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ABSTRACT

We present high speed photometry and high resolution spsctpy of the eclipsing post
common envelope binary QS Virginis (QS Vir). Our UVES spagpan multiple orbits over
more than a year and reveal the presence of several larganaoces passing in front of
both the M star and its white dwarf companion, allowing usrtangulate their positions.
Despite showing small variations on a timescale of dayy, pleesist for more than a year and
may last decades. One large prominence extends almostdieiee radii from the M star.
Roche tomography reveals that the M star is heavily spottedtiaat these spots are long-
lived and in relatively fixed locations, preferentially fodion the hemisphere facing the white
dwarf. We also determine precise binary and physical patersiéor the system. We find that
the14, 220 + 350 K white dwarf is relatively massive),. 782 + 0.013M,, and has a radius of
0.01068+0.00007R &, consistent with evolutionary models. The tidally distatM star has a
mass 01).382 £0.006M and a radius 0§.381 +0.003R ¢, also consistent with evolutionary
models. We find that the magnesium absorption line from thigendwarf is broader than
expected. This could be due to rotation (implying a spinqukof only ~700 seconds), or
due to a weak~{100kG) magnetic field, we favour the latter interpretati®imce the M star's
radius is still within its Roche lobe and there is no evidetie its over-inflated we conclude
that QS Vir is most likely a pre-cataclysmic binary just abtmibecome semi-detached.

Key words: binaries: eclipsing — stars: fundamental parameters s:d&te-type — white
dwarfs

1 INTRODUCTION dramatically increased, thanks mainly to the Sloan Digital

Sky Survey (SDSS, York etl. 2000; Adelman-McCarthy ét al.
[2008; [ Abazajian et al._2009), which has lead to the discovery

of more than 2000 white dwarf plus main-sequence systems

both stars orbited within a single envelope of material tejg¢dy (Rebassa-Mansergas et Al 2013a), from which more than 200
the progenitor of the white dwarf. These systems slowly lase close, post common- envelope binaries (PCEBs) have beeti-ide

gular momentum via gravitational radiation and (if the Mrsta

. ) h ic braki wally becoring fied (Nebot Gomez-Moran etlal. 2011; Parsons &t al. 201315)201

'j ;naﬁstj/e etn01|Jg ).magrjebllc gavlng, fven ually becomeng-s Among this sample are 71 eclipsing binaries (see the apperfdi
etached cataclysmic variable (CV) systems. 5 for a recent census). These are extrasasy

In recent years the number of such systems known has systems for high precision stellar parameter studiesedimesmall
size of the white dwarf leads to very sharp eclipse profildswa
ing radius measurements to a precision of better than twoqugr

Close binaries containing a white dwarf and a low-mass Matar
survivors of a common envelope phase of evolution duringctvhi

* steven.parsons@uv.cl
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Table 1. Journal of observations. The eclipse of the white dwarf cxatiphase 1, 2 etc.

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

start of run um) phase time (s) exposures  (Transparency, seeing)
2002/05/20 ULTRACAM WHT u'g'r’! 20:51 0.48-1.55 1.1 10533 Fair2 arcsec
2003/05/20 ULTRACAM WHT u'g'i’ 23:43 0.93-1.64 2.9 1983 Variable, 1.2-3 arcsec
2003/05/22 ULTRACAM WHT u'g'i’ 00:39 0.84-1.10 2.9 957 Goog,1.5 arcsec
2003/05/24  ULTRACAM WHT u'g'i’ 22:02 0.38-1.07 2.9 2233 Good,1.2 arcsec
2006/03/13 ULTRACAM WHT u'g’r’  00:42  0.88-1.09 2.4 1098 Fair,2 arcsec
2010/04/21 ULTRACAM NTT u'g'i’ 06:35 0.88-1.37 1.7 3665 Good,1.2 arcsec
2011/01/07 ULTRACAM NTT u'g'i’ 08:08 0.89-1.09 1.9 1409 Goosl1.3 arcsec
2011/05/29 ULTRACAM NTT u' g'r’ 04:49 0.92-1.08 3.9 550 Pooevl.5 arcsec
2013/05/05 UVES VLT - 00:10 0.28-2.04 180.0 98 Excellent, arcsec
2013/05/05 UVES VLT - 23:52 0.83-2.15 180.0 74 Excellent, arcsec
2014/04/24 UVES VLT - 03:01 0.21-1.30 180.0 62 Goed,.0 arcsec
2014/04/25 UVES VLT - 02:19 0.65-1.74 180.0 62 Goed,.0 arcsec
2014/05/01 UVES VLT - 02:04 0.38-1.51 180.0 62 Goed,.3 arcsec
2014/05/31 UVES VLT - 23:30 0.29-1.39 180.0 62 Excellent, arcsec

(e.g.|Parsons et al. 2010a), good enough to test models |z ste
and binary evolution.

The main-sequence star components in PCEBs are tidally

locked to the white dwarf and hence are rapidly rotatingsTapid
rotation results in very active stars. Indeed, it appearthasgh
virtually every PCEB hosts an active main-sequence stgarde

less of its spectral type (Rebassa-Mansergas b_t_aL_IZOE?fbh
extremely old systems still show signs of act|V|

), manifesting as starspots and flaring. These feaajkaN
us to constrain the configuration of the underlying magniéticl
of the main-sequence star, crucial for understanding tb&igon
of these binaries, since the magnetic field is able to remogalar
momentum from the system, driving the two stars closer toget

(Rappaport et al. 1983; Kawaler 1988).
Discovered as an eclipsing PCEB mta

(2008), QSVir (EC134741258) has been intensely studied

since it shows signs of being both a standard pre-CV, de-

tached white dwarf plus main-sequence bin;
1), as well as indications of accretionatéral

on to the white dwarf well above standard rates for detached s
tems [(Matranga et &I, 2012); the M star is also very closeltndil
its Roche lobe, leading to the initial interpretation thtatauld in
fact be a hibernating CV that has recently detached due towa no
eruption [(O’'Donoghue et Bl 2003). Furthermore, the artivaes

of its eclipse show substantial variations (Parsons|et@L0R),
which some authors have claimed may be due to the gravitdtion
effects of circumbinary planets (Almeida & Jablonski 2014l
though the proposed orbital configuration has recently lséewn

to be highly unstabl al. 2013), meaning that the t
origin of these variations remains unexplained.

The M star in QS Vir is very active, indicated both by evidence
of substantial flaring (Parsons et al. 2010b), as well asgiritig
narrow absorption features detected in high resolutiotspdoy
MI@H). This absorption was found to be duate-m
rial expelled from the M star passing in front of the white dfwin
this paper we investigate the behaviour of the materialbgsthe
M star and its motion within the binary over a time span of more
than a year as well as performing Roche tomography to igesutifl
track starspots on the surface of the M star. We also plaicgetit
constraints on the stellar and binary parameters.

2 OBSERVATIONSAND THEIR REDUCTION

In this section we outline our observations and their radanctA
full log of all our observations is given in Tallé 1.

2.1 ULTRACAM photometry

QS Vir has been observed many times with the high speed frame-
transfer camera ULTRACAO?). These obser
vations date back to 2002 and were obtained with ULTRACAM
mounted as a visitor instrument on the 4.2-m William Herche
Telescope (WHT) on La Palma and the 3.5-m New Technology
Telescope (NTT) on La Silla. Much of these data were presente
in [Parsons et al! (2010b), however, we detail both the oldé¢a d
and our new data in Tab[é 1. ULTRACAM uses a triple beam setup
allowing one to obtain data in the', ¢’ and eitherr’ or i’ band

* simultaneously.

All of these data were reduced using the ULTRACAM
pipeline software. Debiassing, flatfielding and sky backgcbsub-
traction were performed in the standard way. The source flax w
determined with aperture photometry using a variable apsrt
whereby the radius of the aperture is scaled according téuthe
width at half maximum (FWHM). Variations in observing condi
tions were accounted for by determining the flux relative to®m-
parison star in the field of view. The data were flux calibratsithg
observations of standard stars observed during twilight.

2.2 UVES spectroscopy

We observed QS Vir with the high resolution Echelle spectph
UVES O) installed at the European Soutfdrn
servatory Very Large Telescope (ESO VLT) 8.2-m telescopisoimn
Cerro Paranal. We used the dichroic 2 setup allowing us tercov
3760A-4990A in the blue arm and 5690A-9460A in the red arm,
with a small gap between 7520A and 7660A and 2x2 binning in
both arms. We used exposure times of 3 minutes in order t@eedu
the effects of orbital smearing, this gives a signal-tcseaiatio in
the continuum ranging from-15 at the shortest wavelengths to
~ 40 at longer wavelengths.

Our data consist of two separate observing runs. The first, in
2013, was conducted in visitor mode over two nights. On eggtfit n
we covered well over a full orbital period. During this run aiso

© 2015 RAS, MNRAS000, [THZ0
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Figure 1. UVES blue arm spectrum of QS Vir taken at an orbital phase of
¢ = 0.22 showing sharp absorption features from material passifrgin

of the white dwarf. Emission lines are also present origiigafrom the M
star component caused by a combination of activity and iatizah.

observed several M star spectral type standards coveringtige
M3.0 to M4.5. The second run comprised of a series of four ser-
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of the white dwarf. However, only a single spectrum was avail
able, limiting the constraints that could be placed on itatmon
and size. Our new data cover the full binary orbit and hencetmu
tighter constraints can be placed. Moreover, our data cowef
tiple orbits over a timescale of more than a year, allowingaus
investigate the evolution of these features. Figdre 2 shosied
spectrograms of the Ga3934A line on 6 separate nights, cover-
ing timescales from a day to a year. Strong emission from the M
star is visible resulting from a combination of activity aimcadi-
ation (note how the emission is strongest at phase 0.5, wien t
irradiated face points towards us). There are additionadtdived
localised emission components from the M star labelled ¥Fig-
ure[2, best seen in the 5th of May 2013 data (middle-top pahel o
Figure[2). These narrow emission features occur on top oiinthe
trinsic emission from the M star and only persist for singlkits,
they are likely related to flares on its surface. There isalsarrow
non-variable, zero velocity absorption component likélg tesult

of interstellar absorption.

