© 2013 RAS, MNRASD00 [THI3

Figure[3 shows the HAWK-Ks band light curve around the
time of the white dwarf eclipse. The first thing to note is that
eclipse of a~8000 K white dwarf photosphere (Pyrzas et al. 2009)
by an M4 dwarf should be-1% in the K's band (see for example
Figure[8), instead we observech20% deep eclipse. Also plotted
in Figure3 is a model fitted to thg band ULTRACAM light curve
(see Section 3l 7 for details of the model fitting). The carphases
of the white dwarf eclipse at optical wavelengths do notespond
to those observed in th&s band. Furthermore, the ingress and
egress are stepped, indicating that two small regionshbigthe
K band) on the surface of the white dwarf are being eclipsed.

Taken together, our light curves strongly imply that theterhi
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Figure 2. Out-of-eclipse variations in the ULTRACAM' andg’ band light

curves. Eclipse points have been removed and the data biryreethctor of
5. There is a negligible contribution from the M star in tileband, hence
the variations in this band must originate from the white dwahere is a
small contribution from the M star in thg band in the form of ellipsoidal
modulation, which increases the flux around phase 0.25 af&j foving

the maximum earlier and the minimum later, compared ta:higand.

dwarf in SDSS J0303+0054 is in fact a magnetic white dwarf ac-
creting a small amount of material from the wind of the M star.
In the Ks band we see cyclotron emission from accretion column
above the magnetic poles of the white dwarf, it is this erissi
that is eclipsed. At optical wavelengths we see photospleesnis-
sion from the two heated pole caps on the white dwarf, on top of
the general photospheric emission of the white dwarf (whiain-
inates). Differences in the viewing angle to these polehasvhite
dwarf rotates causes the variations seen indhandg’ band light
curves. Although since the white dwarf photosphere doramat
these wavelengths, there is no hiatus visible during thgppsel

at these wavelengths. Heated pole caps have been detemted fr
every accreting magnetic white dwarf with appropriate olese
tions (see for example Stockman et al. 1994; Araujo-Betaetal.
2005] Gansicke et al. 2006; Burleigh el al. 2006), henceetisdit-

tle doubt that the white dwarf in SDSS J0303+0054 is acagetin
material from the wind of its companion.

A magnetic white dwarf also explains the infrared excess-ide
tified initially by IDebes et al! (2012). This excess is cotiswith
cyclotron emission from low-level accretion on to the magne
white dwarf, and thus there is no compelling evidence foretkis-
tence of a circumbinary disk.

3.2 Location of the poles

The correct determination of the pole locations require the
ephemeris of the HAWK-I data to be as accurate as possilbleg si
a shift of only a couple of seconds is significant comparedéo t
ingress/egress times. Fortunately we have ULTRACAM olzserv
tions from a month before the HAWK-| observations, which re-
duces the uncertainty in the ephemeris for these data. Videthee
guadratic ephemeris derived in Secfion 4.3 to determinerthi¢al
phase of each HAWK-| data point. We estimate the timing accu-
racy to be better than 1 second, smaller than our HAWK-| expos
times, and hence not a large source of uncertainty.

We constrain the location of the poles on the surface of the

white dwarf using the HAWK-I eclipse light curve and our mbfite
to the optical data (Sectidn 3.7). We use our model to dete hie
location of the eclipse terminator on the surface of the evtiivarf
at the start and end of the eclipse of each pole. Figure 4 stimvs
regions where the poles are located. It is a highly non-dipi¢ld
with each pole pointing more-or-less in the direction of khstar.
The first pole to be eclipsed is the weaker, southern polecfwhi
gives a shallower eclipse depth). However, this is the lakt o
emerge from behind the M dwarf. This places an upper limithen t
binary inclination (87.3), above which it is impossible for this spot
to emerge last, and the location of both spots is undeternine

3.3 Spectrum

The average spectrum of SDSS J0303+0054 is shown in Hifjure 5.
The two components are easily visible, although no absoriéa-
tures from the white dwarf are detected, confirming its DQreat
Several strong emission lines are seen originating frorvitdevarf
including the hydrogen Balmer series and theiGd and K lines.
Figure[® shows a trailed spectrum of the: ldmission line, reveal-

ing that it is in fact split in two obvious components. Theostest
component comes from the M dwarf and peaks around phase 0.5,
its radial velocity amplitude is slightly less than that detM
dwarf centre-of-mass (see Sectfon]3.4). This implies thiarge
amount of the line flux originates from the inner hemisphédrie

M star. This is often seen is systems with hot white dwarfg.(e.
Parsons et al. 2010a), but the white dwarf in SDSS J0303+3054
too cool to directly heat the M dwarf to such an extent (it reee
~0.001 times its own luminosity from the white dwarf). Thigeet

has been seen in other cool white dwarf plus main-sequemee bi
ries, WD 0137-349 for example (Maxted etlal. 2006). It is lues

that the accretion of the M dwarf’s wind material on to the t&hi
dwarf produces X-rays directed back towards the M star,jrlyiv
this emission on the hemisphere facing the white dwarf.

