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“... UTOTITETAI YOP TO HEV OTAAOVEN TGV OOTPWY KO TOV OALOV HEVEIV OKIVNTOV, TOV
o¢ yav TEPIPEPETI AL TEPI TOV OAIOV KATO KUKAOU TEPIPEPEIAV, OC ECTIV EV UECW
T OPOMW KEIPEVOC. . . "

Aplotapyxog o Zauog [310 — 230T11X]

“...[where] it is assumed that the fixed stars and the Sun irenramoving, and that the Earth
revolves about the Sun on the circumference of a circle,l@@m&tn lies in the centre of this track. ..”

Aristarchus of Samus [318 230 BC]
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Abstract

Close binaries containing compact objects come in mangrdifft forms, but have one thing
in common: their evolution involves at least one common kEpephase and angular momentum
losses. However, many aspects of these two fundamentagses are still poorly understood. Am-
ple observational input holds the key to improving our ustierding, as only then can theoretical
models be properly calibrated and tested. Close binariegaizong a white dwarf are perhaps the
best-suited class of objects to provide such input, duedio tibiquity. White dwarf binaries that ad-
ditionally display eclipses are of added interest, as ateuand model-independent determinations
of fundamental stellar parameters, such as the massesdindfrine binary components, can only
be obtained in such systems.

In this thesis, | present a study of eclipsing white dwarties. | identify SDSSJ0110+1326,
SDSSJ0303+0054, SDSSJ 1210+3347, SDSSJ 1435+3733 and $3-4057 as new eclipsing,
detached, post-common-envelope, white dwarf + M-dwardbés. | use follow-up photometric and
spectroscopic observations, as well as a light curve fitBognique to measure their orbital periods,
and derive the masses, radii and radial velocities of tharpioomponents. These five systems have
been identified as part of the first dedicated search for @nlijppost-common-envelope binaries
and almost double the existing population. The measuresndrihe stellar parameters, and others
obtained from similar systems, are of great value both ferddlibration of the common envelope
equations and for testing the mass-radius relations ofendhitarfs and low-mass main sequence
stars. | also identify HS 2325+8205 as a new eclipsing ang fvequently outbursting dwarf nova.
Combined constraints from photometric and spectroscopseivations are used to infer the bi-
nary and stellar parameters. The combination of eclipsequént outbursts, brightness range and
high declination make HS 2325+8205 an ideal laboratory &taited studies of accretion discs and
accretion processes in close binaries. Finally | study #taatysmic variable V455 And, in an at-
tempt to verify the presence of non-radial pulsations invitée dwarf primary. This is achieved
by analysing ten-years worth of photometric observati@isgitime-series analysis techniques and
Fourier transforms. The results are indeed consistentwiitte dwarf pulsations, although a very
complex behaviour of the power spectra is revealed, moslyli& result of the rapid rotation of the
accreting white dwarf primary.

Xi



Chapter 1

Introduction

1.1 Prelude

Most people have, at one point or another, marvelled at thgnifieence of the star-studded night-
sky. Few realise, however, that those tiny, twinkling spavklight do not necessarily lead solitary
existences. In fact, most of them are part of binary or migdtgystems [Iben, 1991]. Bound together
by gravity in an eternal waltz around their common mass eetie majority of the stars in binary
systems are nevertheless far enough apart that they daedhin any other way. Thus, these stars
spend their lives on the main sequence and eventually ewffivie to meet their fate in a final state
that is governed solely by their initial mass, much like gnstars. This process can be explained
and described in detail by the theory of stellar evolutiore of the most established fields in modern
astrophysics.

However,~ 25% of the binary population is expected to interact in orrenfore) stages
during its evolution [Willems & Kolb, 2004]. This interacth comes mainly in the form of mass
transfer/exchange episodes. In the context of binary &eoluthe cases where the interaction leads
to the formation of @ommon-envelopCE) are of particular interest. The CE process is believed
to give birth to the most exotic objects in the Galaxy, suclta@sclysmic variables (CVs), low-
mass X-ray binaries, Supernovae Type-la progenitors, ldaldgenerates (e.g. white dwarf + white
dwarf binaries), short-GRB progenitors and millisecontsats. The theory of single-star evolution
is often employed to study these objects, but does not alyiaidanswersBinary evolution is still
not as well understood as single star evolution and is uodestrained by observations.

White dwarfs and low-mass stars represent the most commes tfstellar remnant and
main sequence star, respectively, encountered in our Galderefore, binary systems consisting
of a white dwarf (WD) primary and a low-mass main-sequence)(d8ondary star are ideal can-
didates to remedy the lack of observational input. Despgiadovery common, few white dwarfs
and/or low-mass stars have accurately determined radimeasbes. Consequently, the finite tem-
perature mass-radius relation of white dwarfs [e.g. Wo®8@51 Panei et al., 2000] remains largely
untested by observations [Provencal et al., 1998]. In tlse ohlow mass stars, the empirical mea-
surements consistently result in radii up to 15% larger dfeteve temperatures 400K or more
below the values predicted by theory [e.g. Ribas, 20@fdz-Morales, 2007]. This is most clearly



demonstrated using low-mass eclipsing binary stars [Bayde Orosz, 2006], but is also present
in field stars [Berger et al., 2006; Morales et al., 2008] dmal host stars of transiting extra-solar
planets [Torres, 2007].

This thesis presents a study of white dwarf binaries. All shstems presented here are
observed at an angle such that eclipses occur. Eclipsirenbsystems offer the best opportu-
nity of measuring fundamental stellar properties such asses radii, surface gravities, effective
temperatures and luminosities [e.g. Andersen, 1991; Sauth & Clausen, 2007]. Geometric con-
straints, obtained from photometric studies of the ecpsmupled with dynamical constraints,
obtained from spectroscopic measurements of radial aational velocities, can yield direct and
model-independent determinations of the stellar propestiith exquisite accuracy (in some cases
better than 1%). The thesis captures three snapshots af/k@malution at different stages, which
in a somewhat simplified manner could be considered as thiesmmce, the mid-age and the
retirement-age of a white dwarf binary.

1.2 Post-Common-Envelope Binaries

1.2.1 The Roche Geometry

In a binary system consisting of a primary star with mislgsand a secondary star with maels
(M1 > M), at positiong; andrs from an arbitrary origin, under the assumptions that thét asb
circular and that the mass of each star is concentratedcritse, the total gravitational potential at
a pointr is the sum of the potentials of the two stars and the rotaltjpoizntial of the system [e.g.
Frank et al., 1985]

D)= — e — 2 (DT (1.1)

whereG is the gravitational constant awgthe angular frequency of the orbit.

Surfaces over whickP (F) =const are callegéquipotentials Near each stellar centre, the
equipotentials are spherical (circular in cross-sectiboj on scales comparable to the separation
tidal forces distort them into “pear” shapes pointing tad&gathe companion. A® increases, the
equipotentials of the two stars first touch and then mergeketch of the equipotential surfaces in
the plane of the orbit of a binary system, calculated withdigun 1.1, is given in Figure 1.1.

The shapesof the equipotentials are functions only of the mass rgtidefined aqy =
M2/M;1, while theirscaleis determined by the binary separat@rdefined as the distance between
the centres of the two stars.

The volumes contained inside the critical surfaces, whieeeeiquipotentials of the two
stars first cross, are called tRoche lobes The cross-point of the critical equipotentials is called
the inner Lagrangian point 1. The Roche lobe of a star is the volume enclosed by the largest
closed equipotential that can contain the star’'s mass. Ariiér expansion of the star’s radius will
result in Roche lobe-overflow and the onset of mass transder the Roche-lobe-filling star to the
companion, through thie; point.

In order to find a spherical approximation for a Roche-lobieg star, it is convenient to
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Figure 1.1: A cross section in the orbital plane of a binary with orbital pefiggd= 2h

and mass ratig = 0.2 depicting the equipotential surfaces of the Roche geometry. The
positions of the two stars and the centre of mass of the binary are labé{leil, and

CM respectively. Also shown are the Lagrangian polnggo Ls, which are equilibrium
points of Equation 1.1. The bold “figure-8” line represents the largesedequipotentials

of each star, that make contact in the inner Lagrangian jhqinThe volumes enclosed by
these equipotentials are the Roche lobes of the two stars. Figure courBaggansicke.



define thevolume radius R, i.e. the radius of a sphere containing the same volume aRdhbe
lobe, as [Eggleton, 1983]

R 0.49¢?/®
a  060g%3+In(1+qY/3)

0<qg< o (1.2)

which is accurate to better than 1%. In this definitiBn,is given in units of the binary separation
and is a function only of the mass ratjo The separation of a binary system with components of
massM1 andM, and with an orbital perio®,,, is given by Kepler’'s Third Law
G (M1 + M2
Depending on the size of the star relative to its Roche lolimpary system is considered
detachedwhen both stars lie well within their Roche lobagmi-detachedvhen one of the stars
fills its Roche lobe oin contact when both stars fill their Roche lobes.

1.2.2 The formation of the common-envelope

About 25% of the MS+MS binaries have separations that arestoot to allow the more massive
star to evolve without overfilling its Roche lobe and initigt mass transfer [de Kool & Ritter, 1993;
Willems & Kolb, 2004]. The binary’s response to mass transfiepends strongly on the initial
masses of the component stars.

Let us assume a binary system with component star mas$é¢s ahdM, and thatV; >
My. Let us assume further that the binary separation is suahwiien the more massive star departs
from the MS and begins expanding, it overfills its Roche lohs.explained in Section 1.2.1 mass
will be transferred to the companion through thepoint. To better understand the binary’s response,
we should consider the conservation of total angular moumeri the system. Material is moving
from the more massive to the less massive star. This meahshthanaterial is gaining angular
momentum, as it is moving away from the centre of mass. Inra@leompensate and conserve
the total angular momentum, the binary separation mustedser This, however, also leads to a
decrease in the size of the Roche lobe, Equation 1.2. Théitstalb the mass transfer depends on
the evolutionary status of the mass losing star. If the stastending the first giant branch or the
asymptotic giant branch and has developed a deep convectsdope, its radius wilincreaseas
a response to mass loss; coupled with the shrinking Rocle tbis leads talynamically unstable
mass transfer [Hjellming & Webbink, 1987; de Kool, 1992;rl#Livio, 1993]. As aresult the mass
transfer rate increases considerably, on time scalesestiben the thermal time scale of the mass-
receiving star thermally unstablanass transfer). The companion cannot adjust to this ineceas
inflow of material and is driven out of thermal equilibriungrisequently overfilling its Roche lobe
as well. Thus, the binary comes into contact and plungesi®&E [e.g Webbink, 1977].

The envelope is not necessarily co-rotating with the bin&mjction within the envelope
causes the two stars to spiral-in, drastically reducinghiin@ry separation. Energy and angular
momentum are extracted from the binary orbit and, eventuakk envelope is expelled to reveal the
post-common-envelope binary, consisting of a WD (the cererant of the evolved star, assuming
that initially M; < 10Mg) and the MS companion. Current understanding suggestshibatE-



Time/Myr M1/Mg M2/Mg P/days

0.00 1.20 MS MS 0.80 200.0

MS 0.80 200.2

5620.20 1.20 HG

6380.84 1.14 @B Common
Envelope
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Figure 1.2: Schematic representation of the main evolutionary phases leading for-
mation of a post-common-envelope binary. HG stands for Hertzsprung@ibor giant
branch. Notice the mass of the resulting WD, the drastically reduced bieggration
and the fact that the secondary star’s mass remains constant. Also netigeryhshort
timescale for the formation and ejection on the envelope. Figure adapted\fibems &

Kolb [2004].

phase is probably short-lived; 10%yr, and that the spiral-in begins rapidly after the onsethef t
CE [see e.g. Taam & Sandquist, 2000, and references théoein,review of common envelope
models]. The CE leads to the formation of short-periggl(~ days) binary systems and is believed
to be the main mechanism for the creation of low-mass WDs [Bsb#&lansergas et al., 2011]. The
above process is illustrated in Figure 1.2.

The core composition of the emerging WD at the end of the CEeliepends on the
evolutionary status of the progenitor star (the more masstar in the initial MS+MS binary) at the
onset of mass transfer [Iben & Livio, 1993; Willems & Kolb,@]. If the progenitor had not started
the He-burning phase, the resulting WD will have a He-coré Wifyp < 0.5M,. If the progenitor
had initiated the He— C/O-burning and a substantial amount of He had been convetted the
emerging WD will have a @O-core with 05Mgy < Myp < 1.1Mg. Similarly, if a substantial
amount of GO had been converted to/®e, the WD will have an @Ne-core, with 11 Mg <
Mwp < 1.38M,,.

Throughout this thesis we will be referring to all detacheéaabies consisting of a WD
and a MS-star as WD+MS binaries; to those WD+MS binaries the¢ nadergone a CE-phase
as post-common-envelope binaries or PCEBs; and to WD+MSibgthat have not undergone a
CE as WDMS binaries. Strictly speaking, other systems thad badergone CE evolution such as
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Figure 1.3: The distribution of orbital periods of WD+MS binaries. The itistion is
clearly bimodal, with PCEBs occupying the lower end and WDMS binaries bdweirger
orbital periods. Figure adapted from Willems & Kolb [2004].

cataclysmic variables (CVs) or double degenerate systezraso post-common-envelope binaries.
When using the term PCEB we wilinly be referring todetachedWD+MS binaries. From an
(astro)physical point of view, the necessary parametezlt@part PCEBs from WDMS binaries is
the orbital period, as demonstrated by Willems & Kolb [2084H shown in Figure 1.3. Binaries
that interact through the CE-phase end up with reduced stqpas and shorter orbital periods than
the original configuration; on the other hand, binaries thmatergo mass transfer episodes without
entering a CE-phase (dynamically and thermally stable rrassfer), and binaries that do not
interact at all (but with mass loss from the evolving staidleg to a weaker gravitational pull)
will end up with larger binary separation/orbital periocuhthe original. Thus, the orbital period
distribution is expected to show a clear dichotomy, as iséutthe case in Figure 1.3.

1.2.3 The common-envelope phase

It was Paczynski [1976] who first considered the movemenhefltinary components inside the
non-co-rotating envelope, a movement that reduces theyogeparation and extracts energy and
angular momentum from the orbit. This orbital energy couldurn be deposited on the envelope



and help expel it, before the merging of the binary companeihbecomes evident that the slower
the envelope is expelled, the shorter the orbit will beco®e.the other hand, the time required to
expell the envelope depends on how efficient the procesdiafating and depositing orbital energy
is.

All the above led to the introduction of a parameter caltechmon envelope ejection effi-
ciencydce [see e.g. Tutukov & Yungelson, 1979; Iben & Tutukov, 1984;bdek, 1984; Livio &
Soker, 1988, and references therein] which can be defined as

AEping
Gee = AEorp
whereAEg, is the change in the orbital energy of the binary between dginning and the end of
the spiral-in phase antiEynq is the binding energy of thejectedmaterial.

It is evident from Equation 1.4 that;. depends only on the orbital energy and every other
energy source is neglected. However, it is believed thatrgthysical processes could influence
the efficiency of energy deposition [e.g. Livio, 1989; IberL&io, 1993]. Over the years there has
been considerable theoretical work on these processdésdling the efficiency of energy transport,
non-spherical effects and the effect of recombination m ittmisation zones [see e.g. Meyer &
Meyer-Hofmeister, 1979; Soker et al., 1984; Livio & Soked88; Taam & Bodenheimer, 1989] and
the effect they have oQe.

(1.4)

The a-formalism

The change in the orbital energy of the bin&#y,, can be approximated as the difference in gravi-
tational energy between the start and the end of the CE-peasd?odsiadlowski et al., 2003]
GM;M GM;M GM;M GM; (Mc + M
DEgr = Z;C— 2;_ - 2;0— 2(2; e) (1.5)

whereG is the gravitational constari), is the mass of the secondasay,anda; are the initial and
final binary separations respectivelfg is the mass of the giantlc is the mass of the giant’s core
andMg is the mass of the envelope. Since the mass of the enveloperiexdmately the mass lost
by the giant, we can writhlg ~ Mc + Mg. In Equation 1.5 it is assumed that the companion mass
does not change during the CE-phase.

Based on the formalism proposed by Webbink [1984], severthleas [e.g. Nelemans et al.,
2000; Podsiadlowski et al., 2003; Nelemans & Tout, 2005]resp the binding (or gravitational)
energyAEping as

G(Mc + Mg) Mg

ARG
where agairG is the gravitational constant/c is the mass of the giant’s corblg is the mass of
the envelopeRg is the radius of the giant aridis thestructural parameterdepending exclusively
on the structure of the giant. The quantities that appeahenmight hand side of Equation 1.6 for
the binding energy are still a matter of debate in publistiedature and slight variations of this
equation are used by different authors. A recent exampleeispproach presented in De Marco
et al. [2011] who give the binding energy as

AEping = (1.6)



G (MC T %) Mg
ARG
after a detailed calculation that includes the effect dfgelvity on the envelope, i.e. the attraction
of the envelope onto itself.
Regarding the structural parameter, earlier work assumedbe constant, e.g. = 0.5 [de
Kool et al., 1987]. More recently, Webbink [2008] providetbamula to approximata as

AEping = (1.7)

A1~ 3.000- 3.816m¢ + 1.041n¢ + 0.067¢ + 0.136m¢ (1.8)

whereme = Mg/Mg is the ratio of envelope mass to total mass of the giant.
With the help of Equations 1.5 and 1.6, we can re-write Equiti4 as

GMgMEg _ Ce(GMgMc B GMZMG) (1.9)

ARG Pt 23
which is usually referred to abhe standardu-formalism Equation 1.9 represents the energy bal-
ance between the binding and orbital energies and definesithbeme of the CE-phase (implicitly
assuming angular momentum conservation). A valuagfclose to unity implies a very efficient
process, where the envelope is ejected quickly. On the dited, low values ofice lead to the
formation of shorP,, binaries, as the process is much less efficient.

No definite answer has been given whethegg really is a constant or its value depends
on parameters such as the masses of the binary componeneydllationary stage of the primary
and the nature of the secondary. We should note that publighlees oface differ significantly
from each other [Livio & Soker, 1988; Taam & Bodenheimer, 998 Kool, 1990; Maxted et al.,
2006]. However, Zorotovic et al. [2010] have recently psbéd a study, where the CE-phase is
reconstructed using values foge over a small range onlgc. = 0.2 — 0.3.

The y-algorithm

Based on the fact that they were unable to explain some ofttbereed orbital periods of WD+WD
binaries using the-formalism, Nelemans et al. [2000] and Nelemans & Tout [30@%6vided a
different approach to predicting the outcome of the CE-phasstead of treating the matter from
an energy point of view, they looked at it from the perspecti angular momentum balance,
assuming energy conservation. Two further assumptionsnade, that the envelope of the giant
is lost completely, i.eM, remains constant before and after the CE, and that this msssdduces
the total angular momentum in a linear fashion. Thus,

AMir A Mg
Mot S yMG + My
whereJ; andJ; stand for the initial and final angular momentum respeatj\d|,; is the total mass of
the systemy is a parameter describing the loss of the angular momentuhedystem and the rest
of the symbols have been explained previously. This methaodferred to as the-algorithm and,
although Nelemans et al. [2000] and Nelemans & Tout [2005jagad to reconstruct the evolution

J—J=vd

(1.10)



of the double degenerates with it, it still does not give ardtefianswer for the physical processes
of the CE-phase (somewhat crudely, we can say that it chargesnknown parameter for another)
and the matter is still open to debate [Webbink, 2008]

For completeness, we should mention that the change inyosegraration is given by

a Mc < 2Me )1
H) € (4B 1.11
(ai >u Mg OceARL G M2 ( )

for the a-formalism, whereR_g; is the volume radius of the giant scaled by the initial binary
separation (Equation 1.2) and

a MgM2 2<|V|c+|\/|2>< Mg >2
— = 1-y———— 1.12
(ai)y (MCM2> Mg + M2 yM6+M2 ( )

for they-algorithm.

1.2.4 Challenges for the common-envelope theory

The theoretical treatment

Despite the fact that the broad physical mechanism of thepl@dSe is clear, its exact workings
remain elusive. Different treatments of the orbital anddivig energies yield different results in
explaining the existing population of PCEBs and their dedeats. The commonest technique
employed is population synthesis studies. In such studigmpulation of binary stars is created,
under specific assumptions, such as the mass distributithedfinary components and the orbital
period distribution of the binaries. This population is sefpuently allowed to evolve, a step that
also requires assumptions regarding e.g. the input phgsidshe evolutionary models used. Using
the results one can then draw conclusions and make pratiatinthe observed properties of such a
population. Advances in the field of hydrodynamical simolas [Taam & Ricker, 2006; Ricker &
Taam, 2008] have offered significant insight, but introdgdihese advances into a detailed model of
the CE still poses a difficult challenge, mainly due to the#&dimensional nature of the problem and
the required range of spatial and temporal scales to aatyrabdel the binary. Hence, population
synthesis studies rely on the simple treatment of Equalidiisand 1.12 to relate pre- and post-CE
orbital parameters [Politano & Weiler, 2007, and referarnberein]. Although both the-formalism
and they-algorithm have their successes in various observed sgstin@y have their failures too,
their possible values are only loosely constrained and feedrprescription is yet to be achieved.

The lack of observational input

Another substantial hurdle in our understanding of the G&se was the striking lack of observa-
tional input. To test the predictions of the theory and dali@nce a large sample of systems that
have undergone one or more CE phases and have well definedgtara (masses, binary separa-
tions, orbital periods etc) is needed. Cataclysmic vagiglare candidates for such work, however,
as we will examine later, obtaining a full set of accurateapagters is notoriously difficult for
CVs. Double degenerates (WD+WD binaries) have also beerestudit the evolution through two



common-envelope phases introduces additional commitsitind the population is still very small
[~ 20 systems; Nelemans & Tout, 2005].

A few years ago, Schreiber & @hsicke [2003] conducted a comprehensive study of the,
then, known sample of well-studied PCEBs, which includely 80 systems. They concluded that
the sample was heavily biased, due to the fact that mostregdtad been identified through ob-
servations of white dwarf candidates from blue-sensitiveesys. Therefore, the sample contained
predominantly hot (young) WDs with late-type (spectral tifpeand later) companions. Early-type
companions contribute a significant amount of the totalesydtux in the optical and, consequently,
did not qualify as white dwarf candidates. Hence the samplgdcnot be considered to be repre-
sentative of either the general population of PCEBs or tbgemitors of the observed population of
Cvsl.

However, the field changed completely when the Sloan Di@tal Survey [SDSS; York
et al., 2000] began operations. The SDSS operates a detiz&ten telescope [Gunn et al., 2006] at
the Apache Point Observatory in New Mexico, equipped withn@amging camera [Gunn et al., 1998]
consisting of 30 2048 x 2048 pixel CCDs, and a pair a fibre-fettirobject double spectrographs,
covering the range 38G0— 9200A with a resolution of\ /AN ~ 2000. Photometric observations
are carried out using a new five-bangy,r, i, z filter system [Fukugita et al., 1996]. Depending on
their photometric properties, objects are then flagged dbssquent spectroscopic follow-up. In
its decade of operations, SDSS has become the most influgrdiand-based survey in astronomy
so far. The latest Data Releases (DR), DR7 and DR8 are pegsgnfAbazajian et al. [2009] and
Aihara et al. [2011]. The SDSS has been extremely successfdentifying large numbers of
PCEBs. Further details will be given in Section 2.2.1.

1.2.5 The importance of eclipsing PCEBs

In Chapters 4 and 5 of this thesis, | will be presenting théyamaof five eclipsing PCEBs identified
in the SDSS. There are multiple rewards to be enjoyed fronh stiedies. Precise and model-
independent masses and radii can help test the mass-rahiR$ (elations of both white dwarfs
and low-mass main-sequence stars. In fact, one of the verytéedate) such measurement for a
white dwarf comes from the eclipsing PCEB NN Ser [Parsong €2@10a]. Masses and radii of the
secondary stars could help calibrate the low-mass end ah#ie-sequence M-R relation, which
remains largely untested. Eclipsing PCEBs provide ultwueate orbital periods. Given a long
baseline, orbital period changes in PCEBs can be used topiential angular momentum losses
[Parsons et al., 2010b] and even detect the presence ofttbdies in the binary [Beuermann et al.,
2010]. The combination of accurate masses and orbital gefoovides, of course, an accurate
determination of the binary separation. These measuranfiiem the much-needed observational
input for testing the predictions of CE theory and the erpelejection efficiency.

Given enough time, the PCEBs discussed previously willvavatto the configuration of a cata-
clysmic variable (CV). In what follows, | will first provideraoverview of the broad context of CV

1As Schreiber & @nsicke [2003] show, PCEBs with late-typdgec < 0.4Mg) companions evolve into
short-period CVs. Long-period CV&4;, > 3h) come from PCEBs with earlier-type companions, which were
missing from the sample.

10



theory and then study specific aspects of it in more detail.

1.3 Cataclysmic Variables

1.3.1 Overview

Cataclysmic variables are semi-detached binary systenmssting of an accreting white dwarf pri-
mary star and a late-type, mass-transferring, (near-)seunence secondary star [Patterson, 1984;
Warner, 1995]. In CVs, the secondary star overfills its Rdohe and material is transferred through
theL; point into the Roche lobe of the WD. The outcome of mass-teard#pends on the strength
of the magnetic field of the white dwarf.

In most cases, the WD possesses a weak magneticBietdl MG, so the stream of material
slingshots around the W) and settles into a ring around it, which eventually is beostl by
viscosity to form araccretion disdPaczyiski, 1971]. Abright spotis often formed at the outer
edge of the disc, where the incoming mass-stream from therdonpacts onto the disc.

On the other hand, in systems where the WD has a strong madieddiclOMG < B <
200 MG, disc formation is disrupted by the magnetospherb@WD. Instead of settling into a ring
around the white dwarf, material is forced to flow along thegn®tic field lines and is accreted on
one (or both) poles of the (assumed) dipolar magnetic fieti@#VD. Another consequence of the
strong magnetic field in these systems is that, throughadotem with the weaker magnetic field
of the secondary, the WD’s rotational periBgy, is “locked” with the orbital motion of the binary
Porb, SO Pspin = Porb. These systems are known pslars or AM Herculis systems [see Cropper,
1990, for a comprehensive review].