In addition to emission from the M star, there is also a narrow
absorption line moving in anti-phase to the M star, but ongj-v
ble at certain orbital phases. This absorption is seen gfst® and
after the eclipse of the white dwarf (labelled “B” in Figlidegartic-
ularly clear in the 2013 data) as well as close to phase aBb|led
“C”. When visible, these absorption features have the sagimcy
ity as the white dwarf (see SectibnB.3), implying that thetenial

vice mode observations made over a month roughly a year afterblocking the light of the white dwarf has no radial velociglative

our visitor mode observations. Each of these observationsred
just over an orbital period.

All the data were reduced using the most recent release of the

UVES data reduction pipeline (version 5.3.0). The standecipes
were used to optimally extract each spectrum. We used abserv
tions of the featureless DC white dwarf LHS 2333 to flux caltbr
and telluric correct our spectra.

3 RESULTS
3.1 Spectrum

The spectrum of QS Vir was first describedet al.
(2003).[Ribeiro et al.[ (2010) arld_Parsons étal. (2011) ates p
sented higher resolution spectra. Both components of tiayare
clearly visible in the spectrum, with the Balmer lines of thieite
dwarf the dominant features at wavelengths less th&000A and
the molecular absorption features of the M star the domifeast
tures at longer wavelengths. There are also several emiis&s
originating from the M star throughout the spectrum causga b
combination of activity and irradiation from the white dwafs
noted byl Parsons etlal. (2011) there is also a weaki Mg81A
absorption line from the white dwarf.

In addition to these general features, we also re-deteciahe
row absorption features noted 2011) ihyttieo-
gen Balmer series and calcium H and K lines, an example ofghis
shown in Figur&ll. Furthermore, we also detect absorptiatufes
in several other species including the sodium D lines andragv
Mg 1 and Fal lines. The behaviour and origin of these features are
discussed in the following section.

3.2 Prominencefeatures

The sharp absorption features detected by Parsons et dl1)(20

were attributed to a prominence from the M star passing intfro

© 2015 RAS, MNRAS000, [1H20

to it, and suggests that it is in a state of solid-body rotatiath
respect to the binary, likely in the form of prominences.

The most striking aspect of Figure 2 is that these prominence
features appear to persist on timescales of days, weekshaamnd
years. Given the similarity of the prominence feature dettat on
orbital phase of 0.16 in the 2002 spectral by Parsons ét 1§20
it also appears that these features could be stable on tilessaf
decades. However, Figurk 2 also shows that they are not etehpl
fixed. The absorption feature around phase 0.25 is visiblenger
during 2014 compared to the 2013 data. Meanwhile the alieorpt
around the eclipse is much clearer in the 2013 data and is only
obvious before the eclipse in the 2014 dataset.

In Figure[3 we show the same plots as Fiddre 2 but for the H
line. This line shows a much more complex behaviour, with-mul
tiple absorption and emission components visible. Thengest
component is still the emission from the M star, but narroacap-
tion components are seen crossing this emission througheuwir-
bit during all six observations (the strongest are labet2tlin
Figure[3). The prominence material passing in front of thétevh
dwarf is still visible (“C”), albeit slightly weaker than ithe Cai
line since the white dwarf contributes a smaller amount efaer-
all flux at Ha. Furthermore, there are several additional emission
components which do not correspond to either star in therygina
labelled “E”. The Hv line also shows considerable variability in
the strength of all these features from night-to-night cared to
the Cal line.

In Figure[@ we show a larger version of the Cand Hx
trailed spectrogram from the second observing run (5th oy Ma
2013) with some of the major features labelled. The raditlorsy
of the white dwarf and M star are shown as red lines (see Sec-
tion[3:3 and3H4). We highlight in blue three clear promiretike
absorption features visible in all six observations, thatear to
cross one or both of the stars. In addition we highlight thade
ditional emission components visible in thexHrail that do not
originate from either star.

To further highlight the various emission components Vésib
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Figure 2. Phase-folded trailed spectrograms of thellC3034A line, data shown twice for visual continuity. The datehe start of the night the data were
obtained is shown above each plot. Higher fluxes are darker.nfain features visible are the emission from the activeaviand the eclipse of the white
dwarf. However, a narrow absorption feature is visible pefbre and after the eclipse (“B”) and at phase 0.25 (“C”)litee plots. This is caused by material
moving in front of the white dwarf and, although variableal&ays visible, despite the data spanning more than a year.

in the trailed spectrogram of theaHine we used Doppler tomog-

raphy (Marsh & Horrlé 1988). We used the MODMAP code de-

scribed i@@%) to reconstruct the Doppler maprsiho
Figure[®, using all the data from May 5th 2013. It clearly show
that the strongest emission component originates from trstavi
itself, but the three additional emission components igsiib the
trailed spectrogram are seen more clearly, with two closthé¢o
white dwarf’s Roche lobe and one high velocity emission comp
nent. These components are labelled “A’, “B” and “C” and eerr

spond to the additional emission seen in the il in Figure[4,
where we have used the same labels to highlight the features.

The clearest prominence feature in Figlle 4, labelled ‘9", i
responsible for the narrow absorption line seen at arouraseh
0.25 in the Ca line, when it passes in front of the white dwarf.
At around phase 0.4 this same material passes in front of the M
star, completely blocking the dd emission component from this
star. Furthermore, this prominence is seen in emissiornretioer-
bital phases, highlighted as component “C” in both Fiddrend a
Figure[B. It is possible that the prominence is dense enduatitt

© 2015 RAS, MNRAS000, [THZ0
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Figure 3. Phase-folded trailed spectrograms of the kihe, data shown twice for visual continuity. The continutias been subtracted from each spectrum
and the date at the start of the night the data were obtairstbisn above each plot. Higher fluxes are darker. The strobogegonent is emission from the
active M star. However, there are at least two other emissionponents (“E”), neither of which originate from eithertbé stars. Material is seen moving
across the face of both the white dwarf (“C") and M star (“CDjespite being separated by more than a year, the trails &oknkably similar.

is able to reprocess the light it receives from the white dwfdter-
natively, this could be intrinsic emission from the pronioe. Fig-
ure[3 shows that the strength of this emission clearly veriaah

2013 to 2014, weakening in 2014.

The fact that this prominence crosses in front of both stiars a
lows us to triangulate its position within the binary. Figi@i shows
a visualisation of the binary indicating both the locationl size of
this prominence. We show this for both 2013 and 2014, variati
on shorter timescales are minimal. As is evident from Figldrand
[B'the prominence is larger in 2014, clearly taking longerdespin

© 2015 RAS, MNRAS000, [1H20

front of the white dwarf. We also show the viewing angle to the
white dwarf in the 2002 data frot@Oll) whisb a
passed through a similar prominence feature.

The stability and longevity of this feature is remarkablgeg

that it is located at an unstable location within the binargt bence
the material should be expelled quickly. In Figlie 6 we phet &f-
fective “co-rotation” radius of the binary. While this radiis well
defined for a single star (the radius at which the gravitatiattrac-
tion equals the centripetal acceleration of a particle iiddmody
rotation with the star, hence a particle can sit there withotieer
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Figure 4. Trailed spectrogram of the @a3934A (left) and K (right) lines from 5th May 2013 with the main features labell The velocities of the two stars
are indicated by the bright red sinusoids. In blue we higtiligree clear absorption features that cross one of botiedstars (only two are visible in the Ga
trail). We also highlight three other emission componenthé Hx trail with dark red lines.

force needed to hold it), such a radius does not exist for arpin
In this case the centripetal acceleration acts towards eéh&re of
mass, but the gravitational forces act towards the two stagsso
there is not a stable radius, but rather five equilibrium {®(the
Lagrangian points). However, in Figuré 6 we slightly extehd
definition by considering the radial component of acceienain
the rotating frame (automatically including gravity anchcgetal
terms) as measured from the centre of mass of the M start+esul
ing in a line that passes through the Lagrangian points. ilexe
less, except for at the Lagrangian points themselves, trerstill
forces acting perpendicular to this line, so it does notesent a
stable region within the binary, hence some additional€ascre-
quired to keep material in this region. However, it may welldas-
ier for material to stay fixed near this line than at other tmres.
From Figurd it is evident that material is located at thilus, but
also extends substantially beyond it, requiring that ggigaificant
non-gravitational forces are acting upon it (presumabinessort
of magnetic force).

The feature labelled “2” in Figure] 4 crosses the M star at an
orbital phase 0f-0.75, but does not appear to pass in front of the
white dwarf (hence it is not visible in the Q@atrail), meaning that
we cannot completely determine its location or size likeltge
prominence. It is possible that it passes in front of the evbivarf
shortly before or during the eclipse, in which case it wouddld>

cated close to the surface of the M star. Or instead, thiscpdat
prominence could be at an inclination such that it only pagse
front of the M star. This prominence weakened considerably b
tween 2013 and 2014 and is barely visible in the last obsengt
in Figure[3. There does not appear to be an obvious emission co
ponent associated with this prominence.