Arguably the most interesting feature in Figlite 6 is the sd¢o
weaker and lower-amplitude component. Given that the ggon
component comes from the inner face of the M star, this weaker
component cannot come from the M dwarf itself, but rather ma-
terial between the two stars. However, since this weakerpoem
nent moves in the same direction as the M dwarf, the mateoizd d
not extend beyond the binary centre-of-mass towards théewhi
dwarf. If it did we would expect to see some material moving
in antiphase with the M star, which we do not detect. Therefor
it is likely that this material is being magnetically confihbe-
tween the two stars. Similar features have been seen ina&r
and have been attributed to slingshot prominences (Stegglts
1996; Gansicke et 8l. 1998; Kafka etlal. 2005, 2006; Watsaif e
2007), similar features have also been seen in the PCEB QS Vir
(Parsons et al. 2011). Interestingly, this weaker composteows a
narrow eclipse-like feature around phase 0.79. Given tist¢a-
ture repeats itself between orbits it is likely real. Howewnce
the two stars are side-by-side at this phase, as seen froth, Ear
any eclipse of this material by one of the stars seems uplikéle
emission also appears to have some structure but the riesoddt
our data is inadequate to resolve this.

3.4 M star radial velocity amplitude

We measure the radial velocity amplitude of the M dwarf ushrey
Nai 8200A absorption doublet. We fitted the two lines separately,
with a combination of a first order polynomial and a Gauss@n-

(© 2013 RAS, MNRASD00[THI3
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Figure 3. HAWK-I K¢ band light curve around the time of the white dwarf eclipseei@lotted is a model (gray line) of the white dwarf eclipsani fitting
the ¢’ band light curve (i.e. the white dwarf photosphere) scatedive the same eclipse depth. The vertical dotted linesateithe contact phases of the
eclipse of each pole, note the difference between thesehanettipse of the photosphere (the measured photospherttiactgoints are indicated by the red
lines). Furthermore, there is a hiatus halfway through tiggass and egress, indicating that what we see eclipse@ idatfa are two small regions on the
surface of the white dwarf.

ponent. We also fitted the K7700A absorption line (which is un-
affected by telluric absorption) in the same manner. All tba-
tures gave consistent results and Fidure 7 shows the fit tambne sl
the sodium lines. We measure a radial velocity amplitudettier
M star of Keee = 339.9 + 0.3kms™! with a systemic compo-
nent ofyeee = 14.9 = 0.2kms™!, consistent with, but more pre-
cise than, the measurements of Pyrzaset al. (2009). We iatsodi
significant variations in the equivalent width of the lineahghout
the orbit, indicating that the strength of the absorptionrigorm
across the surface of the M star and hence we are indeedrtgacki o
the centre of mass of the star. T

Latitude (degrees)
0

L 1 L L L L L L L L 1 L

. s -100 0 100

3.5 The white dwarf’s spectrum _
Longitude (degrees)

Having determined the radial velocity amplitude of the M diwa . ! ) .

. Figure 4. Location of the two magnetic poles on the surface of the white
we then attempteql to remove this component from the spestra t dwarf for an inclination of 84.5, longitude zero points towards the M star.
reveal the underlying white dwarf’s spectrum. Two SpecteeN  pashed lines show the position of the eclipse terminatoindtthe ingress,
taken completely in eclipse and only contain the spectrunthef  as it moves north-eastward, whilst solid lines show the itgaor during
M dwarf, hence we averaged these spectra to make the M dwarfthe egress, as it moves south-eastward. We show the teompuatition for
spectrum. We then shifted and subtracted this spectrum &bm  four phases on the ingress and four on the egress. Theseatattand end
the others, based on our radial velocity measurementschnesse phases of the eclipse of each pole as determined from the HA&pse
the M dwarf spectrum was scaled in order to minimise the tes&d (the dotted lines in Figurlel 3). The shaded regions indidatepbssible lo-
after subtraction in regions dominated by large M dwarf ajton cations of the spots, plack lines for the first (weaker) polgpsed (and last
features (regions also unlikely to contain any white dweatéires). 1 ©Merge) and red lines for the second (stronger) pole telpsed (the
This corrects for the varying contribution of the M dwarf coor first to emerge). '.B‘IS(.) shown is th? total S“r.face O.f the W“'?’a"" visible