An interesting scenario arises when the WD has an intermeedte¢ngth magnetic field,
1MG < B < 10MG. Such systems are known iatermediate polaror DQ Herculis stars and,
as their name suggests, the result of mass-transfer liesvgloene inbetween the other two cases:
an accretion disc may form, but gets disrupted near the WDgnetasphere, where material again
flows along the magnetic field lines formiagcretion curtainsintermediate polars are not synchro-
nised,Pspin < Porb, and both stream-dominated- and disc-dominated-acorstistems are known
[see Patterson, 1994, for a review].

Figure 1.4 illustrates the three cases analysed above.

A fundamental physical parameter when studying CVs is théamperiod,Pyp,. Figure 1.5
shows the distribution of orbital periods of the observed @@pulation. The distribution has three
remarkable features: (i) the dwindling number of systemsrag orbital periodsPy, = 12h, (i)
the lack of observed systems with 2h Py, < 3h, commonly referred to in the literature as the
period gapand (iii) the sharp cut-off a8, ~ 80min. We will take a closer look at these features in
Section 1.3.4. As a final note, we add that a common way to gatg€Vs is based on their orbital
period. Systems are then divided into those above the pgepdPy, = 3h, and those below the
period gapPory < 2h.

2As the material carries substantial angular momentum, it cannot aciretdly onto the WD.
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White Dwarl (B~3x107G)

Figure 1.4: Schematic representations of cataclysmic variables. Companenfsatures
of interest are noted. Top: A typical CV with a non- or weakly-magnetic wiiterf.
The mass transferred from the secondary is accreted onto the WD vieceetian disc.
Adapted from Pringle, J. E. & Wade, R. A. [1985]. Middle: A polar. Trhass-stream is
channelled along the magnetic field lines onto the magnetic pole(s) of the W2ntireg
accretion disc formation. Adapted from Cropper [1990]. Bottom: An inteliate polar.
The transferred mass forms a disc, which gets disrupted near the cdundrég interac-
tion with the WD’s magnetosphere. The accretion curtains are not shodaptéd from
Patterson [1994].
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Figure 1.5: Orbital period distribution of the observed population of cagauly variables.
The number of systems per bin is indicated on the left y-axis, while the bin widilDts
log(d). Shown in white is the distribution of 454 CVs from Ritter & Kolb [2003], cataleg
edition 7.6, with no SDSS (DR6) spectroscopy. Depicted in dark grey isistribdtion of
137 CVs identified in SDSS. It is evident that SDSS has revealed a poputdtistering
around the period minimum. The period gap is highlighted in light grey. Figurptada
from Gansicke et al. [2009].
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1.3.2 The formation of cataclysmic variables

Before we probe deeper into the realm of CVs, we should takepaback and examine their forma-
tion scenarios. It has already been hinted in Section 1H2#RCEBSs evolve into C\¥sa process
which is estimated to take place on a timescale & Gyr [Schreiber & @Gnsicke, 2003].

In order to reach the semi-detached configuration of CVsséwendary star in the PCEB
needs to fill its Roche lobe. This can be achieved either vaghsecondary departing from the MS
or with its Roche lobe shrinking. The former is highly unlikdor late-type secondaries, as their
nuclear burning lifetime is longer than the age of the Gal&ke latter is plausible, but requires the
binary separation to be shrinking, implying that angulamnmeatum is somehow removed from the
system.

A similar conclusion can be reached if we consider the massster stage. In systems
with late-type companions, the mass of the white dwarf isigrethan the mass of the secondary,
Mwp > Msee SO Material leaving the secondary moves closer to theeefitnass and loses angular
momentum. Under the assumption of angular momentum ccatsamy the binary expands in order
to compensate, so the Roche lobe of the secondary becorges l&vhat is more, the secondary
itself is expected to shrink, in order to adjust to its loweas® and return to equilibrium. With its
radius becoming smaller and that of the Roche lobe becoranggt, the secondary detaches from
its Roche lobe. Thus, mass transfer ceases immediatehjtaftsnset. However, CVs are observed
in a state of sustained mass transfer, again implying thglanmomentum is not conserved, but
continuously being removed from the system.

It is exactly this process of angular momentum loss (AML)t tiaves the evolution of
PCEB:s into the CV configuration and the subsequent CV ewritom longer to shorter orbital
periods, so understanding the mechanisms that drive the iklLparamount importance for binary
evolution.

1.3.3 Angular momentum loss mechanisms

The first mechanism proposed to be responsible for AML giravitational radiation(GR) [e.g.
Kraft et al., 1962; Paczski, 1967]. The rate of AML due to GR is given by Einstein'saqwupole
formula [Taylor et al., 1979]

(1.13)

32G73  M;2M,2 ( 2n>7/3
Jor = —

5¢2 (My + My)?/3 Poro
wherec is the speed of light and the rest of the symbols have beeaiesd elsewhere.
Despite the fact that GR was successful in explaining sontkeobbserved CV properties
[Paczynski, 1981; Paczynski & Sienkiewicz, 1981; Rappagebal., 1982], many other properties
remained unexplained [see e.g. Patterson, 1984] and itppasent that another, much maficient
mechanism of AML was required.
The said mechanism is believed tomagnetic brakindMB), AML in a stellar wind mag-
netically coupled to the tidally-locked secondary. Theaidxisted as a potential mechanism for

3PCEBs with very early-type companions, such as A- and F-stars,eeinity super-soft X-ray binaries or
(after a second CE-phase) into double degenerates. This evolutdreargel will not be discussed.
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slowing the rotation of single stars [Weber & Davis, 1967 avas suggested to be applicable to
binary systems as well [e.g. Huang, 1966; Mestel, 1968;&gg| 1976]. Verbunt & Zwaan [1981]
calculated the AML rate due to MB to be

: Ry \Y/ 2m\3
Jvz = —38x10°MyR.* (R? ) (F,nb) (1.14)
© ori

)

wherey is a constant. In the work of Verbunt & Zwaan [1981} 4, buty = 2 is also frequently
used [Schreiber & @nsicke, 2003].

1.3.4 The standard scenario of CV evolution

Angular momentum loss through MB and GR explained, in pplegithe evolution of PCEBs to
CVs and the sustainability of mass transfer in CVs, and teduh the understanding that CVs
evolve from longer to shorter orbital periods. However, agr@pmprehensive theoretical treatment
was required to fully explain the observed properties of@vepopulation, in particular the three
distinct features of the orbital period distribution.

It is convenient to link the orbital period of a CR,, with the mean density of the Roche-
lobe filling secondary. The density is of course

—~ Msec

R
with RE the volume radius, defined in Equation 1.2. Combining theseHEquations, coupled with
Kepler's third law, Equation 1.3, we find

(1.15)

p=107P,2(h) [gcm (1.16)

Late-type main-sequence stars have densities of the ofderd00gcn 2 [Allen, 1976].
For Py 2 12h, Equation 1.16 requires densities lower than this yvahdicating that such a late-
type secondary needs to be evolved. However, the evolutioestales for late-type MS stars are
longer than the Hubble time, and thus, such stars canndtthiirequirement. Early-type main-
sequence stars can in principle fulfil the requirement, eg tiave lower densities, consistent with
from Equation 1.16 for long orbital periods, and also havartgn evolution timescales. However, to
ensure stable mass transfer the secondary needs to be kEsgathan the white dwaMsec < Mwp
(to be preciseq < 2/3). White dwarfs must be below the Chandrasekhar lim¥gfp < 1.4Mg,
which imposes a limit on the mass of the secondary, a limitithaot met by early-type stars. Few
systems are expected to simultaneously meet the constodiijuation 1.16 ang < 2/3, resulting
in the dwindling number of systems at long orbital periods.

The abrupt cut-off at short orbital period&,, ~ 80min, could be explained through a
“transition” of the secondary from a MS star to a degenerttes At such short orbital periods
the mass of the secondary has become so Mw{ < 0.08 M) that hydrogen fusion terminates
and the secondary becomes degenerate. The immediate uenseds that its radiuacreasewith
decreasing mass. This means thaiso decreases, thus the orbital period must increase.

This is a fundamental prediction of CV evolution. CVs evdir@m longer to shorter orbital
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periods until aninimum By, when the secondaries become degenerate and the symiamsback
and evolve towards longer orbital periods. This also ingadie accumulation of systems around the
minimum orbital period, referred to aise period minimum spike

The largest obstacle in forming a complete theory for CV etoh was to explain the
statistically significant lack of systems with 28 Py, < 3h, the period gap. To reconcile theory
with observation, Rappaport et al. [1983] proposediiseupted magnetic brakinddMB) scenario,
which has become the standard paradigm describing CV éwol{gee Patterson 1984; King 1988;
Howell et al. 2001 for reviews and see also Knigge et al. 2011]

Disrupted magnetic braking

In the DMB prescription, CV evolution is divided in two maihases, depending on the prevailing
AML mechanism. For CVs above the gdy, = 3h, the secondary star still possesses a radiative
core, leading to a magnetic field topology involving largaledields with open field lines. Such
a topology allows angular momentum to be carried away on plem dield lines making magnetic
braking the dominant form of AML above the gap. Magnetic lmgkcan achieve mass loss rates
of M ~ 102 — 10 8Myr—1. Such highM values drive the secondary out of thermal equilibrium
resulting in a slight expansion. Once the secondaries lusie tadiative zone and become fully
convective Mgec ~ 0.3My, which corresponds to an orbital periodRf, ~ 3h, the topology of
the magnetic field is believed to change to small scale fieltls @losed loops. Magnetic braking
is thought to getisruptedand cease as a result of this change. The mass loss rate stecsig
nificantly, allowing the secondary to relax back to its edpuilm radius, which is smaller than its
Roche lobe radius. Hence, the secondary detaches fromdtseRobe, mass transfer shuts-off and
the CV enters the period gap “masquerading” as a detached WWABivary [see Davis et al., 2008,
for a study of “genuine” PCEBSs vs “detached” CVs in the pegag]. The subsequent evolution of
the system is governed by the emission of GR. Angular monnetdas through GR continues to de-
crease the separation, and the size of the Roche lobes;amti#ict is made again B§y, ~ 2h, mass
transfer is resumed, the binary exits the gap and is obseiwadCV once more. As GR is consider-
ably less efficient than MB, mass loss rates are correspglydower,M ~ 101 — 10 10M_yr 1.

A direct consequence of the above is that the evolution of @\sse (below) the gap is driven on
much faster (slower) timescales. These timescales weralatdd by Kolb & Stehle [1996] to be

J M _

MB = — () =22x 109711/3 Ro *Porst?3(d) yr (1.17)
J/ ms (M1 + Mg2)

for magnetic braking and

(M1 + |\/|2)1/3

8/3
MM I:’orb (d) yr (1-18)

TGrR = — (J) = 3.8 x 10t
J GR

for gravitational radiation. Figure 1.6 summarises theussion above.

4As such an accumulation of systems will show up as a “spike"Rgyg distribution diagram.
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Figure 1.6: The evolution of the mass transfer rate and the orbital periadcyf, in the
context of the disrupted magnetic braking theory. The system comes intactdor the
first time atPyy ~ 4h. Magnetic braking is the dominant AML mechanism, until it ceases
atP,p, ~ 3h, and mass transfer stops completely. Contact is resumedRyhen 2h, and

the mass transfer rate is now driven by the less effective GR. Note the Hifegsm which

the system reaches the gap, crosses the gap and evolves until therp@imodm. Figure
adapted from Howell et al. [1997].
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Contradictions between theory and observations

Despite the fact that DMB successfully explained the presei the orbital period gap, allowing
a unified treatment of CV evolution, some serious contramlist between theoretical predictions
and observational reality remained. First, populatiorttsgsis studies predicted a space density for
CVs in the range op ~ 10> — 10~ *pc 2 [e.g. Politano, 1996; Howell et al., 1997], whereas the
observed space density was an order of magnitude lpwer10® — 10-°pc2 [e.g. Schreiber
& Gansicke, 2003; Pretorius et al., 2007]. Second, the catmlilgeriod minimunPyi, ~ 70min
differed from the observed orfé,, ~ 80min [e.g. Howell et al., 1997; Patterson, 1998; Kolb &
Baraffe, 1999; Howell et al., 2001]. In addition, due to thelationary timescales (Equations 1.17
and 1.18) of objects above and below the gap, it was expehtddre majority of systems will
be below the gap [e.g. Kolb, 1993] and, in fact, clusterediagdothe period minimum. However,
equal numbers of systems were found above and below the gguéR.5, white histogram). The
assumegberiod minimum spikeemained elusive for years, and has only recently beenifazhby
Gansicke et al. [2009] (Figure 1.5, grey histogram).

Politano & Weiler [2006] suggested a way of testing the DMBdty based on PCEBs. Es-
sentially, their argument is that, under the assumption@B holds, magnetic braking should op-
erate in PCEBs with secondary masbkkg. = 0.3Mg and, therefore, these PCEBs should quickly
evolve into a semi-detached configuration. On the other hAG&Bs with fully convective secon-
daries,Mgec < 0.3Mg, would rely only on GR as an AML mechanism, and consequentyley
evolve on much longer timescales. Thus, the observed piiqrukef PCEBs should predominantly
consist of systems with low-mass secondaries and an abutyoffcshould exist in the secondary
mass distribution. The first evidence in support of this tiiemas presented by Schreiber et al.
[2010].

Davis et al. [2008] suggested another test for DMB, alsodhasePCEBs. Their idea is that
the orbital period distribution of PCEBs should show a digantly increased number of systems at
orbital periods between 2 and 3 hours (the period gap), asutmbers of PCEBs are expected to be
boosted by “detached” CVs, that have switched off massfieaasd are crossing the gap.

The successes of @Bsicke et al. [2009] in identifying the period minimum spiknd
Schreiber et al. [2010] in providing observational evidesapporting the DMB scenario (and see
also Knigge 2010) illustrate the key role that observatidmaut plays in testing (and potentially
refining) the aspects of binary evolution theory under dis@mn, and also the necessity of properly
evaluating and understanding the selection effects tleainéinsic to any observed population of
CVs and PCEBs.

1.3.5 CV classification

The theoretical treatment of angular momentum loss and @W#don described previously gives
a unified description of CVs. However, as is often the caseiroaomy, the reality is much more
complicated. The observed population of CVs is diverse aedgnts a variety of features, so
that a classification of systems, that share some basicatbasdics, is required. Three physical
parameters can be used to define classes of CVs: the orbitat pB,, the magnetic field of
the white dwarf,B, and the mass-transfer ratd, Some of the divisions have been mentioned in
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Section 1.3.1, but will be re-iterated for completion.

e The first division relies oy, and divides CVs into those above and those below the
period gap.

¢ Based on the strength Bf CVs can be divided into magnetic and non-magnetic. Magneti
CVs are further sub-divided into polars (AM Her stars), vehBr> 10MG and are usually found
below the period gap; and intermediate polars (IPs or DQ &)y where 1MGS B < 10MG
and are usually found above the period gap.

e Based onM, CVs are generally divided into dwarf novae (Idw, the majority being
below the period gap) and nova-like variables (high almost all above the period gap). Sub-
divisions of dwarf novae include U Gem, ZCam and SU UMa stait)) the latter including the
groups of WZ Sge and ER UMa stars. Novalike variables are stited into UX UMa, RW Tri,
VY Scl and SW Sex stars.

The above classification with the groups and sub-groups memsonfusing and clearly
illustrates the large diversity between CVs. The clasdificais not cast in iron and systems can
belong to more than one class. An example of this is V455 Ahe,slystem that is presented in
Chapter 7 of this thesis, which can be classified both as a WaBgas a DQ Her star.

For the purposes of this thesis, | will now examine the cldgsivarf novae in more detail.

1.3.6 Dwarf novae

Almost half of the known CV population belongs to the classlwhrf novag(DN), the dominant
CV-type for systems with non- or weakly-magnetic white disarThe most prominent feature of
DN is the fact that they undergo quasi-periodical brightngsanges of several magnitudes, lasting
from days to weeks and with recurrence times that range freekw/to years. These brightenings
are commonly known agwarf nova outbursts The termquiescencés used to describe a dwarf
nova in the state of minimum brightness.

Theoretical work has linked dwarf nova outbursts with arinarinstability in the accretion
disc (see Section 1.3.7). In this context accretion disckergo outbursts if the mass transfer rate is
below a critical valueMcit. For systems above the orbital period gap, accretion ragessually
larger thanMc;i; and, as a result, only about a third of non-magnetic systdroseathe gap are
dwarf novae; the rest belong to the novalike variables cl&dy a handful of DN can be found
directly above the gap, 3t Py < 4h [Shafter, 1992]. The situation is completely differeatdw
the period gap, as DN constitute the overwhelming majoritypiag the short period non-magnetic
systems [Shafter et al., 1986; Shafter, 1992].

Based on their observed outburst properties, see e.g. $2kbthttei [1984] and Ak et al.
[2002] for related analyses, DN can be subdivided into tkisgnct groups:

5The term “dwarf nova” arose from the need to distinguish DN from theiscimbrighter, cousins the
classical nova (CN) eruptions. The use of the term “nova” in both caméd be misleading, as the mechanisms
driving DN and CN are completely different.
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U Gem-type

The prototype star itself, U Gem (attracting attention eid855, see Pogson [1857]), as well as
another member of this class, SS Cyg [Pickering & Flemin@6l8are among the best studied
variable stars. This sub-class of CVs is somewhat loosdipet U Gem-type systems are found
above the period gap and comprise all systems that undergoudursts, but do not show the,

distinguished, characteristics of either Z Cam- or SU UMaetCVs.

Z Cam-type

This sub-class consists of systems that are found aboverltialeriod gap. The hallmark of
Z Cam-type stars are tistandstills periods interspersed between the (usually rapid) outhws$en
the system is found in an intermediate brightness levelvdet outburst maxima and minima.
Standstills can last from a few days to years and are believbd a result of the mass-transfer rate
fluctuating about the critical valud it [e.g. Buat-Menard et al., 2001].

SU UMa-type

The vast majority of systems belonging to this sub-clas$aned below the period gap. SU UMa-
type stars, in addition to normal outbursts, also extsbperoutburststhat are brighter and last
longer than normal outbursts, but are less frequent. A feahat accompanies superoutbursts are
thesuperhumpsa modulation of the light near the superoutburst-maximugtieved to be caused by
tidal interactions between the accretion disc and the skngrstar, which result in the disc becoming
elliptical and precessing [e.g. Vogt, 1982; Whitehurst,&38irose & Osaki, 1990]. The sideband
frequency between the orbital period of the system and thegssion period of the accretion disc is
known as thesuperhump periodPsy > Porp, and it is often used to obtain an estimate of the mass
ratio of the system [Patterson, 2001].

1.3.7 Dwarf nova outbursts

During the 1970’s a fierce theoretical contest over the masharesponsible for DN outbursts was
taking place. There were two competing theories. flass-transfer-bur§MTB) model, advocated
mainly by G. Bath [Bath, 1969, 1972, 1973], which suggested DN outbursts are the result of
liberation of energy in the accretion disc, following insitdies in the secondary star, resulting in
enhanced mass-transfer episodes. On the other hand, Q83l][proposed theisc instability
model(DIM), which traced the cause of outbursts to intermittesdration of matter onto the WD,
due to (unknown at that time) instabilities in the accretiagt. Work by Hbshi [1979] and Meyer &
Meyer-Hofmeister [1981] led to the discovery of ttieermal limit cycleas the mechanism driving
disc instabilities. In this context, a thermal instabilgytriggered in the disc, due to partial ionisation
of hydrogen, which brings the disc in a high-viscosity hats greatly increasing the rate by which
material is transferred through the disc and accreted owltite dwarf.

This work, together with the good agreement between the Didehpredictions and ob-
served properties of DN outbursts, settled the argumeraviour of Osaki’'s model and lead to its
near-universal acceptance. However, it should be pointéthat the DIM model is not a panacea,
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and that mass-transfer fluctuations still hold some meréxplaining certain aspects of the low-
state$ of VY Scl, AM Her and some SU UMa stars [see e.g. Schreiber.eR@D2, and references
therein].

1.3.8 The importance of eclipsing CVs

Obtaining accurate parameters of the binary component€wia a key ingredient for the improve-
ment of our understanding of binary evolution. Masses add od both the white dwarf and the
secondary star are fundamentally important in quantifyiregeffects of accretion and mass-transfer
on the structure of the white dwarf and the secondary relspeéct However, the presence of the
accretion disk in a CV complicates matters considerably.eikample, measurements of radial ve-
locities for the dynamical studies of white dwarf primarége very uncertain, if not unobtainable in
most cases [e.g. Shafter, 1983; Thorstensen, 2000]. Irrgederiving masses of white dwarfs in
CVs is a notoriously difficult task [Patterson, 1998].

Eclipsing systems are, practically, the only way of sequméasuring the masses of the
binary components, through geometric considerationsealery. Wood et al., 1989]. In fact, the
first confirmation of a brown dwarf secondary in a CV (predicby the standard scenario of CV
evolution) was made in an eclipsing system [Littlefair et 2006b]. Eclipsing CVs also allow the
study of the size and structure of the accretion disc, thiadeghniques such alipse mapping
[Horne, 1985], providing a test-ground for the predictiafishe disc-instability theory. We should
note however that the detection of eclipses in a CV does rtohatically mean that accurate pa-
rameters can be measured. We revisit this point in Chapte&nélly, we note that Southworth et al.
[2009] list only 10 systems above the orbital period gap tiage accurate parameter determinations.

The observational hurdles in determining stellar pararsatean that additional approaches need
to be sought out, in order to study CVs in more detail. Neadlyéars ago, a new avenue presented
itself with the detection of pulsations in the white dwariihpary of a cataclysmic variable star. The
final part of this chapter deals with the topic of white dwaufgations.

1.4 Pulsating white dwarfs

1.4.1 A census of white dwarfs

Before giving a general overview of the pulsating white dggait is useful to present a brief clas-
sification of white dwarf types. White dwarfs have tradititywdoeen separated into two distinct
families: those with a hydrogen-rich atmosphere compmsitind those with a helium-rich surface
composition. Using the currently accepted nomenclatuge [cCook & Sion, 1999] white dwarfs

can be classified in the following “spectral types”:

e DA - only hydrogen (Balmer) lines; no Her metals present

SIrregularly occurring phases, when a system is observed at a rainthrfstate than its typical quiescent
brightness
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e DB - Hel lines; no H or metals preserfi; ~ 12000— 40000K

e DC - continuous, featureless spectrum; no lines deeper3#taim any part of the spectrum

DO - strong Hel lines; Hel or H presentTe; = 40000K

e DZ - metal lines only; no H or He lines

DQ - atomic Q or molecular G carbon featureskes ~ 4000— 13000K

Recently, a number of white dwarfs with¢ ~ 20000K that showed atomiciCfeatures
have been identified in the SDSS. These objects have beerdiast'hot DQ white dwarfs”, al-
though Dufour et al. [2008] speculate that they are fundaatigndifferent from their cool DQ
counterparts.

1.4.2 Overview of variable white dwarfs

More than forty years ago, Landolt [1968] reported on siperiod light variations on the (sus-
pected at the time) white dwarf HL Tau 76. Soon after, Laskeiesser [1969] discovered similar
variations in G44-32, to be followed by the star Ross 548 (€2H) [Lasker & Hesser, 1971].
Shortly afterwards, Chanmugam [1972] and Warner & Robind®@72] concluded that the ob-
served timescales of these multiperiodic light variatiereye consistent with non-radial gravity
mode oscillations (g-modes). The first unified treatmenthef newly-emerged class of isolated,
non-interacting, DA pulsating white dwarfs was achievedMmpGraw [1977], who established that
the pulsating DA white dwarfs were tightly grouped aroundbar index ofB — V ~ 40.2, cor-
responding tdes ~ 12000K.

The work of McGraw inspired many groups to come up with theéoaé models able to
drive pulsational instabilities in white dwarfs [e.g. Wetget al., 1981; Dziembowski & Koester,
1981; Dolez & Vauclair, 1981; Winget et al., 1982b], howeitevas the work of Winget [1982] that
found the cause of pulsations to be linked with increasedlepe opacity, which strangles the flow
of radiation, attributed to the recombination of hydrogethie WD atmosphere at the temperature of
Teif ~ 12000K. A better understanding of the driving mechaniskintpinto account the presence
of convection zones, was offered by Brickhill [1983]. Thisskc picture still holds very much true
today.

In a direct analogy to the pulsating DA white dwarfs, preidits were made about the
existence of pulsating DB white dwarfs, as the recombimatibhelium (albeit at higher effective
temperaturesTess ~ 25000K) could potentially excite g-modes as well. Thesealigteons were
confirmed with the discovery of GD 358 (=V 777 Her) by Wingetk{{1982a].

In the meantime, McGraw et al. [1979] had discovered multijgéc luminosity variations,
reminiscent of white dwarf pulsations, in the star PG 1188-0= GW Vir), recognised today as
a third class of pulsating white dwarfs. Stars of this clas=e[Werner & Herwig, 2006, for a
review] have very high effective temperatures, of the ofet00000K, atmospheres devoid of H
showing a mixture of He, C and O, while also displaying strohiines [Dreizler & Heber, 1998].
They are believed to be the product of the, so-caltexin-again scenaripin which the progenitor
experiences a late He thermal pulse in the post-asymptiatit granch (post-AGB) phase, which
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strips the hydrogen and mixes helium, carbon and oxygereietirelope [e.g. Althaus et al., 2007,
and references therein]. TlRe-mechanism, the cyclic ionisation of the K-shell electrofsarbon
and oxygen [see Quirion et al., 2007, for an account], isaesible for driving pulsations in these
stars.

The latest addition to the classes of pulsating white dweaise in the form of four systems
belonging to the “hot DQ” class [Montgomery et al., 2008; IBaret al., 2008; Dunlap et al., 2010;
Dufour et al., 2011].