The feature labelled “3” in Figullg 4 crosses the face of the M
star during the eclipse of the white dwarf, and therefore tha-
terial must be located behind the M star, from the white disarf
perspective. Moreover, the Qatrail shows that this material also
passes in front of the white dwarf just before and after thipse.
Unfortunately, this means that we cannot determine thetdgac
cation of this material either. This prominence is seen ifssion
as a high velocity component blueward of the M star at pha&e 0.
(labelled “A") in the Hx trail (dot-dashed line) and more clearly at
(-650,450) in FigurEl5. Similar absorption features wettected in
ultraviolet spectra of V471 Tau just before and after thépsel of
the white dwarf[(Guinan et HI. 1986), which they attributectool
coronal loops. Interestingly. O’Donoghue et al. (2003)ed&td a

sharp pre-eclipse dip in the light curve of QS Vir (see theg-F
ure 8) which could be from similar coronal loops, implyingth
this material can sometimes be dense enough to block ouheont
uum light. However, the lack of a comparison star during diser-
vation means that this dip should be interpreted with sorméaa

© 2015 RAS, MNRAS000, [THZ0
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Figure 5. Doppler map of the | line from 5th May 2013. The Roche
lobes of the white dwarf and M star are highlighted with a kldashed
line and solid white line respectively. To highlight the @iohal emission
features against the strong emission from the M star we hiagepiotted
contours. Three clear emission features that do not otigiinam either star
are labelled.

Despite our extensive photometric monitoring (e.g. TaBlehis
dip has not been seen since.

Finally, there is another emission component highlighted i
the Ho trail in Figure[4 by a dotted line (labelled “B”). It moves
in anti-phase with the M star, but with a much lower velochgr
the white dwarf, meaning that this must originate from mater
between the two stars. It is also visible in Figlie 5 closedt0)(
within the Roche lobe of the white dwarf. Figlide 3 shows thit t
emission was much stronger in 2014 compared to 2013. Asgumin
that this material co-rotates with the binary, its locati®given by

0 () - ®

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

Using our measured values Af... andq (see Sectiorlg 4 and
B) and Kimaw = —100kms™'determined by Gaussian fitting in
the same way as outlined in the next section, gikgs = 0.09.
Similar emission features have been seen in other post commo
envelope binaries (Parsons etal. 2013a; Tapperi et al.)2a41
well as CVs|(Steeghs etlal. 1996; Gansicke &t al.|1998; Kaft e
m,) and could be related to another prominencetsteuc
or heated material from the wind of the M star close to the avhit
dwarf. Interestingly, there appears to be a genuine defigiehHo
emission from the inner face of the M star, best seen in Figure
The deficiency may be due to this material between the twa star
shielding the M star from irradiation by the white dwarf.

Despite being an eclipsing system, the inclination of QS%/ir
relatively low ¢ = 77.7°, see Sectiofl5), therefore, not only are
these prominences far from the M star, they are also located f
from its equatorial plane. However, many cool, isolated-toass

© 2015 RAS, MNRAS000, [TH20
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Figure 6. A top down view of the binary indicating the location of thega
prominence feature in 2013 and 2014 (feature “1” in Fiddretd® stars
rotate clockwise and the viewing angle to the white dwarfaatous orbital
phases is shown in blue. The dotted lines indicate the Ramhes|of the
two stars, the radius of the M star is shown as a solid line.arh@v indi-
cates the viewing angle to the white dwarf during the 2002nlzgion from

I@Ill) in which prominence material was diserwed. The
cross marks the location of the white dwarf and the black tsaimdicate
the location of the five Lagrange points. The outer solidlbla indicates
the effective “co-rotation” radius of the binary (see thet ler a definition
of this radius).

stars show similar prominence systems beyond their cdioota
radii (Donati et al. 1999; Dunstone ef al. 2006), and locdted
from their equatorial planes (Collier Cameron & RobinsoBd)9
Indeed, [ (2001) found that for single starsetiex-
ist stable locations both inside and outside the co-ratatémlius

and up to 5 stellar radii from the star (Jardine & van Ballégwo

M). Long-lived prominences have also been detecteciGWs

BV Cen I 2007), IPPeg and SSCyg (Steeghs et al.
[1996) and AM Her[(Gansicke etlal. 1998). Magnetically cortine
materlal was also detected in BB Dor (Schmidtobreick &t@1.23

and near the L4 and L5 Lagrange points in AM Hm& al.
2008). In addition, the detached white dwarf plus main-seqa

star binaries V471 Ta {al. 1986) and SDSSJ1024+17
(Irawati et al. 2016) both show long-lived prominence-lifea-

tures, in very similar positions to the large prominence $1\Qr.

3.3 Whitedwarf radial velocity amplitude

We measure the radial velocity amplitude of the white dwaihg
the narrow Mg1 4481A absorption line. Due to emission from the
M star, the cores of the hydrogen Balmer lines are not vistbigs
making them unsuitable for radial velocity work. No othefriimsic
white dwarf absorption features are detected in the UVEStspe

We fit the Mgii line in each spectrum with a combination of
a straight line and a Gaussian component. We do not fit the spec
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Figure 7. Radial velocity measurements of the Mg481A absorption line
from the white dwarf with fit (red line). The residuals of thedie shown
in the bottom panel.

tra obtained whilst the white dwarf was in eclipse (incluglihe

ingress and egress phases). Furthermore, we do not fit tice spe

tra taken during phases 0.45-0.55, since during these phse
emission from the heated inner hemisphere of the M star fills i
the absorption as the two components cross over. The resuéia
locity measurements and their corresponding orbital phasse
then fitted with a sinusoid to determine the white dwarf'siahd
velocity semi-amplitude. The result of this is shown in Fifdl.
We find a radial velocity semi-amplitude for the white dwaff o
139.041.0km s~ *, with a mean velocity 043.2+0.8km s, con-
sistent with (but much more precise than) the measurement fr
l0’'Donoghue et aI[(2003)187+ 10km s~ *and61 + 10km s~ ' re-
spectively) usindHubble Space TelescofdST) spectra, although
our mean velocity is a little lower than their measured valllge
mean velocity of the white dwarf is redshifted from the syste
velocity of the binary due to its high gravity, which can bedgo
constrain its physical parameters (see Seéflon 5).

34 M star radial velocity amplitude

We attempted to measure the radial velocity semi-ampliaidbe

M star using the same technique outlined in the last sectien (
a Gaussian fit) and fitting the N&200A absorption doublet. Fig-
ure[8 shows the result of this fit. At first glance it seems that t
semi-amplitude is tightly constrained by the data (the agerun-
certainty on an individual velocity measurement~idkms™1!).
However, as the residuals show, the deviation from a puressid
are quite pronounced and there are clearly large systemnatids
affecting the velocity measurements. These deviationsega in
the data from both 2013 and 2014 as well as for other atomic fea
tures, such as the K7665A and 7699A lines. Therefore, we do not
consider these measurements a true representation ofrttre-oé-
mass velocity of the M star.

The most likely cause of this deviation is the presence of
starspots on the surface of the M star, although gravity etark
ing and irradiation may also contribute to this. Therefanepr-
der to determine a more reliable value for the radial veyosmi-
amplitude for the M star, as well as a better understandintpef
starspot distribution and evolution, we used our UVES spettt

200

Radial velocity (km/s)

—200

Residuals
—-100 10

Orbital phase

Figure 8. Radial velocity measurements of the N8200A absorption dou-
blet from the M star using a Gaussian fit from the 2013 obsiemnst The

red line in the top panel is the centre-of-mass radial vejaaf the M star

determined from our Roche tomography analysis (see Sédljidblear de-

viations from this fit are seen in the residuals in the lowergbas a result
of the large number of star spots. The red line in the lowerepahows

the deviations from the centre-of-light to the centre-afss radial velocity
as determined from our Roche tomography analysis of the #gai8 and
show a very similar behaviour to the Gaussian measurements.

perform Roche tomography of the M star, which we detail in the
following section.

4 ROCHE TOMOGRAPHY

Roche tomography is a technique analogous to Doppler imag-
ing (e.g. Vogt & Penrad 1983), and has been successfully used
to image surface features on the secondary stars in integact
binaries. The technique assumes the secondary star retaies
chronously in a circular orbit around the centre of mass, us&bs
phase-resolved spectral line profiles to map the line-gitgnlis-
tribution across the star’s surface in real space. The nletias
been extensively applied to the secondary stars in CVs deer t
last 20 years| (Rutten & Dhilloh 1994, 1996; Watson et al. 2003
Schwope et dl. 2004; Watson ef al. 2006, 2007; Hill et al. 2014
and artefacts arising from systematic errors are well cherised
and understood. For a detailed description of the methggaod
axioms of Roche tomography, we refer the reader to the nedese
above and the technical reviews by Watson & Dhillon (2001 an
[Dhillon & Watson (2001).