. . . .. at these phases, indicated by the lines on either side, fieestlice between
nent to t_he overall flux during the Orb'_t‘ ‘_’”e _malnly to elopsal results from the rotation of the white dwarf during the estip
modulation. However, the M dwarf emission lines are not resao
since their strengths vary during the orbit in a differenywathe
the absorption features. Furthermore, since the additen&sion
component from the confined material does not move with the M by manually setting the emission regions to the surroundomg
dwarf it too was not removed. To avoid confusing residualgeve tinuum level.
moved the emission components in the M dwarf template sjppectr Figure[8 shows the white dwarf’s spectrum in the UVB and

(© 2013 RAS, MNRASD00,[THI3
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0.5. The weaker low-amplitude component originates batvilee two stars
and is likely caused by magnetically confined material. Tételine tracks
the motion of the centre-of-mass of the M star.
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Figure 7. Radial velocity fit to the Na8200A absorption doublet from the
M dwarf. The error bars are too small to be seen in the uppeglpan

white dwarf GD 356 are the result of a temperature inversion i
its atmosphere, though the origin of this inversion remaimslear.
Wickramasinghe et all (2010) placed an upper limit for thessna

of any companion to GD 356 of 12 Jupiter masses and suggested

VIS arms of X-shooter. SDSS J0303+0054 was observed with that accretion was unlikely to be the source of the emissiws!

GALEX as part of the Medium Imaging Survey (MIS) with ex-
posure times of 2422s and 3687s in the far- and near-ultedyio
respectively. We indicate the measured GALEX fluxes in Féfir
As previously noted, the strong M dwarf emission componkats

not been removed, neither has the additional component fhem
confined material. However, additional emission lines @@nsin
Figure[8. These features do not move with the M dwarf. Given
the magnetic nature of the white dwarf, these are likely to be
Zeemen split and shifted components of the hydrogen lires fr
the white dwarf. Zeeman split emission lines have only besms

in one other white dwarf, GD 356 (Greenstein & McCalthy 1985;
Ferrario et al. 1997). The emission lines in the apparestiaied

However, since we know there is some low-level accretionmon t
the white dwarf in SDSS J0303+0054 via the wind of the M star,
it is likely that this accreted material creates a shock anear
the surface of the white dwarf. This hot shock material ceoid
sinks towards the centre of the white dwarf creating a teayper
ture inversion, which is responsible for the emission linéss
likely that these emission features mask the underlyingrgtisn
components, as was revealed in the polarisation spectr® @56
(Ferrario et al. 1997). Unfortunately these emission festare too
weak to give a reliable estimate of the radial velocity atoplé of
the white dwarf. Furthermore, it is likely that variatiomsthe mag-
netic field strength (hence Zeeman effect) across the sudaihe
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Figure 8. Spectrum of SDSS J0303+0054 with the white dwarf and M staipaments separated. Emission features from the M star arabtifined material
were not removed from the white dwarf component. Additiceralission features are seen near the hydrogen Balmer linest phvious for the 4 line in
this plot) these are Zeeman split and shifted componenis the white dwarf. Also overplotted are a 9150 K blackbodyctpen (dashed red line) and a
non-magnetic DA white dwarf spectrum (solid magenta liregled to fit the spectrum of the white dwarf in SDSS J0303+0884 also show the GALEX
FUV and NUV fluxes, the non-magnetic white dwarf clearly egezdicts the NUV flux.
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Figure 9. White dwarf emission features. The central (strong) coreptsin each line are from the M star and confined materialr@otted are the positions
of the Zeeman split components as a function of the magnetit dtrength. The peaks of the emission features show goeémgnt with a field strength of

8 £ 1MG.

erage, in fact the™ harmonic at 2.2 microns would be the lowest
harmonic visible. This is consistent with the large infdaexcess
detected by Debes etlél. (2012) which peaks around 10 microns
Figure[d shows a zoom in on several of the hydrogen Balmer
lines. Over-plotted are the locations of the Zeeman splinpo-
nents as a function of magnetic field strength fiom Friedeicél.
(1996). Good agreement is found for a field strength of 8 MGs Th
field strength is supported by the lack of any obvious cyolotines
in our data. For a field strength of 8 MG the fundamental cyolot
line will be located at 13.3 microns far beyond our wavelbrggiv-

white dwarf would make these components unreliable traufahe
centre-of-mass of the white dwarf.