From the brief discussion above, it is readily visible thalsptors are encountered among
white dwarfs with different atmosphere/envelope compasiand in different temperature regions
along the WD cooling tracks. Hence, pulsations are believduktan evolutionary stage in the life
of every white dwarf [e.g. Fontaine et al., 2003]. This iangbsed in Figure 1.7.

The study and understanding of white dwarf pulsations,gi8ie methods and techniques
of asteroseismologyresents a unique opportunity to advance our knowledgeaiters of a wider
astrophysical context. Each pulsational mode is an ind#gr#nconstraint on the stellar structure.
With some modes, we can probe the stellar interior, evenragofan as the core. Through aster-
oseismology we can determine fundamental stellar parassteh as masses, core compositions,
ages, rotation rates and magnetic field strengths. If and these parameters are known, the infor-
mation obtained from pulsating white dwarfs can then be tsedst a wide range of phenomena.
Comparing rotation rates between different pulsating WBs#a can give clues about the evolution
of angular momentum. The carbon-oxygen ratio in WD cores nigpen the rate of the impor-
tant °C (a,y) 180 nuclear reaction [Metcalfe et al., 2002; Metcalfe, 200Bulsating low-mass
(logg < 7.6)" He-core white dwarfs should allow us to probe their equatibstate [Mukadam
et al., 2004], while high-mass (Ilgg> 8.5) DA white dwarfs could be crystallised, offering an em-
pirical test of the theory of crystallisation in stellar pitaa [e.g. Winget et al., 1997]. Pulsating WDs
could help calibrate the theoretical cooling tracks, thisviging better estimates for white dwarf
ages, which in turn can be used to better determine the age &dlactic disc and halo [e.g. Hansen
etal., 2002].

Comprehensive reviews of pulsating white dwarfs and aasetiasteroseismology consid-
erations are provided by Winget & Kepler [2008] and Fontarerassard [2008].

1.4.3 The ZZ Ceti stars

White dwarfs with hydrogen-dominated atmospheres (DA) tts the large majority of the white
dwarf population [Fleming et al., 1986], hence the pulgafi\s, commonly referred to as DAVS or
ZZ Ceti stars, are the most numerous class of pulsating whigefs, numbering almost 150 systems
[e.g. Mukadam et al., 2006; Fontaine & Brassard, 2008; @astea et al., 2010, and references
therein].

The observed pulsation periods range fremd00 to 1200 s and there is a distinct trend in
periods and amplitudes with temperature. This trend allawmseaningful division of the ZZ Ceti
pulsators into hot (hDAV) and cold (cDAV) ones [Clemens, 498anaan et al., 2002; Mukadam

"Throughout this thesis, logg is given by logglog (GM/Rz), with G, M andR in the cgs-system, so
llogg = [log(cm/s?)].
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Figure 1.7: Theles — logg diagram for compact pulsators. Each class is identified by its
official name and year of discovery of the prototype. Included aretalsdwo classes of
pulsating hot B sub-dwarf (sdB) stars, the V1093 Her and V 361 Hgtesys,which are
not discussed in the text. The newly emerged class of pulsating “hot” DQs shown,

as accurate values dts and logg are not yet known. Also plotted are typical evolution-
ary/cooling tracks for (i) a ® M, post-AGB, H-rich star which will evolve into a DA white
dwarf (red curve), (ii) B M post-AGB, H-deficient star which will evolve into a DB white
dwarf (blue curve) and (iii) a @78 M., post-extreme horizontal branch (EHB) star which
will evolve into a low-mass DA white dwarf (black curve). Figure adaptednfiFontaine

& Brassard [2008].
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Figure 1.8: The current view of the empirical ZZ Ceti instability strip. Opeoles corre-
spond to pulsators, filled circles to non-variables. The error bars ingperuight corner
show the typical errors in th&s and logy determinations. The dotted lines show the lo-
cation of the strip. Systems above the dashed-dotted line gt4od.75, which in this
temperature range correspondsMg,p ~ 0.47 Mg, are the product of binary evolution.
Figure adapted from Gianninas et al. [2007].

et al., 2006]. Hot DAVs show relatively few pulsation modeith low amplitudes £ 0.1% — 3%)
and periods around 100 300s. On the other hand, cold DAVs show longer periods,-60®00s,
larger amplitudes (up to 30%) and greater amplitude vditgiKleinman et al., 1998].

ZZ Ceti stars are located in a well defined region of The— logg space, with 10500 K<
Tet < 14000K and B < logg < 9, known as theZZ Ceti instability strip[e.g. Bergeron et al.,
1995b; Koester & Allard, 2000]. Figure 1.8 illustrates tharent view of the strip. Noteworthy
is the fact that the width iffe¢ of the strip depends on Igg and it is only~ 1500K-wide for
logg ~ 8.

Over the years there has been substantial theoretical wygrgtto determine the exact
edges of the instability strip and confirm (or reject) the dtyyesis that the strip is pure, i.e. there are
no photometrically constant white dwarfs inside the stsige e.g. Bergeron et al., 2004; Gianninas
et al., 2005, 2006]. The direct implication of a pure striphatall DA white dwarfs will become
ZZ Ceti-type pulsators at some point, as they cross the gdtrifng their evolution. This, in turn,
means that results from asteroseismology on pulsating BAde used to infer the basic structural
properties of the DA white dwarfs as a class.
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1.4.4 Pulsating white dwarfs in CVs

Over a decade ago, an important and surprising discoverynweake: the white dwarf primary in
the cataclysmic variable GW Lib was found to exhibit g-modésptions, similar to a ZZ Ceti star
[Warner & van Zyl, 1998; van Zyl et al., 2000].

This discovery was important, because it opened a new avienuseasuring masses of
white dwarfs in CVs through application of asteroseismgldgwas surprising, because the white
dwarf in GW Lib should notbe pulsating, as it$. ~ 14700K and log) ~ 8 measurements placed
it nominally outside the ZZ Ceti instability strip [Szkody &., 2002a]. In fact, most of the (non-
magnetic) white dwarfs in cataclysmic variables are notetgd to be pulsating, as accretion heats
them to effective temperatures greater than 12000K [Taeyn&lGansicke, 2009].

Townsley et al. [2004] studied GW Lib and speculated thaptiesence of pulsations could
be attributed to a higher white dwarf mass than previoudigbed. They also stated that two factors
could affect the pulsations and render their solution ineate: (i) the accretion of heavier elements,
which lead to a solar composition or subsolar metal comjpositf the WD atmosphere and (ii)
a rapid rotation of the WD, which could be an order of magnitod®e rapid than single ZZ Ceti
pulsators. A more detailed study was presented in Arras. §2@0D6]. They concluded that the
atmospheric composition of the accreting WD, especiallj{-b@abundance, plays an important role
in determining the location of the instability strip. Higrethbundances (above solar) will in fact
form an additional region & ~ 15000K, where pulsations can be driven due taihtznisation.

The diversity in logy, Tes and (accreted) atmosphere composition encountered in the WD
primaries of CVs, is mirrored in the diversity of the obsahwariable and non-variable population
of accreting WD pulsators. About a dozen pulsating WDs in C\MgHzeen discovered [Szkody
etal., 2010, and references therein] and, for simpliditgytcan be divided in “hot e ~ 15000K
e.g. GWLib) and “cold” et ~ 12000K e.g. V455 And; Araujo-Betancor et al., 2005] pulssto
However, both hot [WZ Sge, BC UMa, SW UMa; Sion et al., 199an&icke et al., 2005] and cold
[EG Cnc, Szkody et al., 2002b] CV primaries are found to be-vanmable. This is clearly illustrated
in Figure 1.9.

It is unclear which of the two cases (if any) is the normal scenfor CV pulsators, if they
could be considered as two distinct sub-classes of putgaiittreting white dwarfs, or if pulsating
WDs in CVs should be examined in a case-by-case manner. Gitisexal input, in the form of
accurate log, Tesr, atmosphere compositions and rotation rates measurenaoirgy with more
detailed models incorporating the effects of accretioméndriving of g-modes are required in order
to improve our understanding on this matter.

1.5 Thesis overview

In this first chapter | have presented a broad introductionlose compact binaries consisting of a
white dwarf and a main-sequence companion. | have providederview of the current theoretical

understanding of the common envelope phase and the formaftjpost common envelope binaries,
| have discussed the class of cataclysmic variables andwed the mechanisms that drive their
evolution and | have given a summary on pulsating white dsvdrhave highlighted various issues
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Figure 1.9: The current view of the instability strip for pulsating WDs in CMse Timits of
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indicated with filled circles, non-variable WDs with open triangles. Adeg 8 is assumed
for all systems, as the WD parameters are uncertain. Figure adapte©hiody et al.
[2010].

that remain unresolved and have emphasised the need forvatiseal input in order to tackle
these issues. The required observational input invohedétermination of fundamental binary and
stellar parameters, such as the orbital period of the binad/the masses and radii of the binary
components.

The purpose of the work presented in this thesis is to ideati§tems where such measure-
ments are (in principle) feasible and, when possible, perfaid measurements. | will first provide
a review of the observational techniques and the analysiBode used to obtain the desired mea-
surements (Chapter 2) and then present the entire obsevabtiata set (Chapter 3). In Chapters
4 and 5 | will present the study of five new eclipsing post comreavelope binaries. Building
a large sample of such systems and measuring their orbitaidseand the masses of their stellar
components can provide significant insight in the efficieoicthe ejection of the common envelope
and the value ofi.; furthermore, masses and radii determined from such sygstamhelp calibrate
the mass-radius relations of both white dwarfs and mainesecg stars. In Chapter 6 | will present
the study of a new eclipsing cataclysmic variable. Obtajrime masses of the binary components
in CVs (especially that of the white dwarf) is notoriouslyfidult and it is sad but true that only
about 12% of the known CV population has a mass determin&tiothe white dwarf [Zorotovic
etal., 2011]. Identifying and studying eclipsing CVs is aveey of alleviating the problem. Another
avenue for obtaining white dwarf masses in CVs has recepiyed up and involves the study of
pulsating white dwarfs in CVs. This will be explored in Chapt, where | will present the study of
such a white dwarf.
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Chapter 2

Methods and Techniques

2.1 Introduction

In this Chapter | will present the various methods and tegplnes that can be employed in the study
of binary systems in general and eclipsing systems in pdatic | will start with a description of
how we have selected the systems analysed in Chapters 4 twill.tHen describe the process of
collecting and reducing the necessary data and focus orothe that will be used to achieve the
goal of measuring fundamental system parameters.

2.2 Target selection

2.2.1 Post-Common-Envelope Binaries from the SDSS

The objects presented in Chapters4 and 5 were originalhtifted as part of a large scale search
for PCEBs inthe SDSS. The SDSS was expected to be very pinliientifying WD+MS binaries,
due to the innovative five-band photometric system, whidvioles ample coverage of the parame-
ter space [see Rebassa-Mansergas et al., 2010]. Indeeseénch, which selected candidates based
on their spectroscopic appearance [Rebassa-Manserghs2818], has yielded more than 1600
WD+MS binaries. Intensive spectroscopic follow-up has mtes radial velocity information for a
considerable number of systems in this sample and orbitadgehave been measured for some of
them (a process detailed in Section 2.4.2). Systems th#bitedh noticeable radial velocity varia-
tions and systems with short orbital periods were revealéstPCEBS[Rebassa-Mansergas et al.,
2007; Schreiber et al., 2008; Rebassa-Mansergas et aB].200

As a separate project, we have begun searching for eclif¥BBs among the systems
identified. Various methods have been employed to seleipsany candidates. Some of candidates
have been identified through discrepancies between thefoptetric and spectroscopic fluxes from
SDSS, or from multi-epoch photometry performed by SDSS8#82). Another very successful
method was the following: decomposing the binary spectntmits constituents and studying them

1See again Figure 1.3.
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individually can provide an initial estimate of the massihe binary components [see e.g. Rebassa-
Mansergas et al., 2007, for a description of how this is aglip Coupled with the knowledge of
the orbital period and radial velocities (Section 2.4.3tained through spectroscopic follow-up,
the binary’s inclination angle can be constrained (Se@idiB). A review of the aforementioned
methods used to identify eclipsing candidates is given nz&yet al. [2010].

2.2.2 Cataclysmic Variables from the HQS

The objects presented in Chapters6 and 7 were originaliytiftedd as CV candidates from the
Hamburg Quasar Survey (HQS). The HQS is an objective-priswey carried out with the 0.8 m
Schmidt Telescope at the Calar Alto Observatory (Almenmifs), aiming to identify bright quasars
at high galactic latitudes [Hagen et al., 1995]. Candidats @ere selected based on their spectro-
scopic properties, specifically the presence of Balmer gpnidines in their spectra, and subjected
to follow-up spectroscopic observations to confirm their @ature [Gansicke et al., 2002]. More
than 50 systems have been confirmed as CVs (or pre-CVs) angea dandidates still await con-
firmation. Summaries of the project and results are repantélingwerojwit et al. [2005, 2006];
Aungwerojwit & Gansicke [2009], and references therein.

Having candidate systems at hand, we then proceed with tleetion of the required photometric
and spectroscopic data sets that will allow the deternonadf the binary and stellar parameters.

2.3 Observations and Reductions

2.3.1 Charge Coupled Devices

Astronomy is one of the scientific disciplines whesgerimentsin the traditional laboratory ver-
sion, where the scientist has some degree of control ovesytiem under study, cannot be con-
ducted. Instead, researchers rely a@servationggathered through telescopes in a multitude of
ways. The painstaking combination of eye-pen-and-pag®tographic plates and photoelectric
photometers are a few of the means that have been employmegtiout the history of observa-
tional astronomy. The most important advance in the fieldecatmen astronomy entered the digital
era and began usirgharge-coupled device€CDs.

A modern CCD is essentially an array of metal-oxide-sendcmitor (MOS) capacitors,
with the necessary electronics to measure and output thg @ontents. A MOS capacitor is a silicon
substrate doped with boron (p-type-dopant) and phospBdretype-dopant), with an overimposed
thin oxide layer (e.g. Sig) and a conductive polysilicon gate atop. Henceforth, wéhelreferring
to a MOS capacitor asixel.

During an exposure, incoming photons create free electvanthe photoelectric effect.
\oltages applied on the gate of each pixel allow the pixeldbas a potential well and trap the
generated electrons, until the exposure is finished.

At the end of the exposure, on-board electronic circuitsirbéige readout process: the
purpose is to move the collected charge across the chipyghrthearray transfer gate(ATG),
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Charge
measurement

Figure 2.1: The bucket brigade analogy for the operation of a CCDh Backet (pixel)

fills with rainwater (photo-electrons) during an exposure. After the sxpois finished,
each row of buckets is moved via parallel transfer onto a serial redigtfeme each bucket
of a row is moved via serial transfer in order to have its charge measkiguate courtesy
of Richard Hickman.

a process usually callggarallel clocking onwards to theutput summing wel[lOSW), a process
calledserial clocking and subsequently move it through thaput transfer gat¢OTG) towards the
sense nodavhere the charge measurement occurs. The operation of acd&be summarised in
thebucket brigadeanalogy, illustrated in Figure 2.1.

Moving the charge across the chip is achieved by alteringydftages on the gate of each
pixel. This is usually implemented using three differenttage configurations, as shown in Fig-
ure 2.2, and effectively transfers the collected chargmfome pixel to another. It is exactly this
couplingof charge from pixel to pixel that gives CCDs their name.

In the sense node, each analog charge is digitised pnéieg-to-digital converte(ADC),
according to the CCD’gain, i.e. the number of electrons required to produce a valuearfalog-
to-digital unit (ADU). Most modern CCDs have 16-bit ADCs, which means they @atput ADU
values ranging from 0 to 65535216 — 1). ADCs can only produce integer values, which means
some charge is inevitably uncounted. For example, assuthaid 3 electrons have been collected
and the CCD has a gain of 5¢ADU, the output of the ADC will be 2 ADU and 3 electrons will be
“lost”.

The readout process can introduce some uncertainties iimtdesignal output. First, the
conversion from analog to digital signal is not perfectlpeatable, which means that even in the
hypothetical case of the same pixel being read out multipleg, each time with identical charge,
a slightly different output may be produced. Second, thboard CCD electronics themselves will
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Figure 2.2: Read-out process in a CCD. A three-step alteration of thgesltpplied at the
gate of the pixels, allows the transfer of charge from one pixel to andigure courtesy
of Boris Gansicke.

introduce spurious electrons into the process, yieldingamed random fluctuations in the output.
The combined effect of these uncertainties is referred teadout noise

The readout process also introdudesd timen the observations, as the CCD needs to be
read out before a new exposure can start. This dead time cquitgesignificant compared to the
exposure time, which causes problems when high time-régsplis a requirement. For example,
reading out the Wide Field Camera (WFC) on the 2.5 m Isaac Nelgtescope (INT) on La Palma
(Canary Islands) can take up to 40 seconds. In order to retieceadout time and readout noise,
binningandwindowingcan be used. With binning, neighbouring pixels are groupéthge OSW)
and read out together, resulting in one “superpixel” betogesl in the output, e.g. a binning mode
of 2x2 will group 4 adjacent pixels together, ideally redgethe readout time and noise of the whole
chip by a factor of~ 4. With windowing, only a specific part of the CCD is read ogjaia resulting
in reduced readout time. In most cases, binning and windpwan be used in conjunction. A
different approach is applied finame transferCCDs (FT-CCDs). In an FT-CCD, only half of the
chip is exposed. At the end of the exposure, the accumuléde is transferred to the unexposed
half to be read out, while a new exposure begins. As this feans very fast (of the order of
milli-seconds) FT-CCDs have essentially zero dead-time.

In any case, the result of the readout phase is a two-dimealsaoray, consisting of digitised
values of the charge of each pixel. A CCD image is a simplelgcap representation of this 2D
array. Measurements can then be performed on this arrayuimaer of ways to extract information
about the object of interest.

2.3.2 Photometry

Photometry is a fundamental observational technique, tesatkasure the (total) flux of a specific
object over a range of wavelengths. Observations can berpaetl using a photometric filter, e.g.
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observations in the SDS$band filter allow the measurement of the flux of an object erdnge
3000A — 40004, or without one, usually calle@literlessor white light photometry. Time-series
photometry, i.e. a long series of successive images of d@fgperget, is used to constructlight
curve depicting the variation of the target’s luminosity withmg. However, before a light curve can
be obtained, the CCD data need to be properly calibratedexhated. This involves the following
steps.

Bias subtraction

The conversion of analog signal to a digital number in a CCioisa perfectly repeatable process.
In the digitisation phase, the ADC will produce a statidtitiatribution of possible answers, centred
on a mean value. Upon read out of an unexposed pixel, the eélzero collected photoelectrons
will translate into a mean value with a small distributiomamd zero. To avoid having to digitise
negative numbers (which would require a “sign bit” to be ys€€Ds have a built-in positive offset.
This offset value, the mean “zero” level of a CCD, is called biies level The bias level can be
estimated usindpias frameszero exposure-time frames - essentially, a read-out ofitlexposed
CCD chip. A mean bias frame, constructed from a large numhlgiae frames taken before (and/or
after) the science images, should be subtracted from thacimages, to remove the unnecessary
extra ADUs.

Dark-current subtraction

Dark currentis caused by electrons in the chip having enough thermagigriemmake the transition
from the valence to the conductivity band without the inggrion of a photon. As the ADC cannot
distinguish the source for any electron, these thermatreles are counted along with the photo-
electrons and introduce spurious ADUs in the final image. rhciise, the problem is alleviated
by cooling the CCD to very low temperatures using liquidagen. However, in CCDs where less
efficient cooling methods are used (peltier or water coole®€), the dark current needs to be taken
into account. This is achieved with the helpdzafrk frames Dark frames are long exposures (of the
order of several minutes) with the CCD shutter closed. Asddud current is proportional to the
exposure time, the dark frame can be scaled to match the @gtise of the science images, thus
providing a measurement of the rate of thermal electronkerstience images. The usual practise
is to combine a few dark frames in a mean frame, which is thatedaccordingly and subtracted
from each science image and flat field (introduced below).

Flat-fielding

Each pixel on the CCD chip does not have the same responsedmiing photons, i.e. the prob-
ability that a photon will create a photoelectron is différbetween pixels. In simple terms, some
pixels are more sensitive than others. This results in aumform spatial behaviour of the CCD
chip, which must be corrected before measurements of armlydda performed on the science im-
ages. The correction is achieved throligt fields exposures of the chip under a uniform source of
light. The most common way to obtain flat fields is to take expes of the twilight sky (sky flats),
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Figure 2.3: An example of a CCD image. The field is that of V 455 And (Chafjtand
the image was obtained at the 1.20 m Mercator Telescope using the MEROPETGE
straight line to the right-hand side of the image is a defective CCD column.

or use special flat-field screens provided in many obsernest¢dome flats). Similarly to bias and
dark frames, a number of flat fields is used to create a meareimagch is normalised to unity.
Any deviations from unity will correspond to different pbeensitivity. Dividing the science images
with the mean flat frame results in “flattened” images.

Aperture photometry

An example of a CCD image of a stellar field is shown in FiguB ZT’he most common way to
obtain the desired photometric signal is to empamerture photometry

As its name suggests, aperture photometry is the proceda@hg an aperture, usually
circular with a radiugt of a few pixels, around the target and summing all the couotdained
within the aperture. This suiis the total photometric signal, including the contribativom the
target and also from background sources, such as the skydén to estimate the contribution of the
sky, common practise is to use two more apertures, with rggéndrs,, which define a sky annulus
around the target, “sampling” the sky background in the imiate vicinity of the target (obviously
rt < rsi < rsz). The estimated sky backgrouBatan then be subtracted fragnyielding the desired
guantity, the photometric signhbf the target, which is usually given instrumental magnitudes

Care needs to be taken when choosing the size of the apertinesarget aperture needs to
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be large enough, so that it encompasses the whole stelldepbut not too large, so that it doesn’t
encompass a large background region. The same applieefadh defining the sky annulus. They
need to be large enough to adequately sample the sky aroendrget, but not too large, to avoid
any potential inclusion of neighbouring stellar profilegy.en crowded regions. Common practice
is to employ variable apertures, scaled according tduhevidth at half maximunfFWHM) of the
stellar profile in each image, to minimise aperture lossesaaximise the signal-to-noise ratio.

Obtaining a light curve

Performing photometry on a long sequence of images allow® useasure the (instrumental)
magnitude of the target, MAf; with respect to time, i.e. construct the target’s lightveur The
common practise is to also measure the magnitude from a piedtizally constant star, MAG
called thecomparisonstar, and calculate the light curve differential magnitudeAMag, where
AMag = MAGT — MAGc. This process, calledifferential photometrypreserves any intrinsic vari-
ability of the target but removes spurious/unwanted vianat e.g. drops of signal due to clouds.
Another advantage of differential photometry is the apitd calculate the target’s apparent mag-
nitude, if the apparent magnitude of the comparison stanisvki. This can be achieved because
CCDs operate in a linear fashfan

2.3.3 Spectroscopy

Spectroscopy is another fundamental observational tqaknivhich allows us to measure how the
flux of an object is distributed in wavelength, over a rangeva¥elengths. Observations are con-
ducted usingspectrographswhich contain CCDs to record the data, but are equippediaddily
with a slit on the focal plane of the telescope, a dispersiement in the light path of the telescope
and collimators, which allow an image on the slit to be dispdrand then re-imaged on the CCD.
Diffraction gratingsare the most common dispersion elements used. A gratingaimch
terised by a number measured in lines/mm. Tdsolutionof a spectrunm /AA, effectively the step
in wavelength between pixels, depends on the grating useblinareases with increasing number
of lines/mm. However, a higher resolution results in a naerowavelength range (using the same
CCD). For example, using the Intermediate dispersion $pgeph and Imaging System (ISIS) on
the 4.2 m William Herschel Telescope (WHT) on La Palma (Catglands) with the R600 grating
(600 lines/mm) gives a resolution 0f49,&/pixe| over a range of 2054, whereas the R1200 grat-
ing (1200 lines/mm) gives a resolution oﬂ@&/pixel over a range of 10553 As with photometry,
spectroscopic data need to be calibrated and reducedelsetmable spectrum is obtained.

2When high photometric accuracy is desired, the colour indices of thesstdrthe sensitivity of the CCD -
which varies with wavelength - need to be taken into account.

3These resolutions also depend on the pixel size of the ISIS CCDs andaasspecific slit width. Changing
the width of the slit, or changing the CCD for one with a different pixel sizd, result in different spectral
resolutions, when the same gratings are used.
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Figure 2.4: An example of a CCD spectrum. The X- and Y-directions (spoeding to
columns and rows of the CCD) indicated are known as spatial and dispelisections

respectively. The bright horizontal line in the centre of the frame is thestamgectrum,
while the black horizontal line beneath the spectrum is a bad CCD row. Thiealdines

(along the spatial direction) are sky lines. The white marks spread thoautte image are
cosmic ray hits.

Bias and dark-current subtraction

As the bias level and the dark current are inherent propesfithe CCD used, bias subtraction and,
if required, dark-current subtraction are performed indhme way as for photometric data.

Flat-fielding

Although the idea behind flat-fielding remains the same, teehanics of it change slightly for
spectroscopic observations. Flat fields are usually obthirsing Tungsten (W) lamps located inside
the spectrograph. However, as the light from the lamp gaesigh the slit and the grating, the flat
field that we obtain contains not only the slit response ardtkel-to-pixel variation of the CCD,
but also the spectral distribution of the flat lamp, which trhesremoved from the mean flat field,
before it is applied on the science data.