4.1 Least squaresdeconvolution

Spot features appear in absorption line profiles as an esnibsimp
(actually a lack of absorption), and are typically a few pentcof
the line depth. Thus, very high signal-to-noise ratio (SNR)a
are required for surface imaging, a feat not directly achtiés
for a single absorption line with QS Vir due to its faintnessl a
the requirements for short exposures to avoid orbital simgafo
greatly improve our SNR we employ least squares deconeoluti
(LSD), a technique that stacks the thousands of stellarrptiso
lines observable in a spectrum to produce a single ‘meatriil@ro
First applied by Donati et al. (1997), the technique has bedaly
used since (e.g. Barnes et al. 2004; Shahbaz & Watson 20873. F
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more detailed description of LSD, we refer the reader to e
references as well as the reviewlby Collier Camleron (2001).

To generate the LSD line profiles the continuum must be flat-
tened. However, the contribution of the M star to the totatem
luminosity may vary due to variations in accretion lumirpgsee
Section6.B), and the rapid flaring on the M star on timesoales
several minutes_(O’Donoghue ef al. 2003). Both of these mech
nisms may change the continuum slope, and so a master comtinu
fit to the data is not appropriate. Furthermore, normaliradf the
continuum would result in the photospheric absorptiondifrem
the secondary varying in relative strength between exgss(ris
forces us to subtract the continuum from each spectrum hwiés
achieved by fitting a spline to the data.

To produce the LSD profiles we generated a line list appro-
priate for a M3.5V starTes = 3100K andlogg = 4.88) from
the Vienna Atomic Line Database (VALDM{ @000).
adopting a detection limit of 0.1. The normalized line deptlere
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inspected and found to be consistent. The final LSD profilés wi
computed fits and residuals are shown in Fidre 9.

4.2 System parameters

Roche tomography constrains the binary parameters by recon
structing intensity maps of the stellar surface for many loioa-
tions of M1, M>, inclination ¢), systemic velocity{) and Roche-
lobe filling factor (RLFF). Each map is fit to the sam@ However,
for a given value ofy?, many maps may fit the data equally well,
and so the maximum-entropy regularisation statistic isleyeul
for selecting the reconstructed map with least informatiaron-
tent required to fit the data (the most positive entropy vallibus
for any given set of parameters, the reconstructed map hassan
ciated entropy. The optimal parameters are determinedlbgtsey
those that produce the map of maximum entropy across alifpess

scaled by a fit to the continuum of a M3.5V template star so each parameter combinations. Adoption of incorrect systemipatars

line’s relative depth was correct for use with the continusub-
tracted spectra. As the transitions in molecular featusesh as
the prominent TiO bands) are difficult to model, the linedifir
these features are of poor quality, and so we were unablelaia
spectral regions containing these features in LSD. In amiditve
excluded emission lines and tellurics from the LSD procéhksis,

a total of 46 absorption lines were used, lying in the spérdreges
8400—8470A and8585—8935A. As QS Viris an eclipsing binary,
there are significant features in the line profiles arisinyvben
phases 0.4-0.6 (superior conjunction) which do not origiran
the secondary. As inclusion of these phases would caudaase
to appear on the reconstructed maps (e.g. the entire inmer he
sphere would appear to be irradiated), they were excluded fine
fitting process. The LSD profiles were then binned on a uniform
velocity scale of7.4km s~' to match the velocity smearing due to
the orbital motion.

The LSD profiles exhibited a clear continuum slope that was
largely removed by subtracting a second-order polynomiatbfi
the continuum, preserving the profiles’ features and shidpe-
ever, these corrected profiles still exhibited a non-flattioomm
which lay significantly below zero. To account for this, a stamt
offset was added to each set of LSD profiles, the specific waflue
which was non-trivial to determine due to degeneraciesatiitting
process; if a small constant was added, a greater propatitire
line wings lay below the continuum, inflating the Roche lobe a
changing the optimum masses found in the fit with Roche toaxogr
phy. If a large constant was added, more of the line wingshaya
the continuum, changing the optimum system parameterscejen
an optimum value of constant to add to the LSD profiles coutd no
be found computationally. Instead, the most appropridebivas
found by visual inspection of the fits to the data. This wasedion
dependently for each data set. These offset and continwaiterfed
LSD profiles were then adopted for the rest of the fitting pssce
with Roche tomography.

In general, Roche tomography cannot normally be performed
on data which has not been corrected for slit losses, duetsetr
ondary star’s variable light contribution. As the acquiata of
QS Vir was largely photometric, we were able to correct far sl
losses using an optimal-subtraction technique. Here, le&Ehpro-
file was scaled and subtracted from the fit made with Rochegemo
raphy, where the optimal scaling factor was that which minéd
the residuals. The newly-scaled LSD profiles were then neifit
Roche tomography, and the above process repeated untiidtiegs
factors no longer varied. The resulting scaled profiles wesgally
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results in the reconstruction of spurious artefacts in thal finap
(see Watson & Dhilloh 2001 for details). Artefacts are wéathrac-
terised and always increase the amount of structure mapyptbe i
final image, which in turn leads to a decrease in the entrogy re
ularisation statistic. All data sets were fit independensing this
method.

It was assumed the rotation of the M dwarf is tidally locked to
the orbital period, and so the period was fixed to 0.150756 @11

@11). Additionally, the inclination wasefixto

i1 = 77.8°, as this was well constrained from light-curve analy-
sis — considering the SNR of the data being fit, we are unlit@ly
improve the accuracy of this using Roche tomography, aneledd
an unsuccessful attempt was made to constrain inclinatioa op-
timal system parameters were found.

4.2.1 Limb Darkening

Roche tomography allows limb darkening to be included irfithe
ting of line profiles. In order to calculate the correct limdrkining

coefficients, we determined the effective central waveleiog the

data over ranges specified in Secfiod 4.1 using,

Zi UL di Ai
)\cen = ="t
Zi d;

whered; is the line depth at wavelengtk;, ando; the error in
the data at\;. The mean value ok.., across the 6 datasets was
used for consistency. We adopted a four-parameter noarlimab

darkening model (sOO), given by

4

—= = I—Zak(l—ug),

k=1

2
. )
o2

(©)

wherep = cos+y (7 is the angle between the line of sight and the
emergent flux), and(1) is the monochromatic specific intensity at
the centre of the stellar disk.

Using the calculated\..,,, the limb darkening coefficients
were then determined by linearly interpolating betweentéimi-
lated wavelengths given rOO). We adopted stpha
rameters closest to that of a M3.5V star, which for the PHOENI
model atmosphere wedegg = 5 and Teg = 3100K. Thus,
the adopted coefficients wera 3.302,a2 = —5.057, a3
4.612,a4 = —1.61. We note that the limb darkening law used
is for spherical stars, and so is not ideally suited to théodisd
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Figure 9. Trailed LSD profiles of QS Vir (2013-05-04 top left, 2013-05-top right, 2014-04-23 middle left, 2014-04-24 middlehtig2014-04-31 bottom
left, 2014-05-31 bottom right). From left to right, panelso® the observed LSD data, computed data from the Roche t@aplog reconstruction and the
residuals (increased by a factor of 4). Starspot featurésese panels appear bright. A grey-scale wedge is also slhdvere a value of O corresponds to the
maximum line depth in the reconstructed profiles. The orbitation has been removed assuming the binary parametensl fauSectiof 42, which allows
the individual starspot tracks across the profiles and thati@n in V.. sin ¢ to be more clearly observed.

main-sequence star in QS Vir. Ideally one would need to ealcu Artefacts arising from adopting incorrect coefficients discussed
late limb darkening coefficients for each tile in the grid dh®n in|Watson & Dhillon (2001).

a model atmosphere. However, this is not currently possiiitan

our code, and so we adopted uniform limb darkening coeffisien
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Figure 10. Points show the maximum entropy value obtained in each data
set, as a function of systemic velocity. The optimal massesRLFF as
found in Sectiof 4.2]3 were adopted for the fits of each ddtdke points

are plotted with a vertical offset of 0.1 between data setes§es mark
the value ofy that yields the map of maximum entropy, and a sixth-order
polynomial fit is shown as a visual aid. The mean systemicoigl@cross

all data iSymean = —4.4755 kms~1.

4.2.2 Systemic velocity

The entropy statistic is most sensitive to an incorrectesyt ve-
locity +, and so this parameter was narrowed down most easily.
Figure[10 shows the map entropy yielded for each data set as
a function of~, where a cross marks the that gives the map

of maximum entropy. The mean value across all data setssyield
Ymean = —4.470 2 kms ™!, where the uncertainties represent the
spread between maximum and minimum for all measured values.
We also determined the radial velocity semi-amplitude efithstar
as275.8+2.0km s~ !. Note that the radial velocity semi-amplitude
of the M star is calculated from the resulting stellar parsrse
(masses, inclination etc.) rather than being a direct itptite fit.

As mentioned in Section 3.4 we consider these values moire rel
able than those from Gaussian fitting, due to the surfacenioho
geneities biasing those results and indeed once thesesida-
tures are taken into account, the measured velocities nifagcte-
constructed model from Roche tomography (see the lower pane

Figure[8).

4.2.3 Roche lobe filling factor and masses

Readers should note that, unless otherwise stated, the ofithe
RLFF is given as the ratio of the volume averaged radius ofthe
star to its Roche lobe radius, as opposed to the linear RLR€wh
is given by the distance from the centre of mass of the M stis to
surface in the direction of the L1 point divided by the distarto
the L1 point.