The emission lines from the white dwarf likely originaterfio
above its surface. Although measurements of the grawitaltieed-
shift of absorption and emission lines in the PCEB LTT 560ngdb
little difference (Tappert et &l. 2011) indicating that gmaitting re-
gions are close to the surface. Since the magnetic fieldgitren
decreases with hight ds*, 8 MG is likely a lower limit on the
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field strength. However, the components are fairly sharpninga
that the field strength does not vary considerably over thi-em
ting region, hence it cannot extend too far. Furthermorepadn
lars, where both (photospheric) Zeeman components andtoycl
lines are visible, the field strengths generally agree. kanmple,

a field strength of 24-25 MG was measured from both the Zee-
man and cyclotron components in the polar MR Ser (Schwopk et a
1993) and the 13 MG measurement of the field strength in EF Eri
(Beuermann et al. 2007) from the Zeeman lines is consistéht w
the 12.6 MG measurement from the cyclotron lines (Campbell e
2008). Therefore, it is likely that the field strength of théite
dwarf in SDSS J0303+0054 is close to 8 MG.

In Figure[8 we also plot a blackbody spectrum and a non-
magnetic DA white dwarf spectrum fitted to the observed white
dwarf spectrum. Adopting a distance of 140 pc and a white flwar
radius of 0.0097R (see sectiof 411) gives a best fit blackbody
temperature of 9150 K. A DA white dwarf model withAg of
9150K (shown in Figuré]8) matches the optical spectrum, but
clearly over-predicts the GALEX NUV flux. This is somewhatun
expected as the effect of a 8 MG field should not dramaticéiéca
the Lymanca line. However, with the data to hand we are unable
to explain this discrepancy. UV spectroscopy would be huliof
identifying the cause.

3.6 M star rotational broadening

Limits can be placed on the physical parameters of the two
stars in SDSS J0303+0054 by measuring the rotational bneade
ing (vrot sin 7) of the M star. This was achieved using the method
detailed in_Marsh et al. (1994). We corrected the radial ciglaf
each spectrum to the rest frame of the M star and average@-the r
sulting spectra together. We then artificially broadenedsghectra

of four template M dwarf stars: GJ 849 (M3.5), GJ 876 (M4.0),
GJ 3366 (M4.5) and GJ 2045 (M5.0), and subtracted these from
the spectrum of SDSS J0303+0054 (multiplied by a constamt re
resenting the fraction of the flux from the M star). The consta
was varied to optimise the subtraction, and fffedifference be-
tween the residual spectrum and a smoothed version of iself
computed. We focused on the sodium 8é%bsorption doublet
(using the wavelength range 8100—8ﬁ0).0Figure[I® shows the
x? of the fit as a function of rotational broadening for all four
template stars as well as the minimygA values. We found that
the M3.5 and M4.0 template spectra were a poor fit to the M star
in SDSS J0303+0054, giving a minimug? a factor of five and
four worse than the M4.5 template respectively. The M5.0-tem
plate was a better fit than both these templates but not asampod
the M4.5 template (by a factor of 1.5 ig®) which gives an ex-
cellent fit to the data, although the optimal values for adl tm-
plates are similar. These values are slightly dependent dpe
choice of limb-darkening coefficient used. For a main-seqae
star with a spectral type in this range we would expect a limb-
darkening coefficient 0f0.5 (Claret & Bloemeh 2011) around the
sodium lines. We note that this value is strictly only appiate

for the continuum of the M star and so we calculated the opti-
mal values for a range of limb-darkening coefficients fromh (@

0.6 and find that this shifts the results bylkms™*, similar to

the small effects seen by Copperwheat étial. (2012) for tmedo
star in the CV QY Car. Therefore, we conclude that the M star in
SDSS J0303+0054 has a spectral type of M4.5-M5.0 with a ro-
tational broadening of. sini = 81.7 & 1.1kms™" (the uncer-
tainty comes from the unknown limb-darkening coefficieng, for-

mal error estimate i x? + 1 = 0.7 for the M4.5 template star).

T T

\M4.5
\837

M5.0
11255

8

V sin(i)

Figure 10. x? as a function of rotational broadening for the M star
in SDSS J0303+0054, using four different template starsgua limb-
darkening coefficient of 0.55. The number shown below thetspletype
is the minimumy? value for that template. The M4.5 template broadened
by 81.7km s~ gives an excellent fit to the M dwarf in SDSS J0303+0054.

We will use this measurement to constrain the parameterbeof t
stars in Sectiop 4] 1.