Obtaining a spectrum

Figure 2.4 shows a raw CCD image obtained with a spectrogr&piracting the spectrum from
the science images is the spectroscopic analogue of penfpraperture photometry: we need to
measure the total sign8land the background contributidhin order to obtain the target signial

We need to know the position of the spectrum through the imsgthat we can define the
regions from which the spectrum and the sky background draagd. In an analogy to aperture
photometry, these regions are equivalent to placing “reptkar apertures” on the image. The spec-
trum runs along the dispersion axis, but not necessarilglighto it. Therefore, we need tivack
the spectrum, i.e calculate precisely where the spectresmin the CCD. For this, we measure the
position of the spectrum along the spatial direction on eatbhmnof the image. A polynomial fit
to these positions provides the trace of the spectrum alumgispersion direction. We then need to
define therowsfrom which the spectrum and the sky brightness should beetetd. For example,
alongone column of the image, we define thews j—1, j, j + 1 to contain the spectrum, and the
rowsj—5,....j—2andj+2,...,j+5 to contain the sky background. Using the trace of the spec-
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trum obtained previously, we can extrapolate the positidh&se regions on each column along the
dispersion direction. Subsequently, we calculate theelsl by fitting polynomials to the counts in
the sky regions defined in the previous step. Finally, thetspm itself is extracted from the image,
again making use of polynomial fitting to the spectrum prddileng the spectrum trace. However,
our work is not done yet.

Wavelength calibration

The “raw” spectrum obtained at the previous stage, contdiedistribution of counts along the
pixels of the CCD. Each pixel corresponds to a wavelengthabeording to the resolution of the
spectrum, butvhich pixel corresponds tavhich wavelength exactly is unknown. To achieve this
transformation from pixel-scale to wavelength-scale, mpley calibration frames callegrcs Arcs
are exposures taken using emission line lamps within thetisggraph. The lamps usually contain
a combination of CuNe, CuAr or ThAr, which have numerous spétines with precisely known
wavelengths. Using these lines an arc map can be creatdihgepéxel position to wavelength,
which can then be applied on the science spectra to calitivaie.

2.4 Tools of the trade

2.4.1 Eclipses and the orbital period

In eclipsing systems the orbital period can be accuratalraened by measuring the times of mid-
eclipse. For the analysis presented in this thesis, migsetimes have been determined in the
following fashion: first, the observed eclipse profile wasrored in time. The mirrored profile was
then overplotted on the original eclipse profile and shitigdinst it, until the best overlap between
the two profiles was found, yielding the desired mid-eclipsint. The process is illustrated in
Figure 2.5.

Subsequently, orbital phases were computed for the mehsanes of mid-eclipse for a
large set of test periods. The most likely period and theecgolint were determined by maximising
the quantity(@gPserved— ¢fit)y=2, whereqy is the phase corresponding to mid-eclipse. Then, a linear
fit was done to the measured times of mid-eclipse versus ttle cpunt number. This fit provided
the coefficients for thephemeriof the binary, which is of the forrt = Top + E X Pyyp, With Pyp
the orbital periodE the cycle number andl the zero-point of the ephemeris, i.e. essentially the
first measured mid-eclipse time. Finally, thieserved minus calculaté®-C) values were computed
using the ephemeris. This procedure is illustrated in [GuB.

2.4.2 Radial velocities and the orbital period

Time-resolved spectroscopy, a long series of consecyi®etsa of an object, can be used to measure
the radial velocities of the binary components and the aflgéeriod of a binary system. As the
binary components orbit around the mass centre, speated ivill be shifted due to the Doppler
effect. This spectral shift is translated in different \edwof radial velocity amplitudes (the projected
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Figure 2.5: The mirroring method for measuring mid-eclipse times. Top panabtsved
eclipse (black points) is mirrored in time around an, initially, arbitrary axis (diwl&) and
the mirrored profile (red points) is overplotted and shifted against the atigiBottom
panel: when the best overlap between the two profiles has been aghievedrroring axis
corresponds to the mid-eclipse time (solid line).
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Figure 2.7: A double Gaussian of common width and fixed separation pluoaderder
polynomial (red line) is fitted to the observed profile of thelN28183.27,8194.81 absorp-
tion doublet (black line). The vertical yellow lines indicate the laboratoryeslThe shift
of the line with respect to the laboratory value is obvious.

velocity in the line of sight) for each binary component. Eacular orbits, the radial velocities
will exhibit a sinusoidal variation over the course of anigimodulated at the orbital period of the
binary’.

One method of measuring radial velocities from spectra it tine profiles of the spec-
tral lines. A fit to the line provides a measurement for theservedwavelengthAgps of the line
centre. Comparing with the corresponding laboratory @ yields the radial velocities as
Vrad = C(Aobs — Ao) /Ao. This is illustrated in Figure 2.7.

With the radial velocity measurements at hand we can oltt@ioitbital period of the binary
by fitting a sine wave of the fortyaq = y + Ksin[2mt(t — To) /Pory], Which yields thesystemic
velocityy, theradial velocity amplitude Kand theorbital period Ryp,. This is illustrated in Figure 2.8.

Measuring radial velocity variations of the stellar comeots needs sharp spectral features.

In the case of WD+MS binaries, such features in the secondiarae the NaAA 8183.27,8194.81
doublet or the Ca A\ 8498.02,8542.09,8662.14 triplet. Determining the radédcity amplitude

of the white dwarfKwp, is notoriously difficult because of the width of the Balmigieks and the
Hel lines in DA and DB white dwarfs respectively. Measurememwtsld be made if the data are of
sufficient quantity and signal-to-noise ratio [see e.g.approach outlined in Maxted et al., 2004],
or in the case of DZ white dwarfs, where lines such as the Baand K doublet (3968.@ and
3933.7A respectively), the Ce\ 4226, the Mg A 3835 and the FeA 3730 can be detected [see
e.g. Dufour et al., 2007]. The white dwarf of SDSS 1210, pné=ekin Chapter5 is a DAZ white
dwarf and measuringwp is possible. Ultraviolet spectroscopy allows accuratesaeaments of

4A striking exception of this rule is V455 And, the system presented in Ch@pter
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Kwp using narrow metal lines originating in the white dwarf p¥gghere, [O’Brien et al., 2001;
O’Donoghue et al., 2003; Kawka et al., 2008], but at the cbspace-based observations.

2.4.3 Basic equations

Here, | will collect all the equations that can be used to comihe observational information and
solve a binary system to determine its physical propertiesahat follows the orbit of the binary is
assumed to be circular.
The first fundamental equation is Kepler’s third law,
G (M1 + My) P?

a3 _ yr orb (2.1)
In a binary system with an orbital perid¥,, with stars of masM; andM,, with a; anda, being
the distance of star 1 and 2 respectively from the (commorgsrantre, we have

a=—a+a (2.2)

for the binary separation, and also

ayM; = aoM» (2.3)

Combining Equations 2.2 and 2.3 yields
a=a (M1+M2) (2.4)
M2

Observed at an inclination anglethe orbital velocity of each star is
2ma; . . 218,

Ki = L sini (@) and Ko = 2

Porb Porb

Using Equations 2.1 and 2.4, we can re-arrange the set otigge.5 to yield

sini (b) (2.5)

(M25|n|)3 _ Porbe
(M1 +Mp)?  21G

M1 (a and
My 26 M@

<Mz (b) (2.6)
where the quantities on the right on both equations are ifumebf the observabldd,,, K; andK»
only. The quantities on the left are referred tonaass functionand provide strict lower limits for
M1 andM; respectively.

Taking the ratio of Equations 2.6b and 2.6a, we obtain thesmatfoq of the system

Mz Kp

M K

The mass functions can be used in various ways to providetreams on the system parameters.
Assuming for instance that we have measured the binBgsand one of the radial velocities, e.g.
K2, and that we have an estimate k¢ andMy, for example from fitting the observed spectrum with

2.7)
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Figure 2.9: The mass function for a binary system Vil = 3h. Plotted as solid curves
are the results of Equation 2.6b over a wide rangdpfindM, values forlk, = 200kmst
andK, = 300kms?, and fori = 60° andi = 90°. Also plotted, as dotted lines, are two
cases of binary mass ratip= 0.3 andq = 0.5. Knowledge ofK, allows a given pair of
(g,i) values to be uniquely linked tM1,M,) values.

appropriate models, we can obtain an estimate for the bgiaglination angle, since Equation 2.6b
can be solved foras

Pook3 (M + Mp)2\ 7
sini = ( obTp A T T2 ) (2.8)

2nG M3

This equation is used to identify eclipsing PCEB candidaesnentioned in Section 2.2.1.

In an eclipsing system, the mass functions can also providerate measurements of the
stellar masses. K1 andK, are known from spectroscopy, then the mass igisodirectly obtained
from Equation 2.7. Eclipses provide an accudig, as well as the value of the inclination angle
i (see Section2.4.4 for an account of how this is achieved)sska can then be obtained using
Equations 2.6

3 2 3
M, — PorbK3 (14 Q) @ and M, — P;r:[IG(l (1-c:q

|
2nG  sir’i )Si o (b) (2.9)

An illustration of the above Equations is given in Figure 2.9
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In the framework of our light curve fitting codec URVE, which will be presented in detail
in the next Section, it is convenient to write the basic eiguatas functions of the code parameters.
The subscript “1” will from now on be substituted by “WD” ancdetsubscript “2” by “SEC".

First can define the sum of the unprojected orbital speedsedafto stars as

KWD @: _ (KWD + Ksec)

Ve = Wwp + Veee = G G sini (2.10)
and using Equations 2.2 and 2.5 we can write
2
Vs — L a (2.11)
Porb
We can also combine Equations 2.7 and 2.10 to write the ra€liatities as
Kwo = — 3 Vesini (@)  and  Ksso— —— Vssini (b) 2.12)
WD—1+qS sec—1+q8 .
Combining Equations 2.1, 2.7 and 2.11, we can write the nsasse
Porb 1 3 Porb @ 3
Mwp = Msec = V. 2.1

Regarding the radii of the two stansCURVE includes both radii scaled by the binary separation
rwo = Rwp/aandrsec = Rse/a. Turning this around and using Equation 2.11 we have

P P
Rwp = rwpa = ZL_’T"WDVS (8 and Rsec = rsec@ = ZL;?rsecVS (b) (2.14)

2.4.4 Light curve model fitting

General

Modelling the observed eclipse profiles allows, in prinejghe determination of the binary’s incli-
nation angle, as well as both the stellar radii. However, there are someata to be taken into
account.

Let us assume a (detached) binary consisting of a WD and a MSFRttng the primary
eclipse (the occultation of the WD by the MS star) provideslatian betweer, Ryp andRsee.
There is a degeneracy in this relation, in the sense thardift combinations afi, Rwp, Rse¢) can
yield similarly good fits, in terms of?, because a change in the radii can be exactly compensated
by a change in inclination [Ritter & Schroeder, 1979]. Teishown in Figure 2.10.

On the other hand, this means that a given inclination argigevcorresponds to a unique
pair of Rwp andRsee The most secure way of lifting this degeneracy is the dieteaif the sec-
ondary eclipse (effectively, the transit of the WD in fronttbé MS star). Simultaneously fitting
both eclipses provides a unique solution(bRwp, Rsec). The main problem here is the difficulty
in detecting the secondary eclipse, as the problem is dguivtb performing ground-based obser-
vations of an Earth-sized planet transiting an M-dwarf.stargeneral, we neeByp /Rsec to be

5To be exact, eclipses yield the radii scaled by the binary sepafajigna andRsec/a.

43



—_— e = e mm mm mm o mm m—

» T

Figure 2.10: Geometry of a primary eclipse in a PCEB. A change in the raByef Rsec
can be exactly compensated by a change in inclination angdsulting in the same eclipse
profile. Figure courtesy of Steven Parsons.
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as large as possible, which requires large white dwarf (adii low-mass white dwarfs) and small
secondary radii (i.e. very late-type MS stars). Hence, hiserful geometric constraint can only
be applied in very few cases.

One additional, independent constraint that can be usedgitive fitting process isllip-
soidal modulation a variation of the out-of-eclipse brightness, arisingrfrthe fact that the sec-
ondary is tidally distorted and presents a different ared {@nce we observe varying flux) during
the orbital cycle, which gives a relation betwdeandRse. Examples of ellipsoidal modulation can
be seenin Figure 4.1.

Knowledge ofKwp andKsec can provide thegravitational redshiftof the white dwarf.
Fits to the radial velocities provide the systemic velesifor both stars; the difference in systemic
velocitiesywp — Ysecis usually interpreted as the gravitational redshift offie. According to gen-
eral relativity, the gravitational redshift of the white difiis given byz ~ 0.635(Mwp /M) (Rwp/Rs) [km/s]
[Koester, 1987]. Thus, for giveninclination angle, Equation 2.9 gives a specific WD mass (the
mass ratio is known from the radial velocities), and throtiyh light curve modelling &pecific
WD radius. The gravitational redshift for this combinatidrparameters can then be calculated and
its value can be compared to the valuezafbtained from spectroscopy. Hence, the gravitational
redshift provides an additional constraint.

Unfortunately, as explained previously, radial veloatfer white dwarfs are difficult to
obtain. Thus, in most cases, the photometric and specpisobservational data set consists of a
light curve, showing only the primary eclipse and the radédcity measurements for the secondary
star alone. In this case, the mass ratio is also unknown harg/stem cannot be solved fully. Masses
and radii can only be obtained as a range of possible valuddarje uncertainties (accuracy of the
order of 20%) and M-R relations need to be invoked in the mece

LCURVE

Model fits to light curves presented in this thesis have begfopmed using Tom MarshisCURVE
code [see Copperwheat et al., 2010, for an account]. Iniaddi the two stars, the code offers the
option to include accretion components (disc, bright sfmtjhe analysis of cataclysmic variables.
The program treats each star as a sphere and sub-dividesstiall elements, the number of which
is controlled by the user. Each sphere has its geometry fixéid badius, which is measured along
the line of centres and towards the other %tathe code allows for the distortion of Roche geom-
etry (departures from spherical symmetry) and for irradrabf the main-sequence star using the
approximationoTeg,= 0T+ Fir, WhereTl. is the modified temperature affgc the temperature
of the unirradiated companiom, is the Stefan-Boltzmann constant aRg is the irradiating flux,
accounting for the angle of incidence and distance from thieevdwarf. The white dwarf is treated
as a point source in this calculation and no backwarming efithite dwarf is included. The latter
is invariably negligible, while the former is a necessafjnement given the approximation inherent
in treating the irradiation in this simple manner.

The code computes a model based on input system paramepptiediby the user. The
physical parameters, which define the models, are the mssgra- Mse¢/Mwp, the orbital in-

6This treatment effectively scales the radii by the binary separation
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clinationi, the stellar radii scaled by the binary separatigny = Rwp/a andrsec = Rse/d, the
unirradiated stellar temperatures of the white dwarf amdsétcondary stafiyp andTsedassuming
black body spectra), the “velocity scag defined in Equation 2.10, the time of mid-eclipse of the
white dwarfTg and the distancd. The code accounts for the distance simply as a scalingrfideo
can be calculated very rapidly for any given model, and soétschot enter the optimisation process.
The code also includes limb darkening (up to four coeffiddat each star) and gravity darkening
parameters. The user has full flexibility as to which paramsewill be optimised by the fit, and
which ones will be kept fixed at the initial value. Howeverpitally, the light curve of a given
system does not contain enough information to constraiofalie parameters simultaneously. For
instance, for systems with negligible irradiation, fittiRgp andTsec Simultaneously is degenerate,
since a change in the temperatures can be exactly compeéisedechange in distance.

The accretion disc is modelled as a symmetric, flattenedwiitcuser-defined inner and
outer radii scaled by the binary separation. In betweerethadgii, the height of the disc follows a
power-law in radius, i.eh(R) = hoRP, with bothhy andb being parameters of the model and both
scaled by the binary separation. The surface brightnedseaodlisc is also treated as a power-law
in radius, with the overall level defined by the temperaturtha outermost disc radius, translated
into a surface brightness assuming a blackbody spectrunctlsspeaking, this is just a way of
normalising the overall flux contribution of the disc, butisStmore convenient to think of it in
temperature terms.

The bright spot is modelled as a series of elements whicldiegea line in the orbital plane.
The lengthl of this line (in units of binary separation) is a model partaneThe geometry of the
elements is defined by three angles: the agglaade by the line of elements of the spot, measured
in the direction of binary motion, relative to the rim of thesal (¢ = 0 indicates that the line of
elements is tangential to the disc); the anglalefined as the angle away from the perpendicular to
the line of elements, at which the light from the bright spdiéamedy) = 0 indicates perpendicular
beaming); and the angts, which allows the spot to be other than perpendicular to ibe(h = 90
means a perpendicular spot, while< 90 means that the spot is visible for more than half a cycle).
The surface brightness of the spot elements scal8$a&«/1)P exg—(x/1)]Y, wherex s the distance
along the line defining the bright spot, afdndy are two power-law exponents included as model
parameters. The distance between the white dwarf and tim pbmaximum surface brightness
(occurring atx = | (B/y)¥Y) is used to define the bright spot position within the binamg & a
model parameter.

Fitting routines

Starting from the parameter set, model light curves aredfittethe data using the “downhill”-
SIMPLEX (SIM) andLEVENBERG-MARQUARDT (LMQ) methods [Press, 2002].

As its name suggests, SIM uses the notion of a simplex, a geicaidigure consisting,
in N dimensions, of N+1 points (or vertices) and all theienmtbnnecting line segments, polygonal
faces etc, e.g. a triangle is a simplex in a 2-D parameterspa@ N-dimensional parameter space
the minimisation is achieved iteratively by evaluation dfiaction f (x) defined by the simplex. At
each step one pointof the simplex, where the functiofi(x) is the largest, is moved around the
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parameter space, and the function is re-evaluated withithefdx) < f(x) (downhill direction).
An appropriate series of such steps will converge to a mimmthis method requires only function
evaluations, not the calculation of function derivativasd it is, therefore, a quick way to get a fit
going. However, SIM does not provide any insight on the typde minimum (local or global).

LMQ is a standard non-linear least squares fitting algorjtimterchanging between the
inverse-Hessian algorithm (which requires calculatiothef Hessian matrix i.e. the square matrix
of second-order partial derivatives of a function) and tlethud of steepest descent (which requires
the calculation of the gradient of a function). The latteused far from the minimum, switching
continuously to the former as the minimum is approached. dwawbacks of LMQ is that conver-
gence might be very slow - or not reached at all - if the stgrtiaint (the initial model parameters)
is too far away from a minimum and that, if a minimum is reachedffers no insight on whether
the minimum is a local or the global one. On the other hand, L&4@ provide both a first esti-
mate of parameter uncertainties and a covariance matriky, thé correlations between the various
parameters.

Markov Chain Monte Carlo

The usual work-flow is a three stage process and entailgwgtaine fitting process with SIM to locate
a minimum in the parameter space and use this result as ttiegaoint for LMQ. LMQ will then
explore the parameter space around the minimum and prowickrtainties and correlations on the
parameters, which are in turn fed tdvearkov-Chain-Monte-Carl§MCMC) process, used for final
minimisation (as MCMC is more likely to converge to the glblmenimum than LMQ) and a robust
calculation of uncertainties.

MCMC [see e.g. Ford, 2006, and references therein for awgvsea random walk process,
where at each step (jump) a set of model parameter valuesusmdrom a normal, multi-variate
distribution. The selection is governed by the covariarntayaof the parameters. Each jump is
multiplied by a scale factor, and it is either accepted ceatgjd based on a transition probability.
Roberts et al. [1997] have shown that for multi-variate nhathe scale factor is optimally tuned
when the acceptance rate is around 0.23. The correct sadlihg jump distribution is very crucial,
as one needs to find the balance between adequately sanmpdipgtameter space, converging to
a solution and keeping the acceptance rate near the optahad.vThe key to this is to obtain an
accurate covariance array. Starting with the covarianceduyzed by LMQ, one can run repetitive
“trial” chains and each time update the covariance arrax.em accurate covariance array (and by
extention an accurate jump distribution) has been féuae can proceed with the “production” run
of final minimisation and the calculation of the values andartainties of the model parameters.

The MCMC chains presented in Chapter 5 has been performadiaih Marsh’'s.cmMcmMmc
code. Jumps in parameter space are accepted or rejecteddidepepon a posterior probability
(in the Bayesian framework, the probability of the modelgmaeters, given the data DP(6|D))
evaluated through a combination f and a prior probability of the modél(8), that is based on
previous knowledge of the model parameters and is defineddryaupplied code. Using a normal

"When the covariance array changes only slightly between consechirsg usually achieved after 3-4
trial runs
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(Gaussian) probability density function (PDF) with mgeand variance? of the formP (p, 02) O
exp[— (x — u)2/202}, we can define a “prior” aByior = —2%In (P(8)) = ((X— W) /o)?, where
x is the calculated value from the modgljs the observed value aralthe error on the observed
value. The posterior probability is definedRgst = —2xIn (P(6|D)) = X2 + Porior- DefiningPF‘)Ost
and ngslt as the posterior probabilities of steandi — 1 respectively, then a jump from- 1 toi

is immediately accepted &P = Pg,ost— Pri,gét < 0« AP = —2xIn(P(8|D); /P(8|D);_,) < O,
or in the equivalent formdP = Ax? + APyrior = (X2 — X2.1) + (PriJrior - P:)ﬁgr) <0.1fAP >0,
then the jump might be conditionally acceptedy ik exp(—AP/2) with u a random number and
u € [0,1]. This treatment of the transition probability (the rulettbacides whether or not a jump
is accepted) is effectively a modified version of the (stadddetropolis-Hastings rule, which is
based solely ow?, P O exp(—Ax?/2).

An implementation of the above discussion of priors in theNMACTcode could arise in the
case where both radial velociti&g,p andKsec have been measured by spectroscopic observations.
Thus in thej—th step of the MCMC chain, the value Bfyp andKgec can be calculated from the
corresponding model valueg,ij,Vs j and Equation 2.12 and compared against the observed values

and errors of the radial velocities, in a prior of the foRgior = ((KV'\",SD — KSES) /errngvg)2 +
((kSP — KGES) ferrges)”

Similarly, both stellar masses can be calculated at gtiepm g, Vs ; and Equations 2.13
and both stellar radii as well, fromwp j,rseqj, Vs j and Equations 2.14. Thus, a prior for the grav-
itational redshift of the white dwarf or a prior enforcing ass-radius relation for either star can
easily be implemented.

2.4.5 Fourier transforms

Periodic variability detected in light curves, such as tighriations due to the presence of WD
pulsations, can be studied using time-series analysigsigebs based oFourier transforms

A Fourier transform (FT) decomposes a sigr@) into sine waves. At a given frequency
w one can find a set of valués, @) or (A,B) such that the sinusoid cos(wt — @) = Acoswt +
Bsinwt best fits the data(t), wherea = +/AZ + B2 and tarp = B/A. If this process is repeated for
a sufficient number of frequencies, then the signal can be decomposed as

1 1 .
X(t) = N zaj cos(wjt — @j) = N 2 (Aj coswjt + Bjsinw;t) (2.15)
with the Fourier coefficients; andBj computed as
Aj = ZXkCOS(x)j | 0% and Bj = ZXkSian‘ ty (2.16)
wherex, = x(tk). The Fourier coefficients are effectively the correlatidrtte signalx with a
sine or cosine wave of frequenay - if there is a good correlation then the corresponding Fouri
coefficient is high and gives a large contribution to the snquation 2.15.

Discrete Fourier Transform¢DFTs) are used to decompose discrete signals, e.g. time-
series photometric or radial velocity measurements. Ircase, the discrete signal under scrutiny is
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the light curve of an object. The light curve can be viewedsergs oN numbers (k = 0,...,N — 1)
obtained over a time-span so thatx is the differential magnitude in bikcorresponding to a time
pointty = KT/N. The time-step it = T/N, the frequency-step i8f = 1/T and the highest
frequency needed for a complete description of the signaheyDFT isfy,, = %N/T. This fre-
guency, equal to half theamplingfrequency defined by the spacing of theis called theNyquist
frequency

Certain complications arise when dealing with astronofrdeda, mainly due to the way
the data are obtained, which need to be taken into accounttebafiy meaningful interpretation of a
DFT can be carried out. To better illustrate these compdinatit is prudent to introduce theindow
function The window function is essentially the DFT of a single swidgof arbitrary, but given,
frequency) sampled in the exact same way our data set is edmidiext, we will use the window
function and construct (“fake”) data sets to investigatms®f the possible pitfalls of astronomical
time-series analysis. For clarity, the whole processusithted in Figure 2.11.

The first thing to consider is that objects can only be obskfwea finite amount of time - in
our case, as long as it's dark and the object is visible! THéxts the accuracy in which a frequency
can be detected in the DFT. Long data-sets allow more aecdea¢rminations, and the DFT consists
of narrow peaks. The shorter the duration of observatitresbtoader the peak (Figure 2.11, Panels
I-A, 1-B). This has a direct effect on our ability to resolvi®sely spaced frequencies (Figure 2.11,
Panels II-A, 1I-B).

Secondly, the sampling of our data set is limited by the dytfecof the observations, i.e.
exposure time plus the read out time of the CCD. Signals wébfuencies higher than the (corre-
sponding) Nyquist frequenayannotbe resolved. The quick-and-easy way to avoid complications
would be to restrict the DFT to frequencies up to the Nyquesgifiency. However, things are more
complicated. It can be shown that, if a frequency is deteatdd= Fyygq + Af, the DFT will also
produce a peak d' = Fyyg — A f, whereFyyq is the Nyquist frequency. Thus, the DFT is mir-
rored around the Nyquist frequency, which can result in gdveen high-frequency signals (such as
the spin signals of rapidly rotating WDs) being “down-scat¥, and introduce “phantom-peaks”
in the DFT, which are very easily mis-interpreted (FigurEl? Panel I11).

Another consideration is the fact that often the light cuofea target is sampled in an
uneven way and can contain gaps, e.g. due to clouds or dayligh amount of data on either side
of the gap might only determine a frequency with an accurdughvis not sufficient to count, with
certainty, the number of cycles across the gap. This antyigatroduces aralias- patternin the
DFT, i.e. additional peaks with separations in frequenayesponding to one cycle more or fewer
across the gap (Figure 2.11, Panel IV).

Real astronomical data can suffer from all the above meeti@mases, resulting in complex
DFTs (Figure 2.11, Panel V). The interpretation of such D&iid the identification of real, periodic
signals needs to be approached with care.