© 2015 RAS, MNRAS000, [1H20
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Figure 11. Points show the map entropy obtained in each data set as-a func
tion of RLFF, where optimal masses were used for each RLFEoptimal
systemic velocities found in Sectign ZP.2 were adoptedttiermap re-
constructions. The points are plotted with a vertical dffsfe0.1 between
data sets. Crosses mark the maps of maximum entropy, ygetd opti-
mal masses at the optimal RLFF. Fourth-order polynomiabfigsshown as
a visual aid. The peaks of these fits war used to determine the optimal
RLFF, as the high-order nature of the polynomial meant tisewigre of-
ten skewed. The mean RLFF across all dat@{ist 1 per cent, where the
uncertainty represents the spread between maximum ancdhomimifor all
measured values.

Figure[11 shows the map entropy as a function of RLFF. For
a given RLFF, the optimal masses are determined by recatstru
ing maps for many pairs of component masses. The optivfial
and M, are those that produce the map of maximum entropy (an
‘entropy landscape’, see Figure 8lof Hill et 14). Thauea
of v determined in Sectidn 4.2.2 were adopted for the fits, and re-
constructions were performed in steps of 0.5 per cent foRitfeF,
and in steps of 0Nl for the masses. The points follow a roughly
parabolic trend with some small ‘jumps’ in entropy that araimy
due to the change in grid geometry, due to varying masses and
RLFF, combined with rounding errors in the code. Howevelr, al
optimum RLFFs determined from each independent data sat are
close agreement, ranging between 96-98 per cent, and sonwe ca
be confident that the measured RLFF and masses are robust. The
amount of scatter in the entropy ‘parabolas’ is consistetti the
low SNR of the data being fit — similar scatter was found when pe
forming Roche tomography with relatively low-quality datBthe
CVs AM Her and QQ Vul 03).

There are a number of possible sources of systematic error
when fitting data of poor SNR with Roche tomography. In this in
stance, the dominant source of uncertainty in the systeampeters
is due to the difficulty in determining the true continuumdbsf the
LSD profiles, as discussed in Sectlonl4.1. If the continuumods
low, the Roche lobe is artificially inflated to fit the line wimge-
sulting in larger measured masses. Furthermore, if thereamn is
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Figure 12. Trailed LSD profiles of QS Vir using phase-binned data from
all data sets. A mean of the computed LSD profiles has beemastdx
from both the observed and computed LSD profiles. Starspdtifes in
these panels appear dark. The orbital motion has been rehasgeiming
the binary parameters found in Section 4.2.

set too high, the Roche lobe is artificially under-filled. Baetrmine

the impact of choosing an incorrect continuum level, a rasfgef-

sets were added to the LSD profiles, and for each offset, thiz LS
profiles were fit and scaled as described in Sedfioh 4.1. Ttie op
mal masses found for each offset were then compared andsacro
all data, the maximum difference between the optimal prynaaud
secondary masses were 3.8 per cent and 7.9 per cent, respecti
and the spread in RLFF was 1 per cent. Hence, while only alvisua
check was made of the fits to the continuum level of each set of
LSD profiles, the optimal masses and RLFF found for each ddta s
agree within these uncertainties.

The mean RLFFi87+1 per cent, with the mean of the masses
yielding Mwp = 0.767093 Mg and Mam = 0.35870 032 Mg,
respectively, where all uncertainties represent the spbeaween
the maximum and minimum values. Hence, the mean mass-ratio.
was found to bey = 0.47 &+ 0.04. In Sectior b we will combine
the spectroscopic constraints with our light curve dateetegnine
more precise values for these parameters, but quote thedeeRo
tomography values here for completeness. Using the meaensys
parameters with our model grid, we calculatein ; to range be-
tween a minimum of 11718ns~! at phase 0 and 0.5, to a maxi-
mum of 133.%m s~ " at phase 0.25 and 0.75. Our measured masses
and RLFF agree well across all data sets, and so for consystien
comparing maps, we adopted the mean values for the final map re
constructions (see Figurel13).

4.3 Surface maps

The mean system parameters found in Sedfioh 4.2 were used toi

construct Roche tomograms of all data sets. The correspgndi
trails of LSD profiles are displayed in Figurk 9. Evident irttbthe
trails and the maps are numerous spot features, with thrge-la
scale features common to all trails and maps (marked A, B and
C in FiguredIP anfi13). The technique of Roche tomography is
shown to be remarkably robust in the reconstruction of tlieae
tures — maps reconstructed independently with data takeseon
guential nights show very similar features. The morph@egpf

saturated

[}
S
North Pole -

50
scaled intensity

A

Figure 13. Roche tomogram of QS Vir using phase-binned data from all
data sets. Dark grey scales indicate regions of reducedrpluso line
strength that is due to either the presence of starspote anghact of irradi-
ation. The contrast in these Roche tomograms has been @thanch that
the darkest and lightest grey-scales correspond to thestame highest in-
tensities in the reconstructed map. The orbital phase isatetl above each
panel, and Roche tomograms are shown without limb darkebingjarity.

these three features remain fairly unchanged over the 1pear
riod of observations, with no apparent movement acrosstétieus
surface, indicating that these are indeed long-lived gtass Fur-
thermore, smaller-scale structure is apparent in both éte and
fits from the 2013 data, however the same level of detail isasot
readily reconstructed using other data sets, most like/tduthe
fewer number of LSD profiles being fit.

There is a distinct lack of a large high-latitude spot. Sufdea
ture is commonly seen on Doppler imaging studies of rapiolisite
ing single stars (e.g. Donati etlal. 1999; Hussain kt al. [poad
in CVs such as BV Cen and AE Adr (Watson eflal. 2007, P006).
Given the presence of such a feature in these other rapithy-ro
ing stars, it is surprising to find that a Iarge hlgh latitihot does
not exist here. Pertinently, a study |b et al. (2008)dithat
large-scale, mainly axisymmetric poloidal fields are fagtdmmon
in fully convective M dwarfs, observing polar region spotsthree
out of the six stars in their sample. However, the authors falsnd
that the partly convective star AD Leo hosted a similar mégne
field, but with significantly lower magnetic flux, indicatitige gen-
eration of large-scale magnetic fields is more efficient Ityfcon-
vective stars. As the measured mass of the M dwarf in QS Vi sug
gests it has a partly radiative core, the lower efficiency afnetic
field generation may mean any polar region spots are significa
less obvious.

Alternatively, the lack of a large high-latitude feature yma
simply be due observational effects — given the inclinatain
77.8° in QS Vir, high latitudes appear severely foreshort-
ened, and are heavily limb-darkened. These effects, cadhirith
the poor SNR of the data, may mean high-latitude features are
simply lost in the noise. This was assumed to be the case by
[Barnes & Collier Camerdn (2001) who found a similar lack of po
lar spot features in their study of HK Agi & 70 — 90°), with
simulations showing that reconstructions of high-latiudatures
strongly depend on the SNR of the data.

Other prominent features on the maps are the dark regions
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around the L point, marked ‘B’ in Figure§ 12 ar[dL3. In previ-
ous maps of CVs (e.0. Watson eflal. 2003) features on thisopart
the star were attributed to irradiation effects from theteloiwarf,
where ionisation of the photosphere causes a decreasetompéin
ric flux. However, the features reconstructed here are patahnor-
phology, rather than smoothly varying, which suggestsithedia-
tion is not the main contributing factor of the features iis tiegion.
This was tested by simulating a realistic irradiation pattand fit-
ting the data using the same phases as that of the phasethiSie
profiles shown in FigurBZ12. The reconstructed irradiatiattgun
was found to be smoothly varying, and was essentially umifor
around the front of the star. Likewise, the effect of grawgrk-
ening on map reconstruction was simulated using a gravitly-da
ening coefficient of3 ~ 0.1, as found by DjuraSegiet al. (2003,
) for late-type M stars. The simulated map showed trezesff
of gravity darkening to be smoothly varying, with minimalnto-
bution to the mapped features. In addition, the dominanufea in
the line profiles between phases 0.4-0.6 (as noted in SE&HNn
were thought to originate off the stellar surface, and sedfhases
were excluded from the fit. Hence it is unlikely that circuedlstr
material is the source of these patches around thgolint.

We conclude that there is significant spot coverage on the in-
ner hemisphere (white dwarf facing side of the M star) obsgtian
all maps. This spot distribution — where there is a highersidgn
of spots on the hemisphere facing the companion star — idagimi
to that observed in many other systems, such as the pre -C\ v47
Tau 6), the eclipsing binary ER \
[2015), and the close binary>CrB (_S_tLas_sm_e_Le_r_&_Bjté_ZQbS)
Furthermore, Kriskovics et al. (2013) suggested that theshots
mapped on the companion-facing hemisphere in V824 Ara may
indicate the strong interaction between the magnetic fiefdbe
component stars, as is commonly observed in close RS C\&-typ
binaries. This phenomenon was discussemﬂmmm
where spot ‘chains’ from the pole to; Lpoint (on multiple CVs)
suggested a mechanism that forces magnetic flux tubes terpref
entially emerge at these locations. Indeed, Holzwarth &iSsker
) propose that tidal forces may cause spots to formeat pr
ferred longitudes, arld Moss el 02) suggest that treagm-
ena may also be due to the tidal enhancement of the dynanomacti
itself.

Other features of interest include a prominent starspetliedh
‘A in Figure [[3. It stretches~ 5-25 in longitude, and~ 15—
35° in latitude (where the back of the star is(étlongitude, with
increasing longitude in the direction of the leading heréee).
Finally, label ‘C’ in Figure[ I3 points to a group of spots cring
275-300 longitude and spanning 20-5Hatitude. Given that the
phase-binned data has a longitudinal resolutior-06°, we can
reliably separate the larger spots in this group — one spends
275-285 longitudinally and 35-55in latitude, and another spans
293-300 in longitude and 15-30latitudinally. As both ‘A" and
‘C’ can be seen in all data trails taken overal yr period, they
are most likely groups of long-lived starspots.