3.7 Modeling the light curve

Eclipsing PCEBs have been used to measure masses and radii
of white dwarfs and low-mass stars to high-precision (see fo
examplel Parsons etlal. 2010a, 2012a.b; Pyrzas etall 20&p). F
SDSS J0303+0054, we chose to fit just #ieband light curve
around the eclipse of the white dwarf. In theory the elligabimod-
ulation seen in th¢’ band light curve can be used to constrain the
inclination (and hence radii) of the system. However, thgmegic
effects of the white dwarf on the light curves (Secfiod 3 &) dif-
ficult to model correctly and could lead to significant sysiéim
uncertainties in any derived parameters. The transit ofuthite
dwarf across the face of the M star can also be used to medwre t
inclination but is too shallow to detect in our data. The s of
the white dwarf in they’ band is deep and has high signal-to-noise,
whilst also being less affected by the photospheric emiskmm

the heated pole caps than thifeband, making it the cleanest feature
visible in our light curves.

We model the light curve data using using a code writ-
ten for the general case of binaries containing white dwgede
Copperwheat et al. 2010 for a detailed description). Thenam
subdivides each star into small elements with a geometrd tixe
its radius as measured along the direction of centres taniue
other star with allowances for Roche geometry distortidre imb
darkening of both stars was set using a 4-coefficient formula

4
I(w)/I(1) =1= ai(1 —p'?),
=1
wherey is the cosine of the angle between the line of sight and
the surface normal. For the M star, we use the coefficients for
T = 2900 K, log g = 5 main sequence star (Claret & Bloernen
2011). We use the coefficients forlag = 8000 K, logg = 8
white dwarf from_Gianninas et al. (2013). We initially fittedch
eclipse individually using Levenberg-Marquardt minintisa in
order to measure precise mid-eclipse times and hence &elgura

@)
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Table 2. Eclipse times for SDSS J0303+0054. [(1) Pyrzas let al. (24@p),
Parsons et all (2010b), (3), this paper,.(4) Backhaus €2@12).
Cycle MJD(BTDB) Reference
No. (mid-eclipse) B
g
0 53991.11741(20) (1) 5
14 53992.99923(20) (1) 2
23 53994.20929(20) (1)
44 53997.03229(20) (1)
2559 54335.14302(20) 1)
2589 54339.17583(20) 1)
2960 54389.05324(20) () ° : : : : :
2968 54390.1282934(20) %) ERY mm H il i .
2976  54391.2037900(18) ®) 2 = N \ Gl \ A ity !
3058  54402.2276842(228) () ) { *‘ U ‘ T
11300 55510.2629766(22) 3) 0.96 0.98 1 1.02 1.04
11307  55511.2040401(22) ?3) Orbital phase
11411  55525.1855628(40) (3) ] ] ] ) ]
13443 55798.362876(13) 4) Figure 11. Model fit to the eclipse of the white dwarf in the ULTRACAM
13510  55807.370189(14) @) g' band.
13533  55810.462273(12) (4
13874  55856.305526(11) (4)
13897  55859.397585(11) 4) eclipse light curve (i.e. their location on the surface af thhite
13926  55863.296275(10) “) dwarf is undetermined).
13948 55866.253894(13) “) For each combination of mass ratio and inclination we com-
igégg ggiigéiggggggii g pute the volume average rac!ius of the M star. We then deFednin
16535  56214.0441160(15) @) what the rotational broadening of such a synchronouslytingta
M dwarf would be. The shaded area of Figliré 12 shows the re-
gion where this computed value is consistent with the measur
) ] ) value from our spectroscopic data (i.e. the true systenmpetexs
phase-fold the data. The measured mid-eclipse times, dsa@el  |ie somewhere in the shaded region). This increases ourmuni
other published eclipse times for SDSS J0303+0054 arelliste  mass ratio limit tag > 0.12 and places a lower limit on the incli-
Table2. nation ofi > 83°.

Having determined the mid-eclipse times for all our light Also plotted in Figuré T2 is the mass-radius relationship fo
curves we phase-folded the data and fitted a model to the com-5 3Gyr old active low-mass star frdm Morales €t al. (2010) Th

bined light curve. The eclipse of the white dwarf alone does N masses and radii of low mass stars in eclipsing PCEBs have gen
contain enough information to break the degeneracy betw#en  erally been consistent with these mass-radius relatipasfee
orbital inclination¢) and the radii of the two stars scaled by the = for examplé Parsons et al. 2012b). However, several measats

orbital separationwnp /a and Rsec/a). However, for a given in- fom eclipsing PCEBs as well as results from eclipsing main-
clination and mass ratio, the eclipse light curve (combiwét the sequence binaries and other sources have shown that thereeas
period andKs.. measurement) allows us to solve for the masses |a4ii can be up to 10% oversized when compared to mass-nagius
and radii of both stars using only Kepler's laws. Therefovefit- lationships|(Feiden & Chaboyer 2012; Terrien et al. 2012)r€-

ted the eclipse light curve over a range of probable indbmat  fore, we also also show the constraints for a 10% oversized M
(i > 80°) and mass ratiosy(= Msec/Mwp < 0.35). FigurelIl  star in Figuré IR, the actual M star radius almost certaiety be-
shows the fit to the combineg band eclipse light curve. tween these two limits. The region where these constrairggap

with the rotational broadening constraint indicates thestntigely

system parameters, which are listed in Tdlle 3. These sestét

broadly consistent with those of Pyrzas et lal. (2009) buthaoes
4 DISCUSSION precise. These parameters also predict an ellipsoidal taiotu
amplitude consistent with our ULTRACAM band observations