On a final note we should mention, that DFTs of sharp, nonssilal features, such as
eclipses, in a light curve will produce peaks in the “cortdotquency (in the case of eclipses
this would be the orbital frequency), but power might alsodeéected at integer multiples of the
(fundamental) frequency, known harmonics

The time-series analysis of light curves presented in thésis includegpower spectra
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Figure 2.11: Discrete Fourier Transforms of artificial data sets, urat@us assumptions.
Panel I: DFT of a single sinusoid, sampled for 3h (I-A) and 4d (I-B3n& II: DFT of
two sinusoids, separated by #'d sampled for 15h (1I-A) and 2h (1I-B). The DFT in Panel
[I-B fails to resolve the input frequencies. Panel lll: The “real” sioid atf = 1660d!

is mirrored atf’ = 500d1, due to the Nyquist frequency of observations befingg =
1080d ! (dashed line). Panel IV: DFT of a single sinusoid sampled over 3d arehtheng
alias-pattern. The data set also included gaps during the observat®ts clouds. Panel
V: DFT of five different sinusoids with different amplitudes, irregulargmgpled over an
interval of 9d, including gaps due to clouds. Notice how the highest pdake ®FT do
not always correspond to the input frequencies (marked as dottejl lines
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Figure 2.12: Panel A: light curve of a candidate pulsating WD in the dettéie+MS
binary SDSSJ1117-1255. Panel B: the power spectrum (DFT) of thedigve, with the
window function (red) scaled to match the highest peak. Panel C: a mpeetrum of
a simulated light curve, obtained from re-shuffling the flux values of tigiral, used to
estimate the white noise level in the DFT. Panel D: a power spectrum of a sichligte
curve obtained from applying a bootstrap method on the original, usedrfmra robust
estimation of the (peak) frequency and error.

(straightforward DFTs) an&cargle periodogramfScargle, 1982] and has been performed using
the MIDAS/TSA utility [Schwarzenberg-Czerny, 1993].

We will now take a closer look at the use of time-series angliechniques through an
example, illustrated in Figure 2.12.

In the top panel of Figure 2.12 we plot a light curve of a degaclVD+dM binary. The
light curve clearly displays variations in the observed flatthough the photometric quality could
be considered mediocre. However, we will see that DFTs ctettsignals even if the data quality
is not the best. We transformed the light curve to a fractianglitude scale (dividing by the mean
and subtracting 1) and calculated a power spectrum (DFgu(Ei2.12, second panel from the top).
The window function (scaled to match the highest peak) isploted in red. Indeed, the power
spectrum reveals a very strong peak located at frequEney 103d-! corresponding to a period
P ~ 14min ~ 840s, with the powérp beingp = 9.78 x 10~° and the amplitude\ = 2,/p=
19.77mma, where the units [mma] stand for milli-modulation ditnge and correspond to a 0.1%

8power, denoted with lower-cage should not be confused with period, denoted with upper-Base
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change in intensity (equivalentlgy indicates a~ 2% change in intensity). Both the frequency and
amplitude of this peak are consistent with the values oleskirvZZ Ceti-type pulsating WDs.

The DFT shows a number of other peaks, albeit with considgtabs power. The most
prominent, appearing to be in excess of the window functisrat F ~ 135d1, P ~ 11min,
p=233x10° A = 9.6mma. The immediate question is whether these peaks reprsige
nificant detections. To answer this question, one needditoas the noise level of the DFT. This
is achieved using a shuffling technique, where each (egisfiiactional intensity valud is ran-
domly re-assigned to a different (but existing) time valtieys a pair(t;, fj) with fi = f (t) and
i =0,...,N—1is transformed to a paift;, fj) with f; # fiandj = 0,...,N—1. All time and
fractional intensity values are used. This shuffling dgstiany coherent signals, but keeps the same
time-sampling and noise properties as the original data Bee¢ third-from-the-top panel in Fig-
ure 2.12 displays the DFT of one such simulated data set. ifleesshces with the original DFT are
obvious. We will examine two different approaches using tachnique.

e The cumulative highest powdilCHP) method - DFTs of simulated data sets are calcu-
lated for a large number of sets (in this case, 5000) anditpgestvalue of power of each DFT
is recorded. We then use a (normalised) cumulative prababistribution to obtain the 68.2%,
95.4% and 99.7% confidence levels of the recorded power s/altigs is displayed in Figure 2.13.
For simplicity, we will sometimes be referring to these cdafice levels as 1-, 2- and®levels,
although (strictly speaking) this only applies to a Gaussistribution, and the power distribution
in the DFTs is not necessarily (exactly) Gaussian. The 9&G@fidence level (*33") is considered
the detection threshold.

e Themean of the average powearethod (MAP)- DFTs of simulated data sets are calcu-
lated for a large number of sets (for our example, again, p@@d an average (over frequency)
DFT is created, that is a frequenéy in the averaged DFT has an averaged power valup, of

N
p= <Z)pi> /N whereN is the number of DFTs ang; = p(F;) in each of theN DFTs. Fig-
if

ure 2.14 shows the original DFT with the averaged power specsuperimposed. In the scale
of the original DFT the average spectrum collapses into mitgt” line. The mean power of the
average spectrum is then calculated, and three times the poggr is set as the detection threshold.
To have an overview of how the two methods compare to each,otfeesummarise the
results of 4 different applications in Table 2.1. CHP caniegved as a somewhat conservative esti-
mate of the detection threshold, as it targets the highdsé e powerregardlessof the frequency
where this power is detected, which could lead to an ovenesion of the threshold in our region
of interest. This can be seen Table 2.1 in the downward @visi the threshold, when we constrain
the DFT in a frequency area arouRgdandF. As CHP essentially answers the question “what is
the probability that a peak detected at a certain frequerittygiven power is a spurious detection”,
it is common to apply the CHP method in a narrow region arotmedpieak under scrutiny. On the
other hand, the MAP method retains the frequency informaso it is less sensitive to changes of
the DFT range (the mean of the frequency averaged power -hentthteshold - is identical in the
two MAP applications). However, information on the highgsiver value in a frequency bin is lost,
as (spurious) detections with high power will be averagedaad not have an adverse effect on the
mean power, which could lead to an underestimation of thestiold. A combination of the two
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Figure 2.13: 68.2%, 95.4% and 99.7% confidence levels obtained fromghestvalue

of power in DFTs, calculated from simulated data sets using the shufflingiteeh We
refer to these confidence levels as 1-, 2- aral8vels, without necessarily suggesting that
the power distribution is Gaussian. The 99.7% confidence levet'{)'3s considered the
detection threshold.
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Figure 2.14: The average DFT, calculated from simulated data sets usirsiufféng
technique and overplotted on the original DFT. Three times the mean of treggaveower
is set as the detection threshold.
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Table 2.1: A comparison between the cumulative highest power (CHP) anci¢lan of
average power (MAP) methods. Given are the frequency range @Rfiethe number of
shufflings N, the mean M and standard deviation STD of either the highesrg@€HP)

or the average power (MAP), the value¥ M + 3 x STD, the detection threshold (99.7%
confidence level for CHP, 8 M for MAP) and whether the two most prominent peaks
F, = 103dt andF, = 135d! are considered significant detections.

y

Method Range[d] N M STD \Y; Threshold

CHP 0-2160 5000 2 x10° 42x10°% 33x10° 36x10°
CHP 50-150 5000 9x 10°% 52x10°% 25%x10° 29x10°
MAP 0-2160 5000 Bx10°® 1.9x107 39x10°6 1.0x10°
MAP 50-150 5000 Bx10°% 51x108 35x10°% 1.0x10°

< < <<
<=<zz|D

methods could be a reasonable approach, i.e. identifyiaggthat pass the threshold limit obtained
through MAP and subsequently applying CHP in narrow areasrat these peaks. In any case, the
“golden rule” before attributing physical status to anyedtion in a DFT ignultiple detectionsver
many observations.

As is seen in Table 2.1 the characterisatiofof= 135d 1 in our example as a significant
detection is ambiguous and depends on the method used. &rethnique that is often employed
is to subtract the strongest signal of a DFT (in our dase- 103d 1) and calculate a new DFT of
the residuals. This is achieved by fitting and subtractinga wave with the characteristicE @nd
p/A) of the strongest peak from our data. The process is calledvhiteningand is illustrated in
Figure 2.15.

It is clear that the pre-whitening process removes a sigmifiamount of power from the
peak atF, = 135d1, while the rest of the DFT remains largely unaffected. Thisld be an
indication that the peak & is a combination of the window function with another low-dityae
component. We will once again refer to the golden rule, mldtbbservations are needed before
any safe conclusions can be drawn abigut

The final step in our analysis is to obtain a robust estimatfdahe frequency (period) of the
signal and the associated error. This is usually achievied) tse bootstrapmethod [Press, 2002].
From a light curve containin§yl pairs of time and flux value§;, f;) we create a simulated data
set byrandomlyselecting asubsetof the (t;, fi) pairs. To keep the number of poinltsconstant,
some pairs of the original light curve get selected more thrage, while others do not get selected
at all. The DFT of the simulated data set is then calculatede@mple is shown in Figure 2.12,
bottom panel) and the position of the peaks under scrutitgchoStraightforward statistics, mean
and standard deviation, are then used to obtain an accuakte of the frequency (taken to be the
mean) and its error (taken to be the standard deviation).rdhdts of 5000 bootstrap iterations for
our example are presented in Figure 2.16. In the Figure, dieate the positions where the peaks
F, andF, were detected in each of the bootstrap iterations. Statigtelds the following results:
F1 = 10295+ 1.39d"! andF, = 13551 + 2.64d1, corresponding t® = 8392 4+ 11.3s and
P, = 6376 +124s.
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Figure 2.15: Original DFT (black) and re-calculated DFT (red) afteryhitening the data
with a sine wave matching the characteristics of the highest peak.
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Figure 2.16: The DFT of the original data set, focused ardanandF,. The small tick-
marks above the peaks indicate the position where the peaks were detattegdtie boot-
strap tests. For each peak, we indicate the mean value (solid line) and tihardteaviation
(dashed line).

We now have a full arsenal of methods and techniques, whidhb&iemployed in the coming
chapters to measure stellar and binary parameters.
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Chapter 3

Observational Data set

3.1

Introduction

In this Chapter, | will collect all the photometric and spgestopic observations that will be pre-
sented in the thesis.

3.2

Telescopes

The photometric and spectroscopic data have been collattia following telescopes (in alpha-
betical order):

APO: 3.50 m Telescope, Apache Point Observatory, New Mexico, US

BR: 0.40 m Telescope, Braeside Observatory, prev. in Flag#taffona, now in Orderville,
Utah, US

CA2.2: 2.20 m Calar Alto Telescope, Calar Alto, CAHA, Almeria, Spai

FTN: 2.00 m Faulkes Telescope North, Haleakala ObservatoryakiduS

HT: 2.40 m Hiltner Telescope, MDM Observatory, Kitt Peak, AnapUS

IAC80: 0.80 m Telescope, Observatorio del Teide, Tenerife, Spain

KY: 1.20 m Kryoneri Telescope, Korinth, Greece

LO: 1.52m Loiano Telescope, Bologna, Italy

LT: 2.00 m Liverpool Telescope, Observatorio del Roque de loshdahos, La Palma, Spain
MCD: 2.10 m Otto Struve Telescope, McDonald Observatory, Fovid)dexas, US

MER: 1.20 m Mercator Telescope, Observatorio del Roque de loshkkiims, La Palma,
Spain

MLO: 1.00 m Telescope, Mount Laguna Observatory, San Diegofd@aith, US

58



e NOT: 2.50m Nordic Optical Telescope, Observatorio del RoqueodeMuchachos, La
Palma, Spain

e OGS: 1.00 m Optical Ground Station, Tenerife, Spain

e OLT: 1.20 m Oscar Lihning Telescope, Hamburg, Germany

e RTT: 1.50 m Russian-Turkish Telescope, Bakyrlytepe, Turkey

e SPM: 2.10 m Telescope, San Pedro Martir, Baja California, Mexico

e USNO: 1.55 m Telescope, Naval Observatory Flagstaff Statiorggtédf, Arizona, US

e WHT: 4.20 m William Herschel Telescope, Observatorio del Roqeidod Muchachos, La
Palma, Spain

e WS: 0.80 m Wendelstein Telescope, University Observatory lurermany

3.3 Observations

Table 3.1 collects all the observations of the seven systgesented in this thesis. These include
data pre-dating the start of my PhD in May 2007, as well as daliacted afterwards either by
myself or by collaborators. The telescope acronyms areetdefined in the previous Section. The
vast majority of KY data after Sep. 2004 have been obtainechyself, with the exception of the
2009 and 2010 data. Furthermore | have obtained the Aug. @872 data on SDSS 0110 and
SDSS 0303; the Oct. 2007 MER data on SDSS 0110 and SDSS 0&03;th2008 WHT data on
SDSS 1548; the May 2010 WHT data on SDSS 1210; and the Sep. 2070datiE on V 455.

Table 3.1: Log of all the photometric and spectroscopic ola®ns.

Given are an ID number, the date of observation, the telesdbp filter

(photometry) or grating (spectroscopy), the duration feslsations, the
exposure time and the number of frames collected.

ID Date Obs. Filter/Grating  Duration [h] Exp.[s] Frames
SDSS0110-Chapter 4

01 2006 Aug 04 1AC80 2.92 420 25
02 2006 Aug 05 IAC80 3.77 60 170
03 2006 Aug 10 1AC80 1.47 420 13

I
I
I
04 2006 Aug 15 1AC80 I 1.71 420 15
I
I
I
I

05 2006 Aug 16 1AC80 1.47 420 12

06 2006Sepl1l5 CA2.2 3.49 60 130
07 2006 Sep16 CA2.2 8.15 45-55 312
08 2006 Sepl7 CA2.2 8.08 25-60 582

09 2006Sep26 WHT R600B/R316R 0.67 1200 2
continued on the next page. ..
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Table 3.1: (... continued)

ID Date Obs. Filter/Grating  Duration [h] Exp.[s] Frames
10 2006 Sep27 WHT R600B/R316R 0.67 600 4
11 2006Sep29 WHT R600B/R316R 0.34 600 2
12 2007 Aug20 CA2.2 BV 1.94 25 159
13 2007 Aug2l1 CA2.2 BV 1.19 25 101
14 2007 Sep03 WHT R1200B/R600R 0.56 1000 2
15 2007 Sep04 WHT R1200B/R600R 1.12 1000 4
16 2007 Oct09 MER clear 2.75 40 150
SDSS 0303 - Chapter 4
01 2006Sepl1l2 CA2.2 clear 491 15-35 443
02 2006 Sep14 CA2.2 clear 0.87 45-60 63
03 2006 Sepl1l5 CA2.2 clear 0.87 60 44
04 2006 Sep18 CA2.2 R 3.34 50-60 165
05 2006Sep26 WHT R600B/R316R 0.67 600 4
06 2006 Sep27 WHT R600B/R316R 3.00 600 18
07 2007 Aug22 CA2.2 BV 0.82 30 63
08 2007 Aug26 CA2.2 BV 1.24 35 84
09 20070ctl5 MER clear 1.35 55 60
SDSS 1210- Chapter5
01 2009 Apr 01 LT V+R 1.00 5 708
02 2009 Apr 02 LT V+R 1.00 5 1416
03 2009 Apr 03 LT V+R 1.00 5 1416
04 2009 Apr 04 LT V+R 1.00 5 1416
05 2009 Apr 05 LT V+R 1.00 5 2124
06 2009 Apr 06 LT V+R 1.00 5 708
07 2009 Apr29 WHT R600B/R1200R 0.25 900 1
08 2009 May 02 WHT R600B/R1200R 0.75 900 3
09 2010Apr23 WHT R600B/R1200R 0.17 600 1
10 2010May 18 WHT R600B/R600R 3.00 900 12
11 2011 Feb 06 LT V+R 1.00 5 720
12 2011 Mar 02 LT V+R 1.00 5 720
13 2011 Apr02 LT V+R 1.00 5 720
14 2011 May 08 LT V+R 1.00 5 720
15 2011 Jul 03 LT V+R 1.00 5 720
SDSS 1435 - Chapter 4
01 2006Jul04 WHT R1200B/R600R 0.20 720 1

continued on the next page. ..
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Table 3.1: (... continued)

ID Date Obs. Filter/Grating  Duration [h] Exp.[s] Frames
02 2006Jul05 WHT R1200B/R600R 0.25 900 1
03 2007 Feb 16 IAC80 I 1.34 90 451
04 2007 Feb 17 IAC80 I 4.90 90 162
05 2007 Feb 18 IAC80 I 5.64 70 226
06 2007 May 18 CA2.2 V 0.18 15 9
07 2007 May19 CA2.2 BV 0.40 12 48
08 2007 May 19 CA2.2 clear 0.22 12-15 27
09 2007Jun23 WHT R1200B/R600R 1.67 1200 5
10 2007Jun24 WHT R1200B/R600R 0.67 1200 2
SDSS 1548 - Chapter 4
01 2006Jul02 WHT R1200B/R600R 0.34 1200 1
02 2006Jul03 WHT R1200B/R600R 0.42 1500 1
03 2007Junl19 WHT R21200B/R600R 1.00 1200 3
04 2007Jun20 WHT R1200B/R600R 0.67 1200 2
05 2007Jun21 WHT R21200B/R600R 1.34 1200 4
06 2007Jun22 WHT R1200B/R600R 1.34 1200 4
07 2007 Jun23 WHT R21200B/R600R 0.34 1200 1
08 2007Jun24 WHT R21200B/R600R 0.67 1200 2
09 2008 May 08 IAC80 \Y, 5.99 300 71
10 2008 May 10 IAC80 R 5.47 300 64
11 2008 May 12 IAC80 R 0.34 300 5
12 2008 Jun26  NOT clear 3.50 90 140
13 2008 Jun 29 NOT clear 0.95 115 30
14 2008 Jul05  WHT R 0.95 5 247
HS 2325 - Chapter 6
01 2003 Sep 05 KY clear 6.31 30 646
02 2004 Jun 10 KY clear 0.80 30 75
03 2004 Jun1l KY clear 4.32 30 390
04 2004 Jun 12 KY clear 2.82 30 270
05 2004 Jul 25 KY clear 3.70 30 380
06 2004 Jul 27 KY clear 6.60 30 650
07 2004 Oct 21 KY clear 6.75 20 988
08 2004 Oct 22 KY clear 6.35 20 850
09 2004 Oct 23 KY clear 5.82 20 803
10 2005Sep05 CA22 clear 10 572 1
11 2005 Sep 11 HT 600 I/mm 2.00 360/480 17

continued on the next page. ..
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Table 3.1: (... continued)

ID Date Obs. Filter/Grating  Duration [h] Exp.[s] Frames
12 2005 Sep 12 HT 600 I/mm 3.62 360/480 31
13 2005Sep 15 NOT clear 1.65 4 564
14 2005Sep 16  NOT clear 3.97 4 1308
15 2006 Aug 23 KY clear 7.21 30 711
16 2006 Oct 28 KY clear 6.14 30 578
17 2007 Jan 24 HT 600 I/mm 0.24 360/480 2
V 455 - Chapter 7
01 2000 Sep 25 BR R 7.65 54 510
02 2000 Sep 28 BR R 5.21 89 211
03 2001 Nov 21 BR clear 3.75 89 152
04 2001 Nov 22 BR clear 494 59 302
05 2002 Oct 15 KY clear 3.30 35 340
06 2002 Oct 16 KY clear 3.60 30 432
07 2003 Aug 14 KY clear 3.71 13 1029
08 2003 Aug 15 KY clear 3.65 13 1012
09 2003 Aug 16 KY clear 3.53 13 980
10 2003 Aug 17 KY clear 3.42 13 948
11 2003 Aug 18 KY clear 451 13 1249
12 2003 Aug 19 KY clear 4,73 13 1311
13 2003 Aug 20 KY clear 5.17 13 1432
14 2003 Oct 12 BR clear 9.35 61 552
15 2003 Oct 13 BR clear 8.88 59 542
16 2003 Oct 15 BR clear 7.30 59 446
17 2004 Aug24 OGS clear 6.30 16 1419
18 2004 Aug 25 USNO clear 3.66 52 254
19 2004 Aug 26 USNO clear 5.11 52 354
20 2004 Aug27 OGS clear 3.80 16 856
21 2004 Aug 27 USNO clear 5.14 52 356
22 2004 Aug28 OGS clear 7.22 16 1626
23 2004 Aug 28 USNO clear 5.41 52 375
24 2004 Aug29 OGS clear 5.31 16 1196
25 2004 Aug29 WS clear 1.09 30 131
26 2004 Aug30 OGS clear 7.87 16 1772
27 2004 Aug30 OLT clear 2.05 22 337
28 2004 Aug31 OGS clear 6.39 15 1534
29 2004 Aug 31 USNO clear 8.62 52 597
30 2004Sep01 OGS clear 7.33 16 1650

continued on the next page. ..
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Table 3.1: (... continued)

ID Date Obs. Filter/Grating  Duration [h] Exp.[s] Frames
31 2004 Sep 01 OoLT clear 3.04 22 498
32 2004Sep02 OLT clear 3.86 22 633
33 2004 Sep 06 WS clear 7.36 30 884
34 2004Sepl1l0 OLT clear 4.16 22 682
35 2004 Sep 10 ws clear 8.51 30 1022
36 2004 Sep 11 LO clear 6.38 21 1094
37 2004Sepll MLO clear 3.57 6 2147
38 2004 Sep 11 WS clear 2.04 30 245
39 2004 Sep 12 LO clear 2.50 21 430
40 2004 Sep12 MLO clear 4.94 6 2969
41 2004 Sep12 OLT clear 6.61 22 1083
42 2004 Sep12 SPM \Y, 3.19 18 638
43 2004 Sep 13 KY clear 4.06 14 1046
44 2004 Sep 13 LO clear 7.06 21 1211
45 2004 Sep 13 MLO clear 5.88 6 3532
46 2004 Sep13  OLT clear 3.06 22 501
47 2004Sep1l3 SPM \Y, 7.81 18 1563
48 2004 Sep 14 KY clear 7.98 14 2053
49 2004 Sepl1l4 MLO clear 5.69 6 3417
50 2004 Sepl14 OLT clear 7.46 22 1222
51 2004 Sep14 SPM Y 7.49 18 1498
52 2004 Sep 15 KY clear 7.61 14 1958
53 2004 Sep 15 LO clear 1.27 22 208
54 2004 Sep15 MLO clear 412 6 2476
55 2004 Sepl1l5 OLT clear 2.78 22 456
56 2004 Sep15 SPM Vv 6.21 19 1177
57 2004 Sep 16 KY clear 7.68 14 1977
58 2004Sepl1l6 MLO clear 6.39 6 3837
59 2004 Sep 16 oLT clear 7.05 21 1209
60 2004Sepl6 SPM Y, 7.75 19 1470
61 2004 Sepl1l7 MLO clear 4.95 6 2974
62 2004 Sepl7  OLT clear 2.34 22 383
63 2004Sepl7 RTT clear 8.08 21 1386
64 2006 Aug 20 KY clear 6.93 14 1783
65 2006 Aug 21 KY clear 7.00 10 2521
66 2006 Aug 22 KY clear 8.10 20 1458
67 2006 Sep 14 KY clear 3.48 10 1255
68 2006 Oct 27 KY clear 6.14 17 1302

continued on the next page. ..

63



Table 3.1: (... continued)

ID Date Obs. Filter/Grating  Duration [h] Exp.[s] Frames
69 2006 Oct 29 KY clear 4.53 17 961
70 2006 Nov 21 KY clear 4.52 20 815
71 2009 Oct 07 KY clear 3.85 14 965
72 2009 Oct 09 KY clear 9.12 11 2938
73 2010Sep07 APO BG40 9.77 5 6831
74 2010Sep12 WHT Y, 8.63 7 4262
75 2010Sep12 MCD BG40 4.08 5 2938
76 2010Sep13 WHT Y, 5.21 7 2590
77 20100ct 11 FTN g 4.87 40 433
78 20100ct 13 FTN g 452 30 536
79 20100ct14 MCD BG40 6.44 5 4623

HS 2325 photometric monitoring

In addition to the data gathered at professional telescamtessive observations of HS 2325 (Chap-
ter 6) using small aperture telescopes were carried outtimg samateur astronomer collaborators of
my supervisor Prof. Boris &hsicke. These observations were collected as part of aatedipho-
tometric monitoring campaign, which was organised and dioated by myself. Data reductions
were performed by the respective observers. These obggryatre summarised in Table 3.2.

Table 3.2: Observers, telescope information and reduction softwaderute photometric
campaign for HS 2325.