The prominent spotted regions labelled ‘A’ and ‘B’ (locatd
phasesp ~ 0.05 and¢ ~ 0.5, respectively) are similar to those
found b I@O) in their maps of QS Vir made gsin
photometry taken in 1993 and 2002. The authors find two cool re
gions at¢ ~ 0.4 and¢ ~ 0.9 that show little shift in longitude

The eclipsing WD/dM binary QS Vir 13

4.3.1 Spot coverage as a function of longitude and latitude

To make a more quantitive estimate of spot parameters on QS Vi
we have examined the pixel intensity distribution in the Reto-
mogram. By visual inspection, all reconstructed maps ajgoet
have a very similar distribution of spots, with small-scaéia-
tion due to differences in SNR and number of spectra betwatn d
sets. For an improved estimate of spot coverage, we comlithed
data sets by phase-binning the LSD profiles over 60 everdgesp
phase bhins (each containing 7 LSD profiles). We only present
analysis of the map that was reconstructed using this bidadal
(see Figure13).

The high inclination of the system causes a ‘mirroring’ effe
as described in section 3.11 |of Watson & Dhillon (2001). As ra
dial velocities cannot constrain whether a feature is edtan the
Northern or Southern hemisphere, features are mirroredtahe
equator. This means features become less apparent duefexthe
that they are first latitudinally smeared, and then mirrpielis-
ing the streaks seen in the maps presented here. To mitigate t
effect, we discarded all pixels in the Southern hemispherehie
remainder of this analysis.

Each pixel in our Roche tomograms was given a spot filling-
factor between O (immaculate) to 1 (totally spotted). Theedor
any given pixel depended on its intensity, and was scaleztip
between our predefined immaculate and spotted photospttere i
sities. It is unlikely that the highest intensities repreghe immac-
ulate photosphere, as the growth of bright pixels in mapsaha
not ‘threshholded’ is a known artefact of Doppler imaginghte
niques (e.d. Hatzes & Vagt 1992). Instead, we have defined-an i
tensity of 92 and above to represent the immaculate photosph
Furthermore, we have defined a 100 per cent spotted pixelkby ta
ing the minimum pixel intensity in the group of spots markBdin
Figure I8, avoiding the very front pixels on the model stathase
may be additionally affected by gravity darkening or ireain.

Based on our classification of a spot, we estimate that
35 per cent of the northern hemisphere of QS Vir is spotteis Th
is likely to be a lower limit due to the presence of unresolspdts
-@8) estimated up to 50 per cent fractiopalk s
coverage in TiO studies of rapidly-rotating G and K type stand
Senavci et al.| (2015) find a facter 10 difference between spot
filling factors when comparing TiO analysis to Doppler imagi
Furthermorel, Hessman et al. (2000) predict a mean spotageer
of ~ 50 per cent on the CV, AM Her, using long-term light curve
analysis.

When plotted as a function of latitude (see Fidurk 14) we see
a clear increase in fractional spot coverage at low to mitlides
(10-50) of around 0.2, as compared to the spot coverage at higher
latitudes (50-90). This large spread in latitude may be indicative
of a distributed dynamo, with many unresolved small-sceke f
tures spread across the stellar surface. A more likely esfilan,
however, is that the spread is due to features becoming sth@ar
latitude due to both poor SNR, and from limitations in thehtec
nique (as discussed above). Also apparent is a small ireieas
spot coverage at high latitudes (centred 74°). As discussed
above, the spot contrast at higher latitudes is diminisimethis
system due to is high inclination, and so the measured spet-co
age is likely underestimated at these latitudes. Simikstridutions

between 1993 and 2002. The authors’ photometric data ddes no of spots were found on the M dwarfs HK Agr and RE 1816+541

allow for a tight constraint on latitude, however, if thepeted re-
gions are the same as those imaged here (namely featuresdA' a
‘B’), they may be very long lived active regions that have agned

at the same longitudes for over 20 years.

© 2015 RAS, MNRAS000, [IH20

bylBarnes & Collier Camerbh (2001), with the majority of fes
equally distributed over 20—8Qatitude.

When plotted as a function of longitude in Figure] 15, we
find a large increase in fractional spot coverage aroLiitd 180°,
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Figure 14. Fractional spot coverage as a function of latitude, nosedli
by the surface area of that latitude, as calculated for tbenstructed map
using phase-binned data. The geometry the grid in our Ramhedram
does not allow for strips of constant latitude, and so we atpiired to

interpolate between grid elements. We have done this bpdakimoving-
mean with &° window in steps ofl ©.

and285° longitude, corresponding to the features marked A, B and
C, respectively, as shown in Figdrd 13. As previously disedsthe
large increase arounid0° is similar to that found on CVs (e.g. AE

Agr, Hill et all[2014) and on pre-CVs (e.g. V471
2006).

4.3.2 Magnetic activity and star spot lifetime
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Figure 15. Fractional spot coverage as a function of longitude, asitztked
for the reconstructed map using phase-binned data. Poatakulated by
taking a moving-mean with 8 window (the longitudinal resolution of the
map), in steps of°.

surface of the M star by its magnetic field. Starspots ardylite
form near these anchor regions, as is seen in solar coroogs o
and prominences.

5 MODELLING THE ECLIPSE LIGHT CURVE

Eclipsing PCEBs have been used to measure precise masses and

radii of both the white dwarf and main-sequence components i

a number of systems (elg. Parsons &t al. 2010a, 2012a,bngffe

The features marked A, B and C in Figufes 12 13 are clearly some of the most precise and model-independent measuretoent

observed in all data sets from May 2013 to April 2014, and appe
to remain in fixed positions over both short and long timespan
This suggests a very low level of surface shear, with no perce
able shift over thev 1 yr between first and last observations. As
the M star in QS Vir is very close to becoming fully convectitiee
lack of any detectable differential rotation concurs wita tonclu-
sions oI05), who found that differentiahtion
appears to vanish with increasing convection depth. Thigltwas
also found in studies of rapidly-rotating M dwarfs |b b
) where several stars in their sample eXthItednyann-
|Iar magnetic topologies over the 1 yr period between obser-
vations. In other worllO) found both GJ5H an
WX UMa to exhibit strong, large-scale axisymmetric-poldidnd
nearly dipolar fields, with very little temporal variationser the
course of several years.

We see no evidence of a magnetic activity cycle in our obser-
vations. O’Donoghue et Al. (2003) suggested thatih@ s spread
on ephemerides over their 10 years of eclipse timings maybeal
such a cycle. This appears unlikely, since their Figure 3lfloyvs a
~ 0.12 per cent period change i 600 d — One would expect spot
migration to occur over the course of a magnetic activityleyas
seen on the Sun, and as we find spot features are stable evér a
yr period, such a cycle cannot be responsible for this rapahge
in period.

date for either type of star. The small size of the white dieafls

to very sharp eclipse features, with typical ingress andsgtimes

of around a minute or less meaning that high-speed photgmetr
is required to properly resolve the eclipse features. Wifiical
exposure times of 3 sec, our ULTRACAM data fully resolve the
eclipse of the white dwarf and thus can be used to place sining
constraints on the physical parameters of both stars.

We model the light curve data using a code written
for the general case of binaries containing white dwarfe (se
Copperwheat et al. 2010 for a detailed description). Theam
subdivides each star into small elements with a geometrd tixe
its radius as measured along the direction of centres taniuel
other star with allowances for Roche geometry distortioe. fit¥
ted the ULTRACAM/ ¢'r’ andi’ band light curves around the
eclipse of the white dwarf. We exclude data taken at other or-
bital phases since the effects of starspots on the surfatkeof
main-sequence star strongly influences the constraintsttibae
data provide. However, the effects of starspots on the vavitarf
eclipse itself are minor, since it is such a rapid processeNke-
less, starspots often lead to linear slopes across theseclipat
vary over the timescale of our ULTRACAM observations. There
fore, each eclipse observation was initially fitted with aibanodel
using the parameters from Parsons étlal. (2010b) and imguali

linear slope. This slope was then removed from each lightecur

These features may well be related to the large prominencesindividually before combining them. Additionally, we st&fl each

that pass in front of both stars. Since the prominences appée
stable on a timescale of years, they must still be anchoréhleto

eclipse in phase to remove the effects of the deviations firoear-
ity in the eclipse arrival times.

© 2015 RAS, MNRAS000, [THZ0
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Figure 16. Flux calibrated ULTRACAMu'¢’r" andi’ band light curves of the eclipse of the white dwarf in QS Vithwinodel fits overplotted (black lines).
We have offset thé’ band light curve by -13mJy to show more detail. The bottont fmnels show the residuals of the fit in theband (top panel, blue
points),g’ band (second panel, green points)pand (third panel, orange points) and th&and (bottom panel, red points).