41 System parameters (where this effect dominates), although due to the heatésh od

As previously stated, modeling the eclipse of the white dakme the white dwarf the fit is not perfect. The white dwarf’s masd a
does not allow us to independently solve for all the systerampe- radius show good agreement with models but our use of the low-
ters. However, it does allow us to exclude some areas of pem  mass star mass-radius relationship means that thesesrageilhot
space. This is because it is impossible to fit the eclipse tighve suitable for testing the relationships themselves. Nbedgts, there

for low mass ratios without the M star filling its Roche-lobéhich is no doubt that SDSS J0303+0054 hosts one of the most massive

we know not to be the case (there are no disc or stream features white dwarfs in a close, detached binary.

our data and SDSS J0303+0054 is not an X-ray source). Higire 1 We estimate the distance to SDSS J0303+0054 following the
shows the region in which the M star fills its Roche lobe, fréms t prescription of_ Beuermann (2006). For M-dwarfs, the swfac
constraint alone we know that > 0.06. We also plot the upper brightness near 7508, and depth of the TiO band near 7185
limit on the inclination o0f87.3° from the K's band eclipse of the are a strong function of the spectral type. Beuermann (206)
two poles on the surface of the white dwarf, above which itris i vides a calibration of the surface brightneSsio defined as the
possible to reproduce their observed eclipse phases iR ¢Hzand the difference between the mean surface fluxes in the barkls 74
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Figure 12. Constraints on the inclination and mass ratio of the birang
light curve model constrains the minimum mass ratio, beldvictvthe M
star fills its Roche lobe (i.e. the area to the right of thi lia consistent

Table 3. Orbital and physical parameters of SDSS 0303+0054.

Parameter Value

TO (MJD(BTDB)) 53991.117 307(2)
Orbital period 0.134 437666 8(1) days
P 1.616(4) x 10~ 1sst
Kiec 339.9 £ 0.3kms™!
Urot,sec SiN% 81.7+ 1.1kms~1

Orbital separation 1.106-1.175;
Orbital inclination 84.2-84.7

Mass ratio (Msec /Mwp) 0.22-0.24

White dwarf mass 0.825-0.853,
White dwarf radius 0.00971-0.009R8;
White dwarf field strength 8+ 1 MG

M star mass 0.181-0.208

M star radius (volume-averaged) 0.216-0.7R23

M star spectral type M4.5-M5.0
Distance 140 + 25 pc

with the ¢’ band eclipse data). The shaded area shows the region that is cedure outlined in Parsons et al. (2012a), whereby all obpee-

also consistent with the rotational broadening measureriée Kg band

eclipse places an upper limit on the inclination, above Witits impossible
to determine the location of the poles on the surface of thieewdwarf. This

constraint is only loosely dependent upon the mass ratin plotted is the
mass radius relationship for a 3 Gyr old active star star thdonales et al.
(2010) and the same relationship but with a 10% oversized-seguence
star.

7550A and 7140-719@. Measuring the observed flugrio from
the spectrum, the distance is then calculated as

d=./R2 Frio
sec fTiO .

The uncertainty o is fairly small hence the main uncertainties
in the distance estimate are the flux calibration of the spscbpy,
and the spectral type of the companion. Adopting a condeevat
uncertainty in the spectral type ofd:1.0, and using the X-shooter
spectrum, we find a distance o840 + 25 pc, which is consistent
with the result of Debes et al. (2012).

Better (model-independent) constraints on the systenmpara
eters can be obtained using the full light curve (i.e. thipstidal
modulation) but will require a better understanding of tagations
arising from the magnetic white dwarf (e.g. via polametiiser-
vations). This would lead to the first model-independentsraasl
radius measurement for a magnetic white dwarf.

@)

4.2 Location of the confined material

We can use our constraints on the system parameters toatalcul
the position of the confined material seen in the lihe (Figurd ).
Assuming that this material co-rotates with the binary|atsation

is given by

©)

where K.t and K. are the radial velocity semi-amplitudes of
the extra material and M star respective}yis the mass ratio and
R/a is the distance of the material from the white dwarf scaled by
the orbital separatioruj.