Obs. Type  Aper. f/ CCD FOV  Reduction

David Boyd SCT 14" 5.3 SXV-H9 1612 A PAWN
Steve Brady Newtonian 16" 4.5 ST8-XME /2617  Maxi nDL
lan Miller SCT 14" 10 SXVF-H16 1515 AIP4WN
YenalOgmen SCT 14" 5.2 DSIProll 1%x9.2° MaxinDL
Joachim Pietz SCT 11" 6.5 ST8-XME 2617 Miniwin
Bart Staels SCT 11" 6.3 MX716 129 MaxinDL

3.4 Data Reduction

3.4.1 Photometry

The large majority of the photometric data have been redbyedyself, in the manner described
in Section 2.3.2 using the pipeline described ianGicke et al. [2004], which performs bias- and
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dark-current subtraction and flat-fielding withiso/MIDAS and carries out aperture photometry in
SEXTRACTOR[Bertin & Arnouts, 1996]. This excludes the following:

e All the IAC80 data, which are courtesy of and were reduced byBblo Rodiguez-Gil in

the standard fashion withirar?

e The SPM data of V 455, which are courtesy of and were reducdertfy Gagik Tovmassian
in the standard fashion withiRAF

e The APO, FTN and MCD data of V 455, which are courtesy of ancdeweduced by Dr. Anjum

Mukadam in the standard fashion withimar

In addition, the NOT data of HS 2325 are courtesy of Dr. Jorgsates, but have been reduced
by myself; the LT data of SDSS 1210 are automatically deduleend flat-fielded by the LT data
reduction pipeline, but photometry was carried out by nfysg&ihg SEXTRACTOR

System by system specifics
SDSS 0110

e |ACS80: SI 2k x 2k E2V CCD, FOV 125 x 10.25, binned 2 x 2 and windowed to reduce
readout time to 11s

e CA2.2: Calar Alto Faint Object Spectrograph (CAFQOS), 2k xkel SITe CCD, FOV
16 x 16, windowed to reduce readout time to 10 s

e MER: MERcator Optical Photometric imagEr (MEROPE) 2k x 2REECD, FOV 65’ x 6.5),
binned 3 x 3 to reduce readout time to about 8s

SDSS 0303

e CA2.2: Calar Alto Faint Object Spectrograph (CAFOS), 2k xikel SITe CCD, FOV
16 x 16, windowed to reduce readout time to 10 s

¢ MER: MERcator Optical Photometric imagEr (MEROPE) 2k x 2REECD, FOV 65’ x 6.5),
binned 3 x 3 to reduce readout time to about 8 s
SDSS 1210

e LT: RISE [Steele et al., 2004], Andor DW485 using an E2V CC20rframe transfer chip,
unvignetted circular FOV of 11in diameter, binned 2 x 2

1irAF is distributed by the National Optical Astronomy Observatory, which is atperby the Associa-
tion of Universities for Research in Astronomy, Inc., under contveéth the National Science Foundation,
http://iraf.noao.edu
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SDSS 1435

e IAC80: Sl 2k x 2k E2V CCD, FOV 125 x 10.25, binned 2 x 2 and windowed to reduce
readout time to 11s

e CA2.2: Calar Alto Faint Object Spectrograph (CAFOS), 2k xkel SITe CCD, FOV
16 x 16, windowed to reduce readout time to 10 s

SDSS 1548

e IACS80: SI 2k x 2k E2V CCD, FOV 125 x 10.25, binned 2 x 2 and windowed to reduce
readout time to 11s

e NOT: Andalucia Faint Object Spectrograph and Camera (ALEP2k x 2k pixel E2V
CCD42-40, FOV &' x 6.5, binned 2 x 2

e WHT: AUX-port imager, 2148 x 4200 pixel E2V CCD44-82, unvigtegl circular FOV of
2.2" in diameter, binned 4 x 4 to reduce readout time to 4 s

HS 2325

e CA2.2: Calar Alto Faint Object Spectrograph (CAFOS), 2k xikel SITe CCD, FOV
16 x 16, binned 3 x 3 and windowed to reduce readout time to 10 s

e KY: 516 x516 pixel SI-502 chip, FOV.% x 2.5

e NOT: Andalucia Faint Object Spectrograph and Camera (ALER2K x 2k pixel E2V
CCD42-40, FOV &' x 6.5, binned 2 x 2 and windowed to reduce readout time to about
6s

3.4.2 Spectroscopy

The reduction of the spectroscopic data was carried outdnrtanner described in Section 2.3.2
using thesTARLINK? packagekAPPA andFIGARO. The spectra were optimally extracted [Horne,
1986] using Tom Marsh'’s algorithms as implementedAmEeLA [Marsh, 1989] and the wavelength
calibration was performed with Tom MarshiLLY .

The WHT data of SDSS 0110, SDSS 0303, SDSS 1435 and SDSS 1548redeiced by
Dr. John Taylor (Southworth). For the WHT data of SDSS 1210rigumed preliminary on-the-fly
reduction at the telescope. The final reduction and caldoratas performed by Dr. EléBreedt.

The spectroscopic data of HS 2325 are courtesy of and have redeced by Dr. John
Thorstensen. The data reduction was performed with stdneéar routines, using an original
implementation of the optimal extraction algorithm degdiby Horne [1986].

2The Starlink Software can be foundat p: // star | i nk. j ach. hawai i . edu/
SpAMELA and MoOLLY were writen by Tom Marsh and can be found at
http://lwww.warwick.ac.uk/go/trmarsh

66



System by system specifics

SDSS 0110, SDSS 0303, SDSS 1435, SDSS 1548

WHT using the dual-arm Intermediate dispersion Spectrdgeaq Imaging System (I1SIS). For
all observations the blue-arm detector was an EEV 2k x 4k AGR006 July and September the
red-arm detector was a Marconi 2k x 4k CCD, and in later olisgmuns a high-efficiency RED+
2k x 4k CCD was used. In all cases the CCDs were binned spgdisah factor of 2 and spatially
by factors of 2—4, to reduce readout noise, and windowederspatial direction to decrease the
readout time.

Wavelength calibrations were obtained in a standard fasiéing spectra of copper-argon
and copper-neon arc lamps. For SDSS 0303, arc lamp exposarebtained during the spectro-
scopic observations and the wavelength solutions wergpioliEged from the two arc spectra bracket-
ing each spectrum. For the other objects dedicated arcrapeete not obtained, to increase the time
efficiency of the observations. The spectra were waveleagfibrated using arc exposures taken at
the beginning of each night, and drift in the wavelength sotuwas removed using measurements
of the positions of tha 7913 and\6300 night-sky emission lines. In the blue arm, a reliableem
tion of the wavelength zero-point was not possible as ong/(amoreover weak) sky-line Hg\ 4358
is available, and consequently, these spectra were natbiitor velocity measurements. The re-
ciprocal dispersion and resolution for the R316R gratireyaproximately 1.4 px~1 and 3.3,
and for the R600R grating are 0.89x 1 and 1.54, respectively.

SDSS 1210

WHT using ISIS. Both the EEV12 CCD on the blue arm and the RED-D@@ the red arm
were binned by a factor of three in the spatial direction afattor of two in the spectral direction.
This setup resulted in an average dispersion of é.&ﬁar binned pixel over the wavelength range
3643—5137A (blue arm) and 0.99 per binned pixel over the wavelength range 7693184A
(red arm, R600). From measurements of the full width at halkimum of arclines and strong
skylines, the resolution was determined to beAL.4

The wavelength scale was derived from Copper-Neon and Ggfgen arc lamp expo-

sures taken every hour during the observations, which vimteegiolated to the middle of each of the
science exposures. For the blue arm the calibration wasndieted from a 5th order polynomial fit
to 25 lines, with a root mean square (RMS) of 0.829he red arm was also fitted with a 5th order
polynomial, to 17 arclines. The RMS was 0.082

HS 2325

HT using the modular spectrograph and a SiTe 2Q#i&el CCD, yielding Z&Ipixel and from
4210 to 750 but with decreased sensitivity toward the ends of the veavgth range. The spectral
resolution was- 3.5A full width at half maximum (FWHM).

For wavelength calibration, a dispersion curve derivechftamp exposures in twilight was
used, shifted for each nighttime exposure to force the apmpaelocity of the\ 5577 night-sky line to
be zero. Standard stars were observed in twilight whenbeesky permitted, and these observations
were used to flux-calibrate the data. The scatter of the atdradars typically suggested that the flux
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calibration is uncertain by several tenths of a magnitudehgbly due to uncalibrated losses at the
spectrograph slit.

3.5 Contributions by collaborators

e The evolutionary calculations presented in Section 4.@werformed by Dr. Matthias Schreiber
e The grid of DAZ models used throughout Chapter 5 was caledlby Prof. Detlev Koester
e The spectroscopic analysis presented in Section 5.5 wésped by Prof. Boris @nsicke

e The white dwarf limb darkening coefficients used in Sectioghwere calculated by Steven
Parsons

e The evolutionary calculations presented in Section 5.®wperformed by Dr. Monica Zoro-
tovic

e The distance calculation presented in Section 6.6 was ipeeft by Dr. John Thorstensen
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Chapter 4

Four new eclipsing PCEBs from
SDSS

4.1 Introduction

In this Chapter, | begin the study of eclipsing white dwarfdries by presenting four new eclipsing
post-common-envelope binaries identified in the SDSS. Il agply the techniques described in
Chapter 2 to measure the orbital periods and radial vedscdf all four systems. | will then focus
on the light curve modelling, employed to measure the mamsésadii of the binary components.
Finally, the past and future evolution of the four stars Wwélbriefly explored.

4.2 Target information

The four new eclipsing systems presented in this Chapter are

e SDSSJ011009.09+132616.1 (henceforth SDSS 0110)
e SDSSJ030308.35+005444.1 (henceforth SDSS 0303)
e SDSSJ143547.87+373338.5 (henceforth SDSS 1435)
e SDSSJ154846.00+405728.8 (henceforth SDSS 1548).

Full coordinates and SDS§g,r,i,zmagnitudes of the four systems are given in Table 4.1.

These systems have been selected as candidates in our &gaclipsing SDSS WDMS
binaries (Section2.2.1). SDSS0303 and SDSS 1435 exhithiedargest secondary star radial
velocities among- 1150 WDMS binaries, which have SDSS spectra of sufficientbdgguality, an
indicator of potentially high inclination. For SDSS 0110008DSS spectra were available, which
differed substantially in the strength of the emissiondinketected in the spectra. Emission lines
are a result of aeflection effegti.e. heating of the companion star by a hot WD primary, as is
the case for SDSS 0110. At short orbital periods, the conapaisi expected to be tidally locked,
so that the heated side always points towards the WD. A vaniaf the strength of the emission
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Table 4.1: Full coordinates andg,r,i,z magnitudes of the four systems presented in this
Chapter.

SDSSJ Coordinates [J2000] u g r i z

0110+1326 011009.09+132616.1 16.51 16.53 16.86 17.02 16.94
0303+0054 030308.35+005444.1 19.14 18.60 18.06 16.89 16.04
1435+3733 143547.87+373338.5 17.65 17.14 17.25 16.98 16.66
1548+4846 1548 46.00+405728.8 18.79 18.32 18.41 18.17 17.68

lines indicates that we do not always see the inner hemisplraplying a high inclination. In the
case of SDSS 1548, the available information on the radiatitg of the secondary and the initial
estimate foMyp andMgec suggested ~ 85° (Equation 2.8). Subsequent time-series photometric
observations revealed white dwarf eclipses in all four cisjeWe should note that SDSS 1435 has
been independently identified by Steinfadt et al. [2008].

4.3 Observations and data reduction

The observational data set and information on the data tieduprocedures are summarised in
Chapter 3. Figure 4.1 shows phase-folded (using the eplideseaterived in the next Section) light
curves and radial velocity curves of all four systems.

4.4 Orbital Periods and Ephemerides

Mid-eclipse times for all systems were obtained with theraring method (Section 2.4.1). These
mid-eclipse times are listed in the Appendix. For SDSS 1425have also used the mid-eclipse
times provided by Steinfadt et al. [2008].

Following the procedure outlined in Section 2.4.1 we ol#ditihe orbital periods and ephemerides
of the four systems. The resulting ephemerides, on a UTCstiale, with numbers in parenthesis
indicating the error on the last digit, are

To(HJID) = 2453994447879) + 0.33268731)E (4.1)

for SDSS 0110, that iByp, = 7.9844953)h

To(HJID) = 24539916164(1) + 0.134437727)E 4.2

for SDSS 0303, that iByp = 3.2265051)h

To(HID) = 2454148703616) + 0.12563111)E (4.3)

for SDSS 1435, that iByp, = 3.0151442)h and
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Figure 4.1: Phase-folded light- and radial velocity curves of the foatesys. From top
to bottom (two panels for each system): CA2:BPand light curve and Qaradial ve-
locity curve of SDSS 0110, CA2.2 filterless light curve andi Madial velocity curve of
SDSS 0303, IAC80-band light curve and Naradial velocity curve of SDSS 1435 and
WHT R-band light curve and Neradial velocity curve of SDSS 1548.
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Figure 4.2: SDSS spectra of the four systems. Top to bottom: SDSS 01B% B35
SDSS 1548 and SDSS 0303. The radial velocity of the companion star iS@&I[18+1326
was measured from thedHand Cai emission lines, whereas for the other three systems,
we used the Neabsorption doublet

To(HJID) = 2454592571356) +0.185517744)E (4.4)

for SDSS 1548, that iByp, = 4.452425764)h.
These ephemerides were then used to fold both the photaraettithe spectroscopic data
over phase (Figure 4.1).

4.5 Radial velocities of the secondary stars

Figure 4.2 shows the SDSS spectra of our four targets. Reeliatity measurements and the sub-
sequent sine fits were performed for the secondary stars fotilywing the procedure outlined in
Section 2.4.2. The resulting radial velocity amplitudesraported in Table 4.2

45.1 The secondary in SDSS 0110

The spectrum of SDSS 0110 displays theln@a 8498.02,8542.09,8662.14 triplet in emission, as
well as the Hi line also in emission. We determined the velocities of tledrission line by fitting
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Table 4.2: Secondary star radial velocity measurements for all foumsgste

System Line Ksec [kms™] Error [kms™] y[kms™] Error [kms]
SDSS 0110 Ca 178.8 24 15.2 24
Ha 200.1 4.8 194 4.1
SDSS0303 Na 339.7 1.9 -4.0 14
SDSS 1435 Na 260.9 2.9 47.4 2.2
SDSS 1548 Na 274.7 2.6 -7.4 2.2

a second-order polynomial plus a Gaussian to the spectrah&dai triplet, we fitted a second-
order polynomial plus three Gaussians with identical wattd whose separations were fixed to the
corresponding laboratory values.

The Hx and Cai radial velocities were then separately phase-folded usiegorrespond-
ing orbital ephemeris, and fitted with a sine wave. The pltpsfrthe radial velocity curves agreed
with that expected from an eclipsing binary (i.e. red-taebtrossing at orbital phase zero) within
the errors (see also Figure 4.1).

We decided to investigate whether the emission lines atgipredominantly on the illu-
minated hemisphere of the secondary star. If that is the(&asping in mind that we see the system
almost edge-on) we expect a significant variation of the $ilnength with orbital phase, reaching
a maximum around phasge= 0.5 (superior conjunction of the secondary) and almost disappg
aroundg = 0.0. Figure 4.3 shows average spectra of SDSS 0110, focusduedrntline and the
Caul triplet for = 0.0 andg = 0.5.

It is apparent that the ¢dand Cal emission lines are very strong neae= 0.5. The Hx
emission line is very weak negr= 0.0, and Cal is seen in absorption. The equivalent width (EW)
of the blue-most component of the Cariplet is shown in Figure 4.4 (top panel) as a function of
orbital phase. Given the spectral resolution and qualitgwofdata, measuring the EW of thexH
emission line is prone to substantial uncertainties, asétibedded in the broadoHabsorption of
the white dwarf photosphere, but it generally follows a sampattern as the one seen in theiCa
triplet.

This analysis supports our assumption that the emissi@s laniginate on the irradiated,
inner hemisphere of the secondary star. Hence, the cenlighobf the secondary star is displaced
towards the Lagrangian point;| with respect to the centre of mass. The emission lines trace
therefore, the movement of the centre of light and not thereesf mass and as a result, tKesc
values measured from either theildr the Cal emission lines are very unlikely to represent the true
radial velocity amplitude of the secondary star, but indtgise a lower limit to it.

45.2 The secondaries in SDSS 0303, SDSS 1435, and SDSS 1548

The NaAA 8183.27,8194.81 absorption doublet is a strong featurbénspectra of SDSS 0303,
SDSS 1435, and SDSS 1548. We measured the radial velocigtivarof the secondary stars in
all three systems by fitting this doublet with a second-opt#ynomial plus two Gaussian lines of
common width and a separation fixed to the correspondingdatay value. A sine-fit to each of
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the radial velocities data sets, phase-folded using theesponding orbital ephemerides gives the
radial velocity of the secondary stéfs;ec and the systemic velocityfor each system. The results
of the radial velocity measurements are summarised in Fable

No significant variation in the strength of the Ndoublet was observed as a function of
orbital phase, and we hence assume gt measured from this doublet reflects the true radial
velocity amplitudes of the secondary stars in SDSS 0303, 585, and SDSS 1548. This is
illustrated in Figure 4.4, where we plot the equivalent Widagainst orbital phase.

4.6 Spectroscopic stellar parameters

The spectral decomposition/fitting method described imitiet Rebassa-Mansergas et al. [2007]
was employed to estimate the white dwarf effective tempeealie and surface gravities lag as
well as the spectral types of the companion stars, for atl$gstems, using their SDSS spectroscopy.

Briefly, the method employed is the following: as a first stefva-component model is
fitted to the WDMS binary spectrum using a grid of observed Mudwand white dwarf templates.
This step determines the spectral type and flux contributfdhe M-dwarf component. After sub-
tracting the best-fit M-dwarf, the residual white dwarf spem is fitted with a grid of white dwarf
model spectra from Koester et al. [2005]. The fits are peréatno the normalised Bito He line
profiles, omitting Hx, which is most severely contaminated by the continuum artdéoemission
from the companion star. Balmer line profile fits can lead tgetieracy in the determination of;
and logg, as their equivalent widths (EWs) go through a maximusgt~ 13000K, which means
that fits of similar quality can be achieved for a “hot” and fosolution. In order to select the
physically correct solution, an additional fit to the contim plus Balmer lines is performed over
the range 3850—715%. The resultingTes and logy are less accurate than those from line profile
fits, but sensitive to the slope of the spectrum, and henoe @l most cases to break the degeneracy
between the hot and cold solutions. Figure 4.5 illustrdiessgrocedure.

OnceTe and logg are determined, the white dwarf mass and radius can be éstima
using an updated version of the tables from Bergeron et @5a]. The results, after applying this
method to our four systems, are summarised in Table 4.3. Tdferped solution (“hot” or “cold”)
is highlighted in bold fond.

In the case of SDSS 0303, which contains a DC white dwarf, pleetsal decomposition
results in Sp2) = M4.5+ 0.5 for the secondary star. The subsequent fit to the residug eivarf
spectrum is not physically meaningful, as the white dwarSdSS 0303 does not exhibit Balmer
lines. The fit to the overall spectrum, which is purely sewsito the continuum slope, suggests
Test < 8000K, which is consistent with the DC classification of thates dwarf. In this case we can
use Equation 2.6b to get a rough, first estimate of the whitrfimass.

In Figure 4.6, we have plotted Equation 2.6bifer 90° andi = 78°. For lower inclinations
no eclipses occur fdksec = 3397 kmst andPy, = 0.134 d. For a given choice of the inclination
angle, Equation 2.6b defines a unique relatMg(Mwp). If we further assume a mass for the
secondary, we can investigate the possible range of thewliarf mass for SDSS 0303. For an
extremely conservative lower limit dflsec > 0.08 M, (the lower mass limit for an M-dwarf, e.g.
Dorman et al. [1989], with the spectrum of SDSS 0303 cleatbntifying the companion as a
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Figure 4.5: Two-component fit to the spectrum of SDSS0110. The toel gaows the
spectrum of the object as a solid black line and the two templates, white dvadvf-alwarf,
as dotted lines. The residuals from the fit are shown directly below. Midiflpdeel: best-
fit (black lines) to the observedpto He (grey lines, top to bottom) WD line profiles, after
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normalised in the same way. Middle right panel: 1, 2 aoct8ntour plots in thdes — logg
plane. The black contours refer to the best line profile fit, the red omdlsgsing into a
dot on the scale of the plot) to the fit of the spectral range 3850-&15Be dashed line
indicates the occurrence of maximunf ldquivalent width. The best “hot” and “cold” line
profile solutions are indicated by black dots, while the best fit to the wholetrsime by
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(grey line, lower part).
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Table 4.3: Summary of the results obtained for SDSS 0110, SDSS 1435086 1548
from our spectral decomposition technique. The preferred set afgers for each system
is highlighted in bold fond.

Solution Mwp[M ] logg Tetr [K] Sp(2)

SDSS 0110
Hot  0.47+£0.02 7.65:0.05 25891427 M4+1
Cold 12+0.03 9+0.04 9619+ 23 M4+1

SDSS 1435
Hot 040+0.05 7584+0.11 12536+438 M45+0.5
Cold 0.41+0.05 7.620.12 12536488 M4.5£0.5

SDSS 1548
Hot 043+0.16 7.644+0.31 14899+1300 M6+0.5
Cold 0.62:0.28 8.020.44 11699820 M6+0.5

main-sequence star), we get a WD masMgfp > 0.68 M. Even under this extreme assumption
for the companion star, the white dwarf in SDSS 0303 has to beemmassive than the average
field white dwarf [e.g. Koester et al., 1979; Liebert et aDP2]. If we assume SR) = M4, the
upper limit of the spectral type according to our spectrabaeposition of the SDSS spectrum, and
use the spectral type-mass relation of Rebassa-Mansdarghg2007], we findMsec ~ 0.32 Mg,
and henceMyp > 0.96 M. These estimates assuine 90°, for lower inclinations the respective
Mwp values become larger, as illustrated in Figure 4.6. In sumnitmsed orKsee Porp, and a
generous range in possibMse; we expect the white dwarf in SDSS 0303 to be fairly massive,
0.7Ms, < Mwp < 1.0M..

4.7 Light Curve model fitting

Ultimately, our aim is to combine the information from tHge. radial velocity amplitudes deter-
mined in Section 4.5, the information contained in the lightve, and the white dwarf effective
temperature determined from the spectral fit in Sectiond €stablish a full set of stellar param-
eters for the four eclipsing PCEBs. The adopted method isritesl in the next two subsections,
where SDSS 0110 requires a slightly broader approach, agection needs to be applied to the
Ksec Velocity determined from the emission lines. In all cas&s)RVE has been used to model the
light curves (with the accretion disc and bright spot congria switched off) and minimisation was
obtained using theiIMPLEX andLEVENBERG-MARQUARDT methods (Section 2.4.4).

4.7.1 SDSS0303, SDSS 1435 and SDSS 1548

Our approach is to fit a light curve model to the data for a $etegrid of points in thélywp — Mgec
plane. Each point in thBlywp — Msecplane defines a mass ratipand, usindKsec andPyp, a binary
inclinationi (Equation 2.8). Hence, a light curve fit for a givéWi{(p, Msed combination will have
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Figure 4.6: Mass function plot for SDSS 0303, fex 78° andi = 90°. The grey horizontal
line corresponds to a lower mass limit for M-dwarfs. The dotted horizontlithe value
of Mseq COrresponding to a secondary spectral type ¢25g M4, assuming a S2) — Msec
relation. The dashed vertical lines indicate the corresponding rangbedowrhite dwarf
mass.
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Mwp, Msec 0, andi fixed, whereafwp, Rsec Twp, Tsec andTp are in principle free parameters.
In practice, we fixTwp to the value determined from the spectroscopic fit, whichuffigently
accurate, hence onRywp, Rsec Tseo andTy are free parameters in the light curve fits. We legye
free to vary to account for th® — C errors in each individual light curve. The fitted valuesTef
were of the order of 10 s, consistent with fBe- C values quoted in Table A.1.

Each light curve fit in theMyp — Mgec plane requires some initial estimatesRyip, Rseo
Tsec FOrRwp we adopt the theoretical white dwarf mass-radius relatiterpolated from the tables
of Bergeron et al. [1995a]. Féec We use the mass-radius relation of Baraffe et al. [1998]ptidg
an age of 5 Gyr. Fofse We use the spectral type of the secondary star as deterifnomedhe spec-
tral decomposition combined with the spectral type-terapee relation from Rebassa-Mansergas
et al. [2007].Rwp andRsecare then scaled by the binary separation, obtained throegieKs law,
Equation2.1.

We defined large and densely covered grids of points ity — Msecplane which gen-
erously bracket the initial estimates f9kyp andMsecbased on the spectral decomposition/fitting.
For SDSS 0303, where no spectral fit to the white dwarf is atsl we bracket the range p
illustrated in Figure 4.6. Points for which (formally) $in- 1 were discarded from the grid, for
all other points a light curve fit was carried out, recordihg tesultingRwp, Rsec andTsec The
number of light curve fits performed for each system was betw#00 and 10000, depending on
the system.

4.7.2 SDSSO0110

In the case of SDSS 0110 the inclination angle cannot readilyalculated through Equation 2.8, as
we measuretsec from either the k or Cail emission lines, which do not trace the motion of the
secondary’s centre of mass, but the centre of light in thergamission line. The general approach
in this case is to apply a correction to the obserigg, where the motion of the secondary star's
centre of masXKseccor is €xpressed according to Wade & Horne [1988] as

Ksec
Ksec,cor = 1_ (1+ q) (AR/a) (4-5)

whereKgec is the measured radial velocityjs the mass ratio of the systemthe binary separation
andAR is the displacement of the centre of light from the centrenaks of the secondanAR
can have a minimum value of zero, i.e. the two centres coénaittl no correction is needed and a
maximum value oRse i.€. all light comes from a small region of the secondary sliasest to the
primary.

An assumption often used in the literature is that the emisgiue to irradiation is dis-
tributed uniformly over the inner hemisphere of the secondsar, and is zero on its unirradiated
side, in which cas@&R = (4/3mMRsec [€.9. Wade & Horne, 1988; Wood et al., 1995; Orosz et al.,
1999; Vennes et al., 1999].

A more physical model of the distribution of the irradiatimmduced emission line flux can
be derived from the analysis of the orbital variation of thq@igalent width of the emission line. A
fine example of this approach is the detailed study of the e8498.02, 8542.09,8662.14 emission
in the WDMS binary HR Cam presented by Maxted et al. [1998]. el®wv, given the small number
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Figure 4.7: Grid of(Mwp, Mse¢) points for which the light curve of SDSS 0110 has been
fitted. Different assumptions for th€-correction were madeAR = 0 (black strip) AR =
(4/3mRsec (dark grey strip) and\R = Rsec (light grey strip). Left panel: Mlwp,Msed grid

for Ksec = KsecHa = 2001kms 1. Right panel: Mwp,Msed grid for Ksec = Kseccan =
1788kms L.

of spectra, it is currently not possible to apply this mettm&DSS 0110.