The basic geometric parameters required to define the modellonger wavelength bands where the M star dominates and hence

are the mass ratig; = Ms../Mwnp, the inclination,i, the scaled
radii of both starsRwp /a and R /a and the two temperatures,
Terr,wn andTeg sec. IN addition to these, the model also requires
the time of mid eclipseTy, the period,P and the limb darkening
parameters for both stars.

where the white dwarf eclipse is shallower and offers pooogr
straints on its size. Therefore, this approach was not fadrough
we did check that our final model results predicted an eligeo
modulation amplitude consistent with the ULTRACAM data.-An
other method used to break the degeneracy between theaitiafin

Since we used phase-folded data we kept the period fixed as@nd scaled radii, and that we use here, is to use our measureme
1, but allowedT, to vary. The temperature of the white dwarf was Of the rotational broadening of the M star:{: sin ). For a syn-
fixed atT.g =14,220 K. We use the same setup for limb darkening chronously rotating star this is given by

as detailed in Equatidd 3 for both stars. For the M star, wethise
limb darkening coefficients for @.z =3,100K,logg = 5 main
sequence star in the appropriate filter (Claret 2000). Wethse
coefficients for &l.¢ =14,000K,log g = 8.25 white dwarf from
Gianninas et al| (2013). All these limb darkening coeffitsemere
kept fixed during the fitting process.

The profile of the eclipse of the white dwarf does not contain
enough information to simultaneously constrain the iratiion and
the scaled radii of both stars, only how they relate to eabkerot
Therefore, an additional constraint is required to breakdegen-
eracy. ldeally we would use the secondary eclipse (theitrahs
the white dwarf in front of the M star, sée Parsons &t al. 2daba
example), but for QS Vir this is too shallow to detect in our-UL
TRACAM data. An alternative method would be to use the ampli-
tude of the ellipsoidal modulation, which is related to thessira-
tio (which we have already spectroscopically constrairset) the

Rsec

Viot sin = Kuee(1 + )7, (4)

where the radial velocity semi-amplitude of the M staf.{.) and
the mass ratioq) have both been spectroscopically constrained.
Hence, combining this with the fit to the white dwarf eclipievas
us to determine the inclination, radii of both stars and Kealer's
laws, the orbital separation and masses of both stars. Howasy
previously noted in sectidn 4.2.3, the measured rotatibreden-
ing varies as a function of orbital phase, as the M star is plo¢s-
cal and hence presents a different radius at differentainbitases.
Therefore, when fitting the eclipse light curve we calcuddtee ro-
tational broadening of the M star at the quadrature phasksr(vt
is at its maximum) and compared this to the maximum valuerdete
mined from our Roche tomography analysis.

We used the Markov Chain Monte Carlo (MCMC) method
to determine the distributions of our model paramete

scaled radius of the M star (elg. Parsons &t al. 2012b). Hawev 2007). The MCMC method involves making random jumps in the

the effects of starspots make this approach unreliable) aith
the Roche tomography results. Moreover, this limits ourtfitthe

© 2015 RAS, MNRAS000, [1H20

model parameters, with new models being accepted or rejecte
cording to their probability computed as a Bayesian posteriob-
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ability. In this instance this probability is driven by a cbima-

tion of thex? and the prior probability from our constraints from
the spectroscopy and Roche tomography. For each band & init
MCMC chain was used to determine the approximate best param-
eter values and covariances. These were then used as ttiggstar
values for longer chains which were used to determine thé fina
model values and their uncertainties. Several chains weresiF
multaneously to ensure that they converged on the samesvalue

This approach results in very few systematic uncertairities
the derived parameters, since the vast majority of themiezetty
determined by the data itself. The temperatures of the tars st
are effectively scale factors and so have no effect. Theesloép
the eclipse of the white dwarf is not altered by the adoptet i
darkening coefficients for the M star, these are mostly irgwr
for the transit of the white dwarf across the face of the M dwaar
well as any ellipsoidal modulation, neither of which we ddes in
our fit. However, the choice of limb darkening coefficients ttoe
white dwarf does have some effect on the final parametersifspe
ically the final radius measurement for the white dwarf (amé t
lesser extent the M dwarf). To determine how large this ¢ffewe
re-fitted the eclipse light curves using limb darkening Goiits
for a white dwarf withTeg = 13,500K and T.g = 14,500 K
andlogg = 8.00 andlog g = 8.50, taken fro al.
), these bracket the coefficients that we used in ourfftna
We found that the differences in the final parameters werdlema
than their statistical uncertainties, implying that theiteltdwarf’s
limb darkening coefficients have a very minor effect on the fit

The only other source of systematic uncertainty in the light
curve fit arises from the Roche tomography analysis. As pusly
mentioned, we used the rotational broadening and M dwarélrad
velocity semi-amplitude measurements from the Roche toaaog
phy analysis to help break the degeneracies in the lightecfitv
However, as Figurds 10 ahd]11 show, the values vary sligtiy f
night to night. This was taken into account by increasing.iteer-
tainties on these two values to cover the spread of valuessee
different nights. Indeed, this is the largest source of ety in
the fitand limits how precisely we could measure the stell@sses.

The best fit models to the white dwarf eclipse in the'r’ and
i’ bands are shown in Figurel16, along with their residuals.réhe
sults from all four bands were consistent and the final steltal
binary parameters are detailed in Table 2. The results arsiso
tent with those of O’Donoghue etldl. (2003), but a factor of@ren
precise in mass and almost 10 in radius. In fact, the radigsuore-
ment of the white dwarf in QS Vir is the most precise, direcame
surement of a white dwarf radius ever. It is remarkable treahave
measured the size of an object at nearly 50pc away to withim50
and highlights the potential for these kinds of systems ransfly
test theoretical mass-radius relationships. The measnesdes of
the two stars are also consistent with the results from Rtmrheg-
raphy (Mwp = 0.76 & 0.01M e, Mgy = 0.36 & 0.02Mg).

An additional constraint on the stellar parameters conws fr
the gravitational redshift of the white dwarf. For the measipa-
rameters listed in Tablg 2 we would expect to measure a redshi
for the white dwarf of45.8 4+ 0.6km s™" (taking into account the
redshift of the M star, the difference in transverse Dopplafts
and the potential at the M star owing to the white dwarf). Tak-
ing the difference between the systemic velocities of the $vars
from our UVES data gives a measured gravitational redshift o
47.6 + 1.2km s~ !, which is fully consistent with our results.

Table 2. Stellar and binary parameters of QS Vir. The orbital period a0
values were taken fro tmmb), the distartte/hite dwarf
temperature values were taken from O’Donoghuelet al. [2003)

Parameter Value

RA 13:49:51.95
Dec -13:13:37.5
Orbital period 0.150 757 463(4)
TO (BMJD(TDB)) 48689.14228(16)
Distance 48 + 5pc
Kwp 139.0 £+ 1.0kms ™!
YWD 43.2 +£0.8kms—t
Ksec 275.8 4+ 2.0kms !
Ysec —44f83km g1
Mass ratio 0.489 + 0.005
Orbital separation 1.253 £ 0.007R@
Orbital inclination 77.7° £0.5°

White dwarf mass
White dwarf radius

0.782 £ 0.013Mg
0.01068 £ 0.00007R &

White dwarflog g 8.274 + 0.009
White dwarf effective temperature 14,22050K
M star mass 0.382 £ 0.006 M

M star radius sub-stellar

M star radius polar

M star radius backside

M star radius volume-averaged

0.466 + 0.003Ro
0.365 £ 0.003Re
0.416 + 0.003Ro
0.381 £ 0.003R¢p

6 DISCUSSION

6.1 Themassradiusrelationship for white dwarfs

Figure[IT shows the mass-radius plot for white dwarfs ant-hig
lights the location of the white dwarf in QS Vir. We also plot
the model-independent mass-radius measurements of ketrera
white dwarfs, all members of close, eclipsing binariesetnse
show a zoom in on the white dwarf in QS Vir compared to the-
oretical models. The measured values show excellent agrgem
with a carbon-oxygen core white dwarf model of the same tempe
ature and with a thick hydrogen envelope{Mwp = 107%),
although the uncertainty in the measurements mean that thin
ner hydrogen layers cannot be ruled out. This is consistétht w
the results from other white dwarfs in PCEBs, such as NN Ser
and GK Vir, which both possesses hydrogen envelope masses of
Mu/Mwp = 10~* (Parsons et al. 20105, 2012a), although sev-
eral other eclipsing white dwarfs have thinner hydrogeretopes
e.g. SDSSJ0138-0016 @MMwp = 10~°,|Parsons et al. 2012b)
and SDSS J1212-0123 @Mwp = 10~°,[Parsons et al. 2012a).
Both white dwarf components of the eclipsing binary CSS 4117
appear to have thin hydrogen layers as welk(Mwp < 1074,
4). The only other reliable white dwarf hygo
envelope mass measurement in a PCEB system is for the pulsat-
ing white dwarf in SDSS J1136+0409, which was found to have
an envelope mass of MMwp = 10~%? (Hermes et dl. 2015),
implying that there could be a substantial spread in the dyein
envelope masses of white dwarfs in PCEBS, possibly as a &sul
the common envelope phase itself.

The temperature and surface gravity of the white dwarf in
QS Vir place it close to the blue edge of the DA white dwarfaast
bility strip. However, our results are precise enough tolfirptace
it just outside the strip, which is consistent with the nidtekttion
of pulsations in our extensive high-precision photometry.

© 2015 RAS, MNRAS000, [THZ0
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Figure 17. White dwarf mass-radius relation. We show the measured val-
ues for the white dwarf in QS Vir as red contours (68 and 95 queile
regions). Also shown as black points are other direct madiis mea-
surements from eclipsing PCEB systefns (O'Brien £t al. [26Qizas et al.
[2012{ Parsons etlal. 2010a. 2014 )b.c: Bours|et all 2018) Zteoretical
mass-radius relationships for carbon-oxygen core whitarfaare shown
in grey @bg) and helium core white dwar blue
7), labelled by temperature in thousand&lvin and for
hydrogen envelope thicknesses ofilywwp = 10~ %. Inset we show a
zoom of the measured QS Vir parameters with a theoreticakreatus
relationship for a 14,200K white dwarf with a thick hydrogenvelope
(Mu/Mwp = 10~4, solid line) and a thin envelope (Mwp = 109,
dashed line), showing that the measured parameters areefieat agree-
ment with the theoretical models for a white dwarf with a khiydrogen
envelope.