We measuréimat by fitting the Hx line with a combination
of a first order polynomial and two Gaussians. We follow the- pr

R
Kmat/Kscc = (1 + q) (E) —q,

tra are fitted simultaneously and the position of the Ganssiae

varied from spectrum-to-spectrum according to their athphase.
This approach minimises any systematic effects causedeoinitn

components crossing over. We also allowed the strengtheolth
dwarf component to vary with orbital phase according to

H = Ho — Hj cos(2m¢),

which allows the strength to peak at phase 0.5.

We find Kmay = 117 &+ 1kms™!. Using this measurement
and the values in Tabld 3 givés/a = 0.47, indicating that the
material is located roughly half way between the two stdightly
closer to the white dwarf, but still some way from the binagpite-
of-mass.

4.3 Orbital period variations

The best fit linear ephemeris to all the eclipse times of
SDSSJ0303+0054 is

MJD(BTDB) = 53991.117 307(2) + 0.134 437 666 8(1) E.

However, the eclipse arrival times show some deviations fituis
ephemeris{5 seconds, or more than&@or some points). Adding
a quadratic term to the ephemeris results in a far better ditign
shown in Figuré_113. The best-fit quadratic ephemeris is

MJD(BTDB) 53991.117 243(3) + 0.134 437687 9(7) E
—1.086(38) x 1072 E?,

which, following the procedure of Brinkworth etlal. (2008)plies
a rate of period change d® = 1.616(4) x 10~ s s™! or an
angular momentum loss of/.J ~ 4.0 x 1071,

To estimate an upper limit on the angular momentum loss from
the system, we use the standard magnetic braking relatfrsim
Rappaport et al. (1983) (which is much larger than the amgota
mentum loss via gravitational radiation)

J ~ —3.8 x 107% Mg RE Mee R2cw” erg, 4)

where M;.. and Rs.. are the secondary star’s mass and radius and
w is the angular frequency of rotation of the secondary stas.

a dimensionless parameter which can have a value betweeth 0 an
4. We used the values from Taljle 3 and= 0 to maximise the
angular momentum loss (sind&.. < 1) and plot the expected
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Figure 13. Observed-Calculated (O-C) plot for the eclipse arrivalenof
SDSS J0303+0054, with the gradient term removed. Timesumitertain-
ties larger than 1 second have been grayed out. We also shoadsatjc fit
to the eclipse times. The other curve (virtually a straighe)l is the max-
imum period change possible from magnetic braking alondctwiastly
under-predicts the true change meaning an additionalgpehiange mecha-
nism is required. The arrow indicates the time of the HAWKs$ervations.

period variation in Figur€_13. The maximum angular momentum
loss via standard magnetic braking in SDSS J0303+0054Js:
5.3x 107*2, an order of magnitude smaller than seen and the curve
in Figure[13 clearly under-predicts the observed periochgha

The magnetic nature of the white dwarf may cause a reduc-
tion in angular momentum loss via magnetic braking. Thisds b
cause the field lines from the M star are closed or connecteo th
field of the white dwarf, reducing the magnetic flux in opendiel
lines hence reducing the effect of magnetic braking (Li £1894).
Furthermore, the mass of the M star is below the fully corivect
boundary hence it is likely that magnetic braking is not agiag
at all. Therefore, there is clearly an additional mechargsumsing
the period decrease.

The standard mechanism used to explain period variations in
close binaries is Applegate’s mechanism (Applegate |199Rich
is caused by fluctuations in the gravitational quadrupolament
of the M star. Using the approach |of Brinkworth et al. (Z00& w
find that1.2 x 10%¢ erg are required to drive thAP = 2.086 x
10~* second period variation over the las6 years. Interestingly,
the M star is comfortably able to supply this energy; thelenargy
available from the M star over this time period2® x 10 erg,
therefore Applegate’s mechanism is a possible cause fozdHg
eclipse arrival times. However, virtually every PCEB wittng
enough coverage eventually shows period variations theatar
large to be explained as the result of Applegate’s mechariism
many cases the variations are interpreted as the influerecéhot
body in orbit around the binary (see Zorotovic & Schreibet 320
for a comprehensive list). It remains to be seen what thedause
is of the period decrease in SDSS J0303+0054.