Our approach for modelling SDSS 0110 was to calculate therpiseparation from Equa-
tion 2.1 for each pair ofMwp, Msec) of the initial grid and then, using Equation 4.5, calculagaus
possibleKseccor Values for thigfMwp, Mse¢) point, assuming various forms AR. We adopted the
following three different cases: @R = 0, i.e. the centre of light coincides with the centre of mass,
(i) AR = (4/3mMRseg i.€. the uniform distribution case and (iR =Rseg i.€. the maximum pos-
sible displacement of the centre of light. This was done @@hhhe Hx and the Ca lines. Having
attributed a set of corrected radial velocity values to eaaint of the grid, we could now make
use of Equation 2.8 to calculate the corresponding inébinangles. Again, points with a (formal)
sini > 1 were eliminated from the grid. The allowéllywp, Mseg) pairs for both lines and all three
AR cases are shown in Figure. 4.7.

The first of the thredR casesAR = 0, is obviously not a physically correct approach, as
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Table 4.4: Corrected values of the radial velocity of the secondary s&D#65 0110, after
assuming a form oAR, for both the cases of theaHand the Ca emission lines.

AR mean [kms?'] std.dev. range [kms]

Ha
0 200.1 - -
(4/31) Rsec 213.1 2.7 207.9-218.2
Rsec 225.2 3.5 218.5-232.1
Cau
0 178.8 - -
(4/31) Rsec 195.1 4.2 186.6-202.7
Rsec 209.1 6.1 197.2-219.9

it implies that no correction is necessary. However, we diglitias a strict lower limit of the radial
velocity of the secondary. In this sense, the third c&$® =R iS a strict upper limit forKgee
Table 4.4 lists the rangé&;eccor cOrresponding to our adopted grid in tidwp, Mse¢) plane shown
in Figure 4.7.

We should note that, although reasonable as assumptiaegjuite possible that neither
the AR = (4/3m)Rsec NOr theAR = Rse¢ corrections correspond to the true distributions of thee H
and/or the Ca emission lines on the secondary. Furthermore, it is notsszey that the distribution
of Ha emission is the same with the distribution of iICamission. This means that the centre of light
of Ha and the centre of light of Qahave different displacements, i.e. it is possible thatedéht
forms of AR need to be applied toddand Cal [see e.g. Parsons et al., 2010a, for further examples
of different emission velocity values]. These facts coulglain the actual differences between the
radial velocity values of b and Cal (measured and/or corrected) as shown in Table 4.4.

4.8 Results

Our light curve fitting procedure yields fitted values f¥p, Rseo andTsec for a large grid in the
Mwb — Msecplane, where eactMwp, Mseo) point is defined by andi of the corresponding model,
throughKsec andPyr,. However, as detailed in Section 2.4.4 the informationlatséé (in the form
of the secondary star’s radial velocity and the primarypsd) is not enough to fully constrain the
system and models with different parameter values givelgogeod fits. Analysing the results of
the fitting was done in the following fashion.

In a first step, we applied a cut in the quality of the light eufits, where we considered
three different degrees of “strictness” by culling all misdehosex? was more than 1, 2 orB3above
the best-fit value. This allowed us to retain only the good [its typically left us with a relatively
large degeneracy in the parameter space.

In a second step, we had to select among the various equaltylgit curve fits those that
are physically plausible. This was done using the masasadiations of Bergeron et al. [1995a] for
the white dwarf, and the.8 Gyr model of Baraffe et al. [1998] for the M-dwarf. We therocdated
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for each model the relative difference between the thamaktialue of the radius and the value of
the radius from the fit,

Rit — R
R=|— ™ 4.6
‘ Rih (4.6

whereRy; andRy, are the radius obtained from the light curve fit, and the mftiom the mass-radius
relation, respectively.

Assuming that the binary components obey, at least to soemtexa theoretical mass-
radius relation, we defined cut-off values &R = 5%, 10%, and 15%, above which light curve
models will be culled. The maximum @R = 15% was motivated by the radius excess over the-
oretical main-sequence models observed in eclipsing l@assnbinaries [Ribas et al., 2008], and
by the current observational constraints on the white dwea$s-radius relation [Provencal et al.,
1998]. This cut in radius was applied individually for theitehdwarf, @Rwp) and the companion
star PRseq-

Combining both the(® and 3R cuts left us in general with a relatively narrow range of
system parameters that simultaneously satisfy the radiatity amplitude and the morphology of
the light curve. In a final step, we examined how well the atethasses determined from the light
curve/radial velocity analysis agreed with those derivedfthe spectral decomposition.

4.8.1 SDSS0303

Modelling the light curve of SDSS 0303 involved the followitwo problems. Firstly, the time res-
olution of our data set poorly resolves the white dwarf isgrand egress phases, and consequently
the white dwarf radius can only be loosely constrained. \Widdel therefore to fix the white dwarf
radius in the light curve fits to the value calculated fromdkepted white dwarf mass-radius rela-
tion of Bergeron et al. [1995a]. Secondly, the light curveptiys a strong, but slightly asymmetric
ellipsoidal modulation, with the two maxima being of unelduéghtness (Figure 4.1). Similar light
curve morphologies have been observed in the WDMS binarieéd BR14 [Kawka & Vennes,
2003] and LTT 560 [Tappert et al., 2007], and have been atgibto star spots on the secondary
star. By design, our light curve model cannot provide a fit teparoduces the observed asymmetry.
Having said this, the presence of ellipsoidal modulatioovjates an additional constraint dRec
that is exploited by the light curve fit.

A number of models passed the strictest configuration of atipffs, i.e. I anddRsec=
5% (no cut was used BRwp, asRyp has been fixed during the fits). The possible range of solsition
in the Mwp — Msecplane is shown in Figure 4.8.

Gray dots designate those light curve fits making theclit, black dots those that sat-
isfy both the T and dRsec = 5% cuts. The resulting ranges in white dwarf masses and sec-
ondary star masses alp icfit = 0.88 — 0.95My andMsecicfit = 0.23 — 0.28 M, respectively,
corresponding to a white dwarf radius Bfyp = 0.008 — 0.009R., and a secondary radius of
Rsec = 0.25 — 0.27R,. Figure 4.9 shows one example of the light curve fits withis tAnge for
the model parameteddwp = 0.91M., Rwp = 0.009R;, Mgec = 0.25M,,, Rgec = 0.26R., and
i = 826°.
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Figure 4.8: Light curve model fitting results for SDSS 0303. Left paiblip and Mgec
values corresponding to fits wit{? values within I of the minimum value (grey points)
and, simultaneously, withRsec < 0.05 (black points). Right panel: the same, only in the
g—i plane. Also depicted in the left panel are curves corresponding to the fomass
tion (solid black lines,i = 90° and 78) which (by definition) bracket the possible so-
lutions, S2) — Msec relations (dotted, horizontal, black lines) and the range of possible
(Mwp, Mseg) values (dashed, horizontal and vertical, black lines)
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Figure 4.9: Model fit to the CA2.2 filterless light curve of SDSS 0303Map = 0.91 M.,
Rwp = 0.009R;, Mgec = 0.25M5, Rsec = 0.26 R, andi = 82.6°. The model meets both
ourx? (within 10) and thedR (within 5%) cut-offs. The residuals from the fit are shown at
the bottom of the panel. Inset panel: data points and model fit focuseddatioe eclipse.
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To check the consistency of our light curve fits with the resstdom the spectral decom-
position, we indicate in Figure 4.8 the radii of M-dwarfs wipectral types S8) = M4 — M6 in
steps of 0.5, based on the spectral type-mass relation giwBebassa-Mansergas et al. [2007]. The
secondary star mass from the light curveMteciciir = 0.23 — 0.28 My, corresponds to a secondary
spectral type of S@)cit = M4.5 — M5.5. The expected spectral type of the secondary from the
spectral decomposition was &spfit = M4.5 & 0.5, hence, both methods yield consistent results.

4.8.2 SDSS 1435

For SDSS 1435, which is partially eclipsing, our temporabtation, although again not ideal, was
nevertheless deemed to be adequate to constrain the wheté chdius from the light curve fits.
Thus, adRwp cut was also applied. We applied again our strictest cuthieright curve models,
1o anddRwp = ORsec = 5%, and the parameters of the surviving models are showrgiuwr&#.10,
where the meaning of the symbols is the same as in Figure 4.8.

These fits imply a white dwarf mass and radiusvbfp = 0.48 — 0.53M;, andRyp =
0.014 — 0.015R., respectively, and a secondary star mass and radivQf= 0.19 — 0.25M,
andRsec = 0.22 — 0.25R,, respectively. A sample fit that obeyed all three constsaisitshown
in Fig. 4.11. The model parameters afgp = 0.5My, Ryp = 0.015R,, Mgec = 0.21 Mg,
Rsec = 0.23R; andi = 77.6°.

Comparing the white dwarf masses from the spectroscopisrdpasition/fit, Mywp spfit =
0.41+ 0.08 Mg, with the range of white dwarf masses allowed by the lighveditting, Mwp cfit =
0.48 — 0.53 M, reveals a reasonable agreement. Regarding the spepeabtyhe secondary star,
we indicate in Figure 4.10 again the masses of M-dwarfs inghge M4 - M6, in steps of 0.5 spectral
classes, following the $8) — Msecrelation of Rebassa-Mansergas et al. [2007]. This illtssr¢hat
the light curve fits result in a 3B)cit = M5 — M6, whereas the spectral decomposition provided
Sp(2)spiit = M4.5 £ 0.5. Hence, also the results for the secondary star appeatlproansistent.

Steinfadt et al. [2008] independently reported the edtigsiature of SDSS 1435, and esti-
matedMywp = 0.35— 0.58 M., Rwp = 0.0132— 0.0178R,, Msgec = 0.15 — 0.35M; andRsec =
0.17 — 0.32R,. The parameter ranges determined from our analysis asedolisistent with Ste-
infadt et al.'s work. In Figure 4.12 we overplot on the phoeirg of Steinfadt et al. [2008] the light
curve model shown in Figure 4.11, illustrating that our sioluis consistent with their data.

While the temporal resolution of our photometry is worse tthat of Steinfadt et al. [2008],
our analysis benefited from two additional constraintstl§ite mass function determined from our
spectroscopy, and secondly the detection of a weak elpsoiodulation in out-band light curve.
While the observations of Steinfadt et al. [2008] coveredehtire binary orbit, their data were
obtained through a BG-39 filter, centred at 4@0@here the flux contribution of the companion
star is negligible.

4.8.3 SDSS 1548

For SDSS 1548, we follow a very similar approach as for SDS5 14dopting a @ cut in X2 but
a slightly less strict cut on the radibRyp = ORsec = 10%. Figure 4.13 shows the solutions of
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Figure 4.10: Light curve model fitting results for SDSS 1435. Left paWklp andMgec
values corresponding to fits witt? values within I of the minimum value (grey points)

and, simultaneously, withRsec < 0.05 (black points). Right panel: the same, only in the
g—i plane. Also depicted in the left panel are curves corresponding to the fomass

tion (solid black lines,i = 70° and 80) which (by definition) bracket the possible so-
lutions, S2) — Msec relations (dotted, horizontal, black lines) and the range of possible

(Mwp, Mseg) values (dashed, horizontal and vertical, black lines)
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Figure 4.11: Model fit to the IAC80-band light curve of SDSS 1435, fdywp = 0.5Mg,
Rwp = 0.015R,, Mgec = 0.21 M., Rsec = 0.23 R, andi = 77.6°. The model meets both
ourx? (within 10) and thedR (for both the WD and the secondary star, within 5%) cut-offs.
The residuals from the fit are shown at the bottom of the panel. Inset:p#ata points and
model fit focused around the eclipse.
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Table 4.5: Summary of the fitting results of SDSS 0110, for all thxBeprescriptions,

for both the cases of thedHand the Ca emission lines. In all cases we applied &8nd

OR = 15% cut-offs. A (/) means some models passed the cut-off, whereas a (-) means no
models passed.

K-correction Hi  Caun
AR=0 VARV
AR= (4/3WRsec - v/
AR = Rgec - -

our light curve fits that survived those criteria, where @gmbols have the same meaning as in
Figures 4.8 and 4.10.

The models satisfying both cuts imply a white dwarf mass adius ofMyp = 0.61 —
0.68M; andRywp = 0.010— 0.011R, respectively, and a secondary mass and radiudsgf =
0.15— 0.20Mg, andRsec = 0.17 — 0.20R;, respectively. A sample fit that obeyed all three con-
straints is shown in Figure 4.14. The model parameterdvgig = 0.65M;, Ryp = 0.011 R,
Msec = 0.18 M., Reec = 0.18 R, andi = 85.6°.

The white dwarf parameters obtained from the light curvagtare in full agreement with
those derived from the spectral decomposition. The fornmer g possible range of white dwarf
masses oMwp iciit = 0.61— 0.68 M., while the latter yield a value dflyp spiit = 0.62+ 0.28 M.

In Figure 4.13, we indicate the masses corresponding tongacy spectral types M6, M6.5, and
M7. The spectral fitting points to a 8)sprit = M6 secondary. Our models indicate (Sjcit =
M6 — M7 again consistent with the spectroscopic result.

4.8.4 SDSSO0110

Because of the uncertainty in the trg.c velocity of the secondary star, we inspected a total of
six different grids of light curve fits for SDSS 0110 (threecKrrections for each of the observed
KsecHa andKseccan (Table 4.4), and consequently, this star needs a slightherextensive discus-
sion compared to the other three systems.

In a first exploratory step, we applied our least strict dfg;cadopting a 8 cut on the
fit quality, and adR = 15% cut for both the white dwarf and the secondary star rdelien with
these loose constraints, thR = Rgec Case, i.e. assuming that the emission is concentrated on the
surface of the secondary closest to the white dwarf, doepmatuce any solutions that meet the
cut-off criteria. For the uniform illumination casAR = (4/3m) Rsec there were no solutions for
Ksec = KsecHa, but a few solutions for th&sec = Kseccan- Finally, a number of solutions existed
for the caseAR = 0, i.e. assuming no K-correction, for bottokand Cai. Table 4.5 summarises
this analysis, and the models that survived the culling edfiranges ofNlwp,Msed pairs which
are illustrated in Figure 4.15. Keeping in mind the uncettas in our simplistic approach for a
K-correction (see again the discussion at the end of Settib8) the apparent discrepancy between
the Ha and the Ca grids is not surprising.
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Figure 4.13: Light curve model fitting results for SDSS 1548. Left paWklp andMsgec
values corresponding to fits witt? values within b of the minimum value (grey points)
and, simultaneously for both white dwarf and secondary radii, dRk< 0.1 (black points).
Right panel: the same, only in tlge- i plane. Also depicted in the left panel are the mass
function fori = 78 andi = 90° (solid black lines), S{2) — Msec relations for spectral
types M6, 6.5, and 7 (dotted, horizontal, black lines) and the range sitp@&Vwp, Msec)
values (dashed, horizontal and vertical, black lines).
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Figure 4.14: Model fit to the WHR-band light curve of SDSS 1548, fdfywp = 0.65M.,
Rwp = 0.011R,, Mgec = 0.18 M., Rsec = 0.18 R, andi = 85.6°. The model meets both a
1o x2 cut-off, and thedR < 0.10, cut-off, for both the white dwarf and the secondary radii.
The residuals from the fit are shown at the bottom of the panel. Inset:p#ata points and
model fit focused around the eclipse.
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Given that the uniform irradiation prescriptioAR = (4/3m) Rsec represents a mid-way
between the two extreme assumptid&xi® = Rsec andAR = 0, and that a reasonably large range
of possible solutions was found for the Caelocities, we decided to explore tightet constraints
for this case. While a number of light curve models are fourtthiwilo of the minimumy? value,
bothdRyp anddRsecwere~ 15% in all cases. No models survived if we reduced the valddRanh
addition to the tighteg? constraint.

As an illustration of the quality of the light curve fits achéel, Figure 4.16 shows a fit
with Mwp = 0.59Mg, Rwp = 0.015R;, Mgec = 0.28 Mg, Rsec = 0.32Rs, i = 85° andKgec =
197kmst. The mass of the secondary corresponds to a spectral tyq#®f S M4.5. We stress,
however, that we do not adopt this model as a final solutionhferparameters of SDSS 0110, but
rather consider it as a physically plausible set of pararaete

Taking the b confidence levels of the light curve fits at face value, theplyna white
dwarf mass oMwp cfit = 0.59 — 0.7 M and a secondary mass Bsecicfit = 0.28 — 0.38 M.
For the white dwarf, these numbers are in contrast with thelt®from the spectral decomposition,
Mwp,spfit = 0.47 £ 0.02M,,. The errors in the spectroscopic white dwarf parameterpuanaly of
statistical nature. However, even assuming a reasonafyg kystematic error of 0.2dex in Igg
(implying Myp spfit = 0.39 — 0.55M,) the white dwarf masses implied by the light curve fit and
the spectroscopic fit appear to be inconsistent.

Regarding the secondary, adoptiMgeciciit = 0.28 — 0.38 M, and the Sf2) — Msecrela-
tion of Rebassa-Mansergas et al. 2007 suggests a spepgaftP2)cit = M3 — M4.5, which is
consistent with the results of the spectral decomposi&m®)spfit = M4 + 1.

While our analysis of the light curve fits demonstrates thahta can be modelled well, it
is clear that the lack of a reliable value 4. prevents the choice of the physically most meaningful
solution. Consequently, a definite determination of thdast@arameters of SDSS 0110 is not
possible on the basis of the currently available data, anddept as a first cautious estimate the
values of our spectral decomposition fit. As mentioned leefamphysically motivated -correction
can be modelled once a larger set of spectra covering the drtiary orbit are available.

4.9 Post common envelope evolution

Considering their short orbital periods, the four new esfig systems discussed in this Chapter
must have formed through common envelope evolution (Sett.3). As shown by Schreiber &
Gansicke [2003], if the binary and stellar parameters arevknit is possible to reconstruct the past
and predict the future evolution of PCEBs for a given angul@mentum loss prescription. As-
suming the classical disrupted magnetic braking scené&fRappaport et al., 1983] (Section 1.3.4),
for fully convective stars gravitational radiation is as®d to be the only angular momentum loss
mechanism, which applies to all the four systems. The ctieges of the PCEBs are determined by
interpolating the cooling tracks from Wood [1995]. Tablé #ists the evolutionary parameters for
our four eclipsing WDMS binaries.

The calculated evolutionary tracks of the four systemslaoea in Figure 4.17. The present
position of each binary is indicated by an asterisk. The -gl®ded region indicates the-B h or-
bital period gap. Given that the four binaries contain lo@ss secondary stars, all of them are
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Figure 4.15: Results of the model fitting of SDSS 0110 for (tbp panels) and Qa(bot-

tom panels), for a@ confidence level andR < 0.15. Black points correspond iR = 0,
grey toAR = (4/3m) Rsec (Where applicable, see text for details). Left panels show the
(Mwp, Mseg) plane, right panels thg— i plane.
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Figure 4.16: Model fit to the CA2.2band light curve of SDSS 0110, fdywp = 0.59 M.,
Rwp = 0.015R,, Msec = 0.28 M., Rsec = 0.32R., i = 85° andKgec = 197kmst. The
model radii agree with the theoretically predicted ones within 15%, for botwlitite dwarf
and the secondary star. The residuals from the fit are shown at thentwfttbe panel. Inset
panel: data points and model fit focused around the eclipse.

Table 4.6: Reconstructed and predicted orbital periods as well astegpewolutionary
times for the four new eclipsing PCEBs. The cooling age of the white dwatdsyisvhile

Pce and Pgq are the orbital periods at the end of the common envelope phase and at the
onset of mass transfer, respectively. The time still needed to enter thedetanhed CV
configuration idgg.

SDSSJ teool [Yr]  Psa[d] Pceld]  tsa[yr]

0110+1326 1.41e+07 0.097 0.332 1.78e+10
0303+0050 3.23e+09 0.097 0.228 5.95e+08
1435+3733 2.53e+08 0.088 0.132 9.50e+08
1548+4057 3.91e+08 0.069 0.191 4.23e+09
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Figure 4.17: Evolutionary post common envelope tracks for our four atjpbinaries.
From left to right: SDSS 1435, SDSS 1548, SDSS 0303 and SDSS 0hiEOcurrent po-
sition of the systems is indicated by an asterisk. We assumed only gravitatiavalra
diation as angular momentum loss agent, as all four systems are thoughtamdatly

convective secondary stars. The orbital period gap of CVs is highlightgeey — all four
systems will start mass transfer in, or shortly below the gap.

expected to start mass transfer in or below the period gajs drderlines the fact first noticed
by Schreiber & @nsicke [2003] that only very few progenitors of long-pdriGVs are known.
SDSS 0303+0050 has passed most of its PCEB lifetime andritsrdwrbital period differs signif-
icantly from the reconstructed value at the end of the CE @h#@ke other three systems are rather
young PCEBSs with a current orbital period closePtg.

4.10 Discussion

The four systems presented in this Chapter served as a “pfemincept” for our dedicated search
for eclipsing PCEBSs, showing that our candidate selectiitera can indeed identify eclipsing
systems. We have also illustrated how straightforward grhetric and spectroscopic observations
can provide information on the stellar and binary propertand seen the techniques discussed in
Chapter 2 applied in practice.

The amount of available observations, coupled with the pioee-resolution of our light
curves and the lack of spectroscopic information on theatadilocities of the white dwarfs in
all four systems, leads to a largely unconstrained paransgice. This is mirrored in the large
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uncertainties and the need to invoke mass-radius relatindss also the reason why no MCMC
optimisation was carried out, as it would not be particylarilightening.

On an individual basis, SDSS 1435 is the first confirmed dirtelipsing PCEB and its
WD seems to be less massive than the average field-WD in agreeriterpredictions from the
CE evolution theory. On the other hand, SDSS 0303 seems boiaan unusually massive (and
in fact the most massive so far in a PCEB) white dwarf. Recéseovations (S.Parsons, priv.
comm.) indicate a potential magnetic nature of the WD primargDSS 0303. The white dwarf
in SDSS 1548 is an all-in-all “normal” WD, but we should notattthe Te — logg values place
it inside the ZZ Ceti instability strip, a fact worthy of futiinvestigation. SDSS 0110 is the least
constrained system of the four, owing to the difficultiesanrecting the emission-line radial velocity
value. All systems have secondaries that are of later tyqoe Ithd.

Assembling a larger data set (especially spectroscopiereasons fully covering the orbit,
see again Figure 4.1) and of higher quality (high signahatse spectroscopy, high temporal reso-
lution photometry to fully resolve the white dwarf ingressgiess) could significantly improve the
current parameter determinations and provide valuablergagonal input both for the CE models
and for testing and calibrating M-R relations of WD and lowssatars.
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Chapter 5

Precise parameters for a low-mass
white dwarf and a low-mass
main-seqguence star

5.1 Introduction

In this Chapter, another eclipsing PCEB from SDSS will bespréed. The main difference with
Chapter 4 is the amount of available observational infoimnatnamely the measurement of the
radial velocity of the white dwarf. This measurement fixes thass ratiay and provides strict
constraints on the stellar masses and the binary inclimatids a result, a different approach to
modelling will be presented. Masses and radii can be detexanivithout the need to invoke either
the x2- or the 3R-cut of the previous Chapter. In addition to that, the quadit the spectroscopy
allows proper treatment of limb-darkening, and the highetiresolution photometry fully resolves
the eclipse profile, in contrast to the data set of the previobapter. Hence, this system warrants
optimisation through MCMC and this method will be demortstian practice.

5.2 Target information

The system presented here is SDSSJ 121010.1+334722.@{behSDSS 1210), also identified in
our search for eclipsing PCEBs from SDSS. It was listed byaRs&-Mansergas et al. [2010] as a
WDMS binary dominated by the flux of a low-mass companion wipectral type M5V, suggesting
that the white dwarf must be very cool. Inspecting thet Na8183.27,8194.81 doublet in the six
SDSS sub-specttawith exposure times of 15-30 min taken over the course @fetimights, we
found large radial velocity variations that strongly sustgel an orbital period of a few hours. Time-
series photometry soon revealed the eclipsing nature ofyeem. Full coordinates and SDSS

1Sub-spectra is the common name for the individual sub-exposurtearéheo-added to produce one SDSS
spectrum with high signal-to-noise ratio
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Table 5.1: Full coordinateg, r,i magnitudes and—r, r —i colours of SDSS 1210 and the
three comparison stars used in the analysis presented in this Chapter.

Star Coordinates [J2000] g r i g-—r r—i

SDSS1210 121010.13+334722.88 16.94 16.16 1492 0.78 1.24
Cl 121013.13+4334605.95 1598 15.33 15.11 0.65 0.22
C2 121010.15+334402.61 17.33 16.01 15.33 1.32 0.68
C3 121030.28 +334653.07 15.80 1546 1534 0.34 0.12

u,g,r,i,z magnitudes of the target and the three comparison starsiigied analysis are given in
Table5.1. We note that that SDSS 1210 also has a GALEX né&aridlet (NUV) detection of
NUV = 20.82, but no far-ultraviolet (FUV) detection.

5.3 Observations and data reduction

The observational data set and information on the data tieduprocedures are summarised in
Chapter 3. Note that all the LT observations were carriedimaine-hour-long observing blocks.
Multiple blocks during one night were not consecutive, bad time-gaps between them. A sample
light curve is shown in Figure5.1. The out-of-eclipse vwia is ellipsoidal modulation, arising
from the tidally deformed secondary.

5.4 Orbital period and ephemeris

We have determined the orbital period and ephemeris of SR$S through mid-eclipse timings
using the mirroring method. This provided a preliminary epieris.

Subsequently, we phase-folded our data set with the predimiephemeris and proceeded
with the light curve model fitting (see Section 5.7). Havimgaeccurate model at hand, we re-fitted
each light curve individually. This provides a more acceiratd-eclipse time and a robust estimation
of the error, as the light curve fitting code includes the toheid-eclipsely as a parameter.

Repeating the cycle count determination and the linearraphis fitting, as done in the mir-
roring method, we obtained the following ephemeris cakel@n a Modified Julian Date-timescale
and corrected to the solar system barycentre

MJD(BTDB) = 549230336866) + 0.1244897641) E (5.1)

with the numbers in parentheses indicating the error ondbkedigit. Thus, SDSS 1210 has an
orbital period ofPy, = 2.98775433624) h. The mid-eclipse times are listed in the Appendix.
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Figure 5.1: Sample light curve of SDSS 1210 obtained at the LT on Apri2089.

5.5 Spectroscopic analysis

Whereas the SDSS spectrum of SDSS 1210 remained inconclulveespect to the nature of
the white dwarf [Rebassa-Mansergas et al., 2010], our &loeWHT spectroscopy immediately
revealed a host of narrow metal lines that exhibit radiabe#y variations anti-phased with respect
to those of the M-dwarf. The 18 WHT spectra obtained in May 2@i@raged in the white dwarf
restframe and continuum-normalised, are shown in Fig@ad illustrate the wealth of absorption
lines from Mg, Al, Si, Ca, Mn, and Fe. Similar metal lines hdeen detected in the optical spectra
of a few other cool PCEBs, e.g. RR Cae [Zuckerman et al., 200B] T 560 [Tappert et al., 2007],

and indicate accretion of mass via a wind from the M-dwarf.

We have analysed the blue WHT spectra using hydrogen-doscinait metal-polluted
(DAZ) spectra calculated with the stellar atmosphere cageidbed by Koester [2010]. We fixed
the surface gravity to log = 7.70, as determined from the fits to the LT light curve (Secti@).5
The model grid covered effective temperatures 5460 Keif < 7400K in steps of 200 K and metal
and He abundances of I@&yH] = —3.0,—2.3,—2.0,—1.3,—1.0, with all relevant elements up to
zinc included, and fixed their relative abundances ratidsg¢aespective solar values. We then fitted
the model spectra to the average WHT spectrum in the range—SBZiBA, where the contribution
of the M-dwarf is entirely negligible. A good fitis found fayp ~ 6000 K and metal abundances at
~ 0.01 their solar values, however, the effective temperatndethe metal abundances are strongly

correlated (Figure 5.3).

This degeneracy is lifted by including the GALEX detectidrs®SS 1210, as the predicted
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Figure 5.2: The normalised average WHT spectrum in the white dwarf aesfralong
with line identifications for absorption lines originating in the white dwarf phdtese.
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near-UV flux is a strong function of the effective temperaturThe uncertainty in the absolute
flux calibrations of our WHT spectra and the GALEX observatiantroduces a small systematic
uncertainty on the final result, and we settle Taip, = 6000+ 200K and logZz/H] = —2.0 £ 0.3.
Independently, the weakness of the Balmer lines in the WHTtsp®a also requires thaiyp <
6400K. The spectral modelling of SDSS 1210 is shown Figute 5.

Adopting the white dwarf radius from the light curve fit (Seat5.7 and 5.8) Rwp =
0.0159 R, the flux-scaling factor of the best-fit spectral model irapla distance af ~ 50+ 5 pc,
which is in good agreement witth ~ 66 + 34 pc estimated by Rebassa-Mansergas et al. [2010]
from fitting the M-dwarf.

The detection of metals in the photosphere of the white deléyivs an estimate of the ac-
cretion rate [e.g. Dupuis et al., 1993; Koester & Wilken, @D@s long as the system is in accretion-
diffusion equilibrium. In the temperature regime of thisitetdwarf, the diffusion time scales of the
metals detected in the WHT spectrum vary by a factor 2, andardyp = 6000K, in the range
30000-60000years. For completeness, we note that becaubawe adopted solar abundance ra-
tios for the metals, these small differences in diffusioneiscales imply slightly non-solar ratios
in the accreted material. In principle, the individual nkétametal ratios can be determined from
the observed spectrum of the white dwarf, and hence allowmf&r the abundances of the com-
panion star, however, this requires data with substaptiagher spectral resolution to resolve the
line blends. It is plausible to assume that the average tiaanate over the diffusion time scales
involved is constant, as the binary configuration (sepamatf the two stars, Roche-lobe filling fac-
tor of the companion) changes on much longer time scales.nfugnup the mass fluxes at the
bottom of the convective envelope, and taking into accduatuncertainties iffyyp and the metal
abundances, gived ~ (5 + 2) x 10 1M yr~1. There are now three PCEBs with similar stellar
components that have measured accretion rates, RR\Mae 4 x 10-16M. yr—1; Debes 2006),
LTT560 M ~ 5x 10 15M. yr~1; Tappert et al. 2011), and SDSS 121 & 5x 10" M, yr1).

Whereas SDSS 1210 and LTT 560 have similar orbital periodsp#riod of RR Cae is
roughly twice as long, suggesting that the efficiency of wamdretion decreases as the binary sep-
aration and Roche-lobe size of the companion increase,@ctd. A more systematic analysis
of the wind-loss rates of M-dwarfs and the efficiency of wirndr@tion in close binaries would be
desirable, but will require a much larger sample of systems.

5.6 The spectroscopic orbit

Radial velocities of the binary components have been meddtom the FeAA 4045.813,4063.594,
4071.737,4132.058,4143.869 absorption lines for theandhitarf and the NeAA 8183.27,8194.81
absorption doublet for the secondary star.

The Fa lines were simultaneously fitted with a second-order patyiab plus five Gaus-
sians of common width and a separation fixed to the correspgaboratory values. A sine fit to
the radial velocities, phase-folded using the orbital epigs yieldskyp = 95.3 + 2.1kmst and
Ywp = 242+ 1.4kms L.

The Na doublet was fitted with a second-order polynomial plus twaus$s&gans of com-
mon width and a separation fixed to the corresponding laboratalue. A sine fit to the ra-
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Figure 5.4: Spectral modelling of SDSS1210. Main panel: the SDSS speeind the
GALEX NUV flux (black), along with the best-fit white dwarf model (réldyp = 6000 K,
logg=7.70, logZ/H] = —2.0) and the best-fit M-dwarf template for the companion (red,
Sp2=M5). Inset (a): The sum of the white dwarf model and M-dwarf fatepprovide
a good match to the blue end of the SDSS spectrum (black), with the low fluxedflth
dwarf template being the dominant limitation. Inset (b): Best-fit white dwarf mdd)
and the average WHT spectrum fok 39304, where the M-dwarf contributes practically
nothing to the observed flux. Inset (c): Best-fit white dwarf model (esw) the average
WHT spectrum (black) illustrating the weakness of tHeéathd Hy lines of the white dwarf.
Increasing the temperature very rapidly results in Balmer lines and/or a N\tHat are
inconsistent with the observations.
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Figure 5.5: Phase-folded radial velocity curves of the secondar{fitieed circles) and the
white dwarf (open circles), with their respective errors. Also shovertlae sine fits to the
velocities of both components. A full cycle is repeated for clarity.

dial velocities, phase-folded using the orbital ephemgit$ds Ksec = 2517 4+ 2.0kms ! and
Ysec= 122+ 0.9kms L.

Knowledge of both radial velocities allows us to obtain thassratiog of the binary,
namelyq = Kwp/Ksec = 0.379+ 0.009. We tentatively interpret the difference betwegb
andysec as the gravitational redshift of the white dwafgspec Which yields Zyp spec = 11.9 +
1.7kms L.

Figure 5.5 shows the measured radial velocities phasedabth the orbital period and the
corresponding sine-fits.

5.7 Light curve modelling

As per usual, model light curves were fitted to the data usibgRVE. Initial minimisation was
carried out with thesIMPLEX andLEVENBERG-MARQUARDT methods. In contrast to the four sys-
tems of Chapter 4, the available photometric and spectpis@aformation on SDSS 1210 provide
strong constraints on the parameter space, which warrai8CMC process for final optimisation
and estimation of uncertainties. This was achieved withicmc.

During the MCMC minimisation, we keplyp fixed atTywp = 6000K and the gravity
darkening of the secondary fixed a8 (the usual value for a convective atmosphere). Limb dark-
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ening coefficients were also held fixed. For the white dwartaleulated quadratic limb darkening
coefficients from a white dwarf model withyp = 6000K and logy = 7.7. The corresponding
values were found to be-a 0.174 andb = 0.421 forl (p)/I(1) = 1—a(1 — W) — b(1 — p)?, with

1 being the cosine of the angle between the line of sight anduiface normal. For the secondary
star we used the Tables of Claret & Bloemen [2011]. We intlated between the values of V and
R (as the observations were obtained through a V+R filterafor= 3000K and logy = 5 star, to
obtain quadratic limb darkening coefficients-a 0.62 andb’ = 0.273. All other parameters were
allowed to vary. A Gaussian prior, similar to that discusge8ection 2.4.4, was implemented for
the measured radial velociti&gyp andKgee

It quickly became apparent that the way the photometric @ate acquired would present
a hurdle in the analysis. Our data set consisted of many onedbserving blocks. While the sum
of all blocks covers the whole orbital cycle, each obserbitagk individually covers only a third
of it, and each block was not necessarily centred arounddipese. The blocks were obtained over
many nights and under varying conditions, including seesky brightness, extinction and airmass.

The varying conditions will have different effects on stafdifferent colour. Complications
arise when we consider the very broad V+R filter of our obserma. Figure 5.6 shows the Sloan
o,r,i-filter curves, with RISE’s V+R curve superimposed. It isatl¢hat the latter is effectively
spread over all three of the Sloan filters. From the availablaparison stars (see again Table 5.1),
C1 has a—r colour similar to SDSS 1210, C2 is rather red, while C3 isahltie. However, none
of the three come close to the-i index of SDSS 1210.

The direct result of the above discussion is that the ohsgiviocks suffer from variations
in the overall flux level, which means that, in the absencefabastandard, the photometry cannot
be calibrated in absolute terms. Combining all observirghkd into one phase-folded light curve
results in significant scattering between points obtainethalar orbital phase, as relative flux vari-
ations cannot be accounted for. In turn, this introducestesyatic uncertainty in the determination
of the stellar parameters. This effect is more pronounceterphase-folded light curve produced
using C3 as comparison, as illustrated in Figure 5.7.

While it is true that light curves produced with C1 or C2 willffew less variations, the
systematic uncertainties will remain and affect the deieation of binary parameters. To gauge the
effect of these systematic uncertainties we worked in thieviing fashion: each observing block
has been reduced thrice, using all three comparison sthesddta were then phase-folded together
and two phase-folded light curves were produced from eaaofpadison star. One containing all
the photometric points (excluding only some isolated andals outliers) and one where observ-
ing blocks with a large intrinsic scatter were omitted. Thwe ended up with six phase-folded
light curves. A dedicated MCMC optimisation was calculafi@deach light curve. We will use the
following notation when referring to these chains: C1A desa light curve produced with com-
parison star C1 and all data points, C2E denotes a light qumv@uced with comparison star C2
excluding some of the observing blocks, and so on.

For the determination of stellar and binary propertiggndi are fitted parameters and
are obtained directly from the MCMC result, the binary sagian is calculated using the fitted
parameteNs and Equation 2.11, the two masddg,p and Mgec are calculated frong, Vs and
Equations 2.13a,b and the two rafjyp and Rsec from the fitted parametensyp, rsec Vs and
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Figure 5.6: The filter curves of Sloar(blue),r (yellow) andi (red), together with the V+R
(green) filter of RISE.
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Figure 5.7: Intrinsic scattering of the phase-folded light curve of SB838 lintroduced
due the combination of various observing blocks and the lack of absolutedlibbration.
Each colour corresponds to a different observing block
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Equations 2.14 a,b.

5.8 Results

The results of the six MCMC processes are summarised in Bablélhe quoted values and errors
represent the mean and root mean square (RMS) of the postistiobution of each parameter. The
radius of the secondary, as determined by Equation 2.14keé&sured along the line connecting the
centres of the two stars and, due to the tidal distortiornvatae is larger than the average radius.
Therefore, on Table 5.2 we also report the more represeataiue of the volume-averaged radius
Rsecvol.aver .

To illustrate the achieved quality of the fits, we plot mod@lsA and C1E in Figure 5.8.
While the overall quality of the fit is very satisfactory, th@del seems to slightly overpredict the
flux at the wings of the ellipsoidal modulation. This disaapy could be data related, due to the
intrinsic scattering of points; system related, e.g. du¢hto presence of starspots affecting the
modulation; model related, due to the treatment of stellarperatures as a black body spectrum,
assuming a specific (filter-related) wavelength; or due toralination of these factors.

With regard to the binary and stellar parameters, the MCMQIte indicate the following:
as expected for a detached system, the light curves depeyndveakly ong and its value is well
constrained by the radial velocities. All six chains givelination angle values just above 79
consistent with each other within the errors. There is ensbift upwards, when excluding blocks
from the phase-folded light curve.

This behaviour ofy andi, together with the tight spectroscopic constraints, meahthe
component masses are, more or less, independent of the nmetl Thus, the white dwarf in
SDSS 1210 has a massMfyp = 0.415+ 0.010 M, and the secondary star has a masklgf; =
0.158+ 0.006 M.

The quantity most seriously affected from systematicsdsnthite dwarf radius. This is es-
pecially evident when considering models C3A and C3E. Harnesuch a discrepancy is expected,
since C3 is a considerably blue star and is more susceptibdérmass/colour effects, leading to
large intrinsic scattering. The values fey,p as obtained from C1A, C1E, C2A and C2E are con-
sistent within their errors, indicating a systematic utaiaty comparable to the statistical one. This
is illustrated in Figure 5.9.

The secondary star radius is affected in a similar, albse# pronounced, way. All six mod-
els lead to values broadly consistent within their stat#dterrors and a systematic uncertainty of the
same order as the statistical one. Figure 5.10 shows theffexedit values of the volume-averaged
secondary star radius overplotted on a M-R relation for M&sstTaken at face value, the results of
the MCMC optimisation indicate that the secondary-islO percent larger than theoretically pre-
dicted. As can be seen in Figure 5.10, this discrepancy doops5 percent, if magnetic activity of
the secondary is taken into account.

Regarding the gravitational redshift of the white dwarg tralues obtained using the mass
and radius measurements from Table 5.2, correcting forettighift of the secondary star, the differ-
ence in transverse Doppler shifts and the potential at tbenskary star owing to the white dwarf,
are zyp = 159 + 0.4kms! from C1E and gp = 15.8 + 0.4kms 1 from C2E. Both values are
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Table 5.2: Stellar and binary parameters obtained from MCMC optimisation giibied
errors are statistical uncertainties. See text for details on the notation eisnod

Parameter Model Values
C1A ClE
q 0.3804+0.010 Q380+ 0.010
i[°] 79.05+ 0.15 7928 £ 0.15
Mwp [M&] 0.41540.010 Q414+ 0.010
Rwp [Ra] 0.0157+ 0.0003 00159+ 0.0003
WD logg 7.664+0.015 7652+ 0.016
Msec [M ] 0.158+ 0.006 Q157+ 0.006
Rsec [Re] 0.2174+0.003 0212+ 0.003
Rsecvol.aver [Ro] 0.202+ 0.003 Q199+ 0.003
a[Rs] 0.871+0.008 0870+ 0.008
C2A C2E
q 0.381+0.010 Q380+ 0.010
i[°] 79.034+0.15 79134+ 0.15
Mwp [M¢&] 0.415+0.010 Q415+ 0.010
Rwo [Re] 0.0161+ 0.0003 001594 0.0003
WD logg 7.6414+0.015 7649+ 0.017
Msec [M o] 0.1584+0.006 Q0158+ 0.006
Rsec [Ro] 0.217+0.003 0215+ 0.003
Rsecvolaver [Re] 0.203+ 0.003 0201+ 0.003
al[Ry] 0.8714+0.008 0871+ 0.008
C3A C3E
q 0.3784+0.010 Q379+ 0.010
i[°] 79.36+0.18 7929+ 0.16
Mwp [M&] 0.41440.010 Q414+ 0.010
Rwp [Ra] 0.0138=+ 0.0003 001504 0.0003
WD logg 7.773+0.023 77004+ 0.019
Msec [M ] 0.1564-0.007 Q157+ 0.006
Rsec [Re] 0.210+0.004 0211+ 0.003
Rsecvol.aver [Ro] 0.197+0.003 Q198+ 0.003
a[Rx] 0.869+0.008 0870+ 0.008
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Figure 5.8: Light curve fitting results for models C1A (left) and C1E (right)each of the
six panels we plot the phase-folded light curve with the model superimgtsedrace),
the residuals of the fit (middle trace, offset from O for clarity) and a binversion of the
residuals (bottom trace). Shown are the entire light curve (top panalepra around the
eclipse (middle panels) and the out-of-eclipse ellipsoidal modulation (bottosig)a
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temperature mass-radius relation of Eggleton as quoted in Verbunt & Papdao88a].
The dashed line, marked as (He,6) is a M-R relation fayyg = 6000K, He-core WD,
with a hydrogen layer af1(H) /Mwp = 3 x 1074, interpolated from the models of Althaus
& Benvenuto [1997]. NN Ser [Parsons et al., 2010a] is marked, indigdtia accuracy
achieved in eclipsing PCEBs. The results of the six chains for SDSS 121 flated in
red. Inset panel: zoom-in on the values of SDSS 1210. The points aredpeA circle;
CL1E: filled circle; C2A: open square; C2E: filled square; C3A: opemdglixy C3E: filled

triangle.
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Figure 5.10: Mass-radius plot for low-mass stars. Black points are data f6pez-
Morales [2007] and Beatty et al. [2007], where the masses of singkewtae determined
using mass-luminosity relations. The dotted line is the 5.0-Gyr isochrone franaffd
et al. [1998]. The dashed line is a 5.0-Gyr model including effects of etigactivity
from Morales et al. [2010]. The results of the six chains for the volunezamed radius
of the secondary in SDSS 1210 are plotted in red. Inset panel: zoomitimeoralues of
SDSS 1210. The points are C1A: open circle; C1E: filled circle; C2Ancgmpiare; C2E:
filled square; C3A: open triangle; C3E: filled triangle.
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consistent withinv 2g with the spectroscopic value ofp spec= 119 + 1.7km st

5.9 Past and future evolution

Following the exact same procedure as described in Secione have reconstructed the past and
predicted the future evolution of SDSS 1210. Given the lovgsra the secondary, the only angular
momentum loss mechanism for SDSS 1210 is gravitationahtiadi. Based on the temperature and
the mass of the white dwarf we interpolate the cooling trasfk&lthaus & Benvenuto [1997] and
obtain a cooling age dfyo = 3.54Gyr. This corresponds to the time that passed since tlagybin
left the common-envelope. We calculate the period it hadnwhkeft the common envelope to be
Pce = 4.24h. Following the same method as in Zorotovic et al. [201@] based on their results we
reconstructed the initial parameters of the binary usingmaraon-envelope efficiency ofcg = 0.25
and the same fraction of internal energy [see Zorotovic.eR8l0, for more details]. We found an
initial mass ofMprog = 1.33 M, for the progenitor of the white dwarf, which filled its Roclubé
when its radius waRprog = 91.31R;. At that point, the orbital separation was= 16267 R, and
the age of the system wags = 4.44 Gyr, since it was formed. Using the radius of the secorfdary
we calculate that the system will reach a semi-detachedgumation and become a cataclysmic
variable (CV) at an orbital period ¢4q = 2.01h intgg = 1.51Gyr.

Given that the curren,, places SDSS 1210 right at the upper edge of the CV orbital
period gap, and that the calculatBg;, when SDSS 1210 will start mass-transfer, is right at the
lower edge of the period gap, we are tempted to speculatheh8DSS 1210 is in fact a detached
CV entering (or just having entered) the period gap. Davial.ef2008] have shown that a large
number of detached WD+MS binaries with orbital periods betw®-3 hours are in fact CVs that
have switched off mass-transfer and are crossing the pgeapdThis could in principle explain the
apparently over-sized secondary in SDSS 1210, as expectedtiie disrupted magnetic braking
theory [e.g. Rappaport et al., 1983]. However, the tempegatf the WD in SDSS 1210 seems to
be uncomfortably low for a WD that has recently stopped anaygTownsley & Gansicke, 2009].

5.10 Discussion

Comparing the parameter determinations of SDSS 1210 wétidir systems presented in Chap-
ter4, it becomes evident how one additional piece of infaimma(in this caseKwp) can vastly
improve the accuracy of measurements by providing tighstamts on the parameter space. The
masses of both components in SDSS 1210 have been determitegaendent of any theoretical
mass-radius relation, while the radii suffer from systémancertainties in our data.

With a mass oMyp = 0.415+ 0.010M, and a temperature dfyp ~ 6000K, the DAZ
white dwarf in SDSS 1210 pushes the boundaries in a hithedgplored region of the WD param-
eter space. The M-R results from the four Chains C1 and C2anrsistent with a He-core WD,
assuming a hydrogen layer Bf(H) /Mwp = 3 x 104, However, due to lack of observational con-

2We assume a representative valueRgfoyol.aver = 0.200R, for the volume-averaged radius of the sec-
ondary
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straints for the H-layer thickness and the uncertainty erddii, we will defer identifying the WD
as a definite He-core and simply emphasise the strong caydida

The secondary star, with a massMe; = 0.158 + 0.006 M., illustrates once more the
excellent opportunity that PCEBs give us, for testing aribrating the M-R relations of low-mass
stars. Taking the radius measurements at face value, tbaday star seems to be 10 percent
larger than the theoretical values, although this drops t® percent, if magnetic activity is taken
into consideration. Kraus et al. [2011] found that low-mstsss in short period binaries appear to be
overinflated (although their analysis was restricteito- 0.3 M), which seems to be the case for
SDSS 1210. We should note however, that the mass and radius écondary star in the eclipsing
PCEB NN Ser (withMgec = 0.111+ 0.004 M., and comparable orbital period to SDSS 1210) is
consistent with theoretical M-R predictions, if the irration by the hot WD primary is taken into
account [Parsons et al., 2010a].

We have speculated whether SDSS 1210 is in fact a detachech@&Xing the period gap,
which could explain the large radius of the secondary. Thmthesis could be tested by measuring
the rotational velocity of the white dwarf. This can be agbikthrough high-resolution spectroscopy
of the Fa absorption lines in the WD photosphere [see e.g. Tappert,&Cdl1].

The parameter determinations of SDSS 1210 could benefit lvoger duration observa-
tions, spanning more than one orbital cycle, preferentialthe SDSS-filters and using a standard
star for absolute flux calibration. In this way, the systématcertainties affecting our data could
be reduced.
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Chapter 6

HS 2325+8205 - an ideal laboratory
for accretion disc physics

6.1 Introduction

The post-common-envelope binaries presented in Chapterd 4 will eventually evolve into the
semi-detached, mass-transferring configuration of a lystaéc variable. The presence of an ac-
cretion disc, as a result of mass-transfer, makes any asalf/such systems significantly more
complicated. In this Chapter an eclipsing dwarf nova abbeeperiod gap will be presented. The
system is an example where, despite the presence of aneedligh signal-to-noise ratio data are
needed to obtain stellar parameters.

6.2 Target information

The system under study, HS 2325+8205 (RA =23:26:50.4, D&2:2P:12, henceforth HS 2325),

was one of the systems spectroscopically identified as a @¥idate within the HQS (Section 2.2.2).
Interestingly, it is possible that this was not the first tibh® 2325 attracted attention, as Morgen-
roth [1936] mentioned short-term variability of HS 2325, igrhcorrespondingly was included in

the New Catalogue of Suspected Variable Stars as NSV 14B8agh with rather uncertain coordi-

nates). Information on the comparison stars used in phdtgriseprovided in Table 6.1.

6.3 Observations and data reduction

The observational data set and information on the data tiedugrocedures, both for data collected
at professional telescopes and for those collected usiaf] aperture telescopes, are summarised in
Chapter 3. Figure 6.1 shows three sample light curves, gthiarise to outburst, in an intermediate
state and in quiescence, respectively. HS 2325 has beed fowary in brightness between 17"
and~ 14" magnitude. In addition to eclipses, the light curve of HS®8Bplays additional fea-
tures: short-term, random, out-of-eclipse variationsiallg termed “flickering” [e.g. Bruch, 1992,
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Table 6.1: The four comparison stars employed in the photometry of HS 2328ir
USNO-A2.0 and GSC2.3 identifiers are given, along vtV and R magnitudes. The
B andR magnitudes are taken from the USNO, ahftom the GSC catalogue.

Star USNO ID GSCID B \% R

Cl 1650-02769321 NOTQO00055 15.40 13.81 13.60
C2 1650-02774158 NOTQO00054 14.80 14.05 14.30
C3 1650-02775103 NOTQO009686 15.60 14.90 14.80
C4 1650-02770392 NOTQO009847 16.70 16.44 16.30

2000], and an “orbital hump”, a brightening before the stdirthe eclipse attributed to the bright
spot coming into view [e.g. Krzeminski, 1965].

The mean quiescent spectrum is shown in Figure 6.2. The flex & the observed spec-
trum implied aV-magnitude near 17.0, subject to the calibration uncdiéan

6.4 Orbital Period and Ephemeris

The orbital ephemeris of HS 2325 was determined from an aisadyf the mid-eclipse times, which
were measured using the mirroring method. The resultingrehis was

To(HJID) = 2452888425543) -+ 0.1943345353) E (6.1)

with mid-eclipse times calculated on a UTC timescale. Equd.1 gives an orbital period &, =
2798417315) min for HS 2325, with numbers in parenthesis indicating thvereon the last digit.
The mid-eclipse times are listed in the Appendix.

6.5 Secondary spectral type and radial velocities analysis

As is typical for quiescent dwarf novae, the Balmer linesrimission are the most prominent features
in the spectrum of HS 2325 with equivalent widths030 and~ 54A for Hp and Hx respectively.
Hel emission is detected at 4921, 5015, and 5876nd Fal A5169 as well. The absorption bands
of an M-dwarf companion are conspicuous. To quantify the Mudwontribution, archival spectra
of M dwarfs taken with the same instrumental setup were aated. The archival spectra were
classified by Boeshaar [1976]. The spectral type and scalerg varied until the M-dwarf features
were cancelled as well as possible. The lower two traceggur€i6.2 show the best decomposition.
From this exercise, the estimated spectral type of the compas M30 + 0.75 subclasses, and its
flux corresponds t& = 