6.2 Themassradiusrelationship for low-mass stars

In Figure[ I8 we show the mass-radius plot for low-mas8.6M¢)
stars along with a number of directly measured objects. ©he |
cation of the M star in QSVir is indicated by the contours,

where we have used the volume-averaged radius. Its mass ancﬁ

radius measurements are consistent with the evolutionarg- m
els of|Morales et al.| (2010) for a 1 Gyr magnetically activar.st
Also highlighted in red are several other low-mass star mass

radius measurements from PCEB systems. The M star in QS Vir

is the first low-mass star in a PCEB that is not fully convec-
tive (Man >0.39M) to have high-precision, model-independent
mass and radius measurements. While the majority of thege me
surements are consistent with theoretical models, twoesyst

(SDSSJ1212 -0123, Parsons etlal. 2012a and SDSS J1210+334%

[Pyrzas et dl. 2012) have measured radii almost 10 per cent ove
inflated compared to these same models. Any possible exjgana
for why some of these low-mass stars are over-inflated, votfilers
aren’t will require more high-precision mass-radius measients
from PCEBs and more theoretical modelling of low-mass stars

6.3 Thecurrent evolutionary state of QSVir

The strong surface gravity of the white dwarf causes metegink
out of the photosphere on a short timescale. Therefore, ¢he d
tection of the Mgi 4481A absorption line implies that the white
dwarf must be currently accreting some material origirgafiom
the M star. Interestingly, the strength of this absorpt®rariable
as shown in FigurE_19. It was slightly stronger in 2014 corepar

© 2015 RAS, MNRAS000, [1H20
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Figure 18. Low-mass star mass-radius relation. We show the mea-
sured values for the main-sequence star in QS Vir (volunesaaed
radius) as red contours (68 and 95 percentile regions). Alsowvn
as red points are other direct mass-radius measurements dolips-
ing PCEB systemd_(Pyrzas et Al. 2012 Parsond étal. IZM)
The black points are other direct mass-radius measurenakgs from
Gomez Magueo Chew et a-14) The solid grey line is thertte
ical mass-radius relation for a 1 Gyr main-sequence m
l@) while the grey dashed line is for an active star of thee age
MImO) Inset we show a zoom of the measurediQ®Y
rameters showing that the radius is consistent with a tiieatective star
of the same mass.

to 2013. This supports the idea that the accretion rate ofniadt
onto the white dwarf is variable on year timescales and igelyl
to originate solely from the wind of the M star, but is likelyiven
by flare and coronal mass ejections (CME) events.

Matranga et al.| (2012) detected clear X-ray eclipses, tevea
ing that the white dwarf dominated the X-ray flux rather thae t
M star, supporting the idea of ongoing accretion. They deitezd
n accretion rate o/ = 1.7 x 10~ **Mguyr~!, which would
e one of the lowest accretion rates for a non-magnetic CV sys
tem if this were the case, but would be particularly large dor
detached system. The authors speculate that a stellar wind c
be the source of the observed mass transfer, invoking a riegne
‘syphon’ model, as found by Cohen ef al. (2012). Matrangdlet a
) speculated that to maintain a more constant masdysupp
the wind could be supplemented by upward chromospheric flows
analogous to spicules and mottles on the Sun.

Conversel mm) used the HST spectra taken by

O’Donoghue et &l (2003) in 1999 to calculate an accretion o

107 *%Mguyr—!, around one thousand times lower than that found
6.5 years later by Matranga et al. (2012). This accretios igt
more consistent with a wind accretion, and is an order of raagn
tude lower than the wind accretion rate inferred for simplaa-CVs
(Debes 2006; Tappert etlal. 2011; Parsonslet al. 2012a).sTibis
ports the idea that CME and prominence activity may provide a
stochastic source of accretion material.

In IL(2011) we used the Mg481A absorption
line to rule out theV,. sini = 400kms~" rapid rotation of the
white dwarf determined by O’Donoghue et al. (2003). The lerg
posure time of that data (1800 s) meant that the line suffced
substantial smearing and therefore it was consistent vatting
no measurable broadening and we concluded that the whitgf dwa
was not rapidly rotating. Our new data have much shorter sxm@o
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Figure 19. Equivalent width of the Mg 4481A absorption line from the
white dwarf as a function of time. The strength of the lineegg to be vari-
able on year timescales, implying that the accretion rateirnd material on

to the white dwarf is not constant.

times (180 s) and can place better constraints on its rottice-
locity. In Figurd 20 we show the Mg 4481A absorption line made
by combining all the data, overplotted with the best fit TLUST
model (Hubeny & Lanz 1995) with;.; sini = 69kms~'. The
white dwarf moves by a maximum ef15km s~ during each ex-
posure, meaning that there is clearly some additional lemciad

of the line. If this is due to the rotation of the white dwaréthit
implies a rotational period of only 700 seconds, extremast for

a detached system and implies that there may well have been a p
vious stage of high mass-transfer. To spin up the white dttsf
much would require an average accretion rate-dd ' Mgyr "
over the entire cooling age of the white dwarf, meaning thaMp
would almost certainly have to have been a CV in the past. Al-
ternatively, the white dwarf may posses a weak magnetic. fkeld
field strength o~~10°G is sufficient to Zeeman split the Mgline

by 6%m s~!, mimicking a broadening of the line. This could also
help explain the stability of the prominence features, asterac-
tion of the fields of the two stars may create stable regions.

Normalised flux

0.95

—200 0 200

Velocity (km/s)

Figure 20. The Mgl 4481A absorption line from the white dwarf made by
combining all observations. Overplotted in red is a mod@&Wi.o¢ sini =
69kms 1.

conclude that the system is more likely to be a pre-CV justuaitm
fill its Roche-lobe, and the white dwarf is weakly magnetiémm
icking the effects of rapid rotation. However, confirmatiofithis
will require spectropolarimetry around the Mgt481A line.

Assuming classical magnetic braking and following the proc
dure outlined in_Schreiber & Gansicke (2003), we find that @S V
will fill its Roche lobe at a period of 3.363 hours, in 1.2 Mymow-
ever, the strength of magnetic braking is highly uncertBor. ex-
ample, replacing the formula given by Rappaport with the- nor
malised prescription used Al. (4008) resultssigaif-
icantly longer time until it fills its Roche lobe, i.e. 7.2 My&iven
that the current cooling age of the white dwarf is 350 Myr thetp
ability of finding a system as close to Roche-lobe filling as\@S
is approximately half a per cent, which is not implausibhegithat
we now have more than 100 PCEBs with measured periods.

7 CONCLUSIONS

There are several pieces of evidence that could suggest that

QS Viris a currently detached CV (either hibernating or dgeely
detached, similar to a CV crossing the gap). The fact thabthe
nary is very close to Roche-lobe filling, the white dwarf iktizely
massive (0.78Rlq, typical for white dwarfs in CVs but relatively

We have combined high-resolution phase-resolved UVES-spec
troscopy and high-speed ULTRACAM photometry of the ecligsi
PCEB QS Vir to precisely determine the binary and stellaapar
eters. We find that both the white dwarf and its low-mass M star

rare among PCEBs and pre-CVs_Zorotovic et al. 2011) and could companion have radii fully consistent with evolutionary dats.

be rapidly rotating, may indicate a previous episode of mgiss
transfer. However, our results argue against this intéaiiomn. The
RLFF of 96 per cent (97 per cent from the Roche tomography anal
ysis), means that the M star is still within its Roche lobe] &me
fact that its mass and radius are consistent with evolutjomadels
implies that it is not inflated. In CVs above the orbital perigap
the donor stars are oversized by roughly 30 per m e
) and would take at least” yr (the thermal timescale of the
M star) to relax back to their equilibrium radius once beaugre-
tached (i.e. if QS Vir is a detached CV, then it must have bedars

at least10” yr). In this time the period has decreased-by5 min-
utes (assuming classical magnetic braking, Rappaport/#98a8).
Hence, if the system is in a hibernating state, then the neptoe
sion that caused the system to detach would have had to secttea
period by~15 minutes, an unrealistic prospect. Its current period
of 3.6 h is also well above the standard period gap. Thergfoee

The spectroscopy revealed large prominence structurgsating
from the M star passing in front of both stars. Despite beigied

in unstable locations within the binary, these promineraggsear

to be long-lived, lasting more than a year. Using Roche tamog
phy we determined that the M star is covered with a large numbe
of starspots, preferentially located on its inner hemisphfacing
the white dwarf. They too appear to be long-lived and may hell
related to the prominences (e.g. located close to wherertmip
nences are anchored to the M star’s surface).

The M star in QS Vir fills 96 per cent of its Roche lobe and the
system appears to be a pre-cataclysmic binary, yet to héisgéa
mass transfer via the inner Lagrange point, rather than eré-
ing system. However, the white dwarf may be rapidly rotatimg
weakly magnetic, meaning that its past evolution is stittentain.

It will become a cataclysmic variable system in 1.2 Myr withex
riod above the period gap.

© 2015 RAS, MNRAS000, [THZ0
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