4.4 Evolution

We calculate the future evolution of SDSS J0303+0054 fahgw
Schreiber & Gansicke (2003). Given the low mass of the M star
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(~970Myrs). Roche-lobe overflow will start when the orbital pe
riod has decreased tB,,1, ~ 2.1 hrs corresponding to a binary
separation of 0.8B¢. At the onset of Roche-lobe overflow ma-
terial will reach a minimum distance from the white dwarf of
Tmin/a = 0.0488 x ¢ — 0.464 (Lubow & Shu 1975), which cor-
responds to roughly ten per cent of the binary separationeo€V
that will have formed. Using Equation 1 of Ferrario et al. §99
we estimate the equilibrium radius between magnetic pressam
the~8 MG magnetic field of the white dwarf and the ram pressure
from the infalling material to be smaller tham.in even for very
low accretion rates of0'“g/sec. This implies that a disk will form
around the white dwarf and that SDSS J0303+0054 will became a
intermediate polar. However, as a note of caution, we hybikihat
the lowest-field polar known, i.e. V2301 Oph (Ferrario etl@l5),
is quite similar to the CV that SDSS J0303+0054 will become:- F
thermore, the equation from Ferrario et al. (1989) reprissest a
rough approximation as, for example, a pure dipole and rauia
flow is assumed, and we know the field is not dipolar, based@n th
location of the poles. We therefore cannot completely aeline
possibility that SDSS J0303+0054 will become a polar irdtefa
an intermediate polar.

At first glance, the history of SDSS J0303+0054 seems to be
even less certain than its future. It could either have eetefgpm
the common envelope and is now a classical PCEB evolvindglow
into a CV or, given its current period of 3.2 hrs and the peiiodll
have when starting mass transfer of 2.1 hrs, one might akscusp
late that it is in fact a detached CV that recently enterecpthreod
gap (Dauvis et al. 2008). However, one needs to take into atcou
that above the orbital period gap SDSS J0303+0054 must lesre b
an intermediate polar (i.e. the white dwarf was asynchrstyoro-
tating). According to Equation 1 of Campbell (1984), aftates-
ing the period gap it would have taken 1.2 Gyrs for the white
dwarf to reach its current synchronised state. If this igerit
implies that SDSS J0303+0054 is not a gap-C\2Gyrs ago the
system had an orbital period ef4.2 hrs and was not even close
to Roche-lobe filling, hence SDSS J0303+0054 has never been a
CV. We therefore conclude that SDSS J0303+0054 is a genuine
detached PCEB on its way from the common envelope phase to-
wards becoming a CV. In this scenario, the cooling age of tie W
(~ 2 Gyrs) tells us that roughly two thirds of its PCEB lifetime
have passed (recall it needs1Gyrs to start mass transfer). Given
the high mass of the primary, the progenitor of the white dwar
must have been fairly massive- (4 Mg). Thus, the time the sys-
tem spent as a main sequence binary is small compared ta#the to
PCEB lifetime (-3 Gyrs). This means that SDSS J0303+0054 is a
pre-CV in the sense defined by Schreiber & Gansicke (2008), i
it's total CV formation time is less than the age of the Galary it
can be considered representative for the progenitors afutrent
CV population.

5 CONCLUSIONS

We have discovered that the white dwarf in the eclipsing post-
mon envelope binary SDSS J0303+0054 is a magnetic whitef dwar
with a field strength of 8 MG, measured from Zeeman emission
components. This is only the second known white dwarf to show
Zeeman split emission lines, after GD 356. The magneticraatil
the white dwarf naturally explains the infrared excess seehe

we assume that the only angular momentum loss mechanism thatsystem without the need for a circumbinary disk. We alsoalete

is acting is gravitational radiation. This allows us to estte the
time needed to evolve in to a CV to be slightly less than a Gyr
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the eclipse by the M dwarf of two magnetic poles on the surédce
the white dwarf. Using a model fitted to our optical data weaver
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able to determine the location of these poles and foundhiedteld

is highly non-dipolar, with both poles facing more-or-lésgards
the M star. Our spectroscopic observations revealed tiséegxie of
material roughly half way between the M star and the whiterwa
that is likely to be magnetically confined.

We combine radial velocity measurements, rotational broad

ening measurements and a model to the light curve to congtrai
system parameters. The 0M4 white dwarf is relatively massive
for a post common envelope binary whilst the M4.5 dwarf st h
a mass of 0.18[.

Finally, we also detect a decrease in the orbital period ef th
system over the last 6 years AfP = 2.086 x 10~*s. The magni-
tude of this period decrease is too large to be caused byangot
mentum loss via magnetic braking. However, it can be corafidyt
explained as the result of Applegate’s mechanism. Furtlogritor-
ing of the system will reveal the true nature of this periodraje.
SDSS J0303+0054 is a pre-CV that will likely evolve into atein
mediate polar inv970 Myrs.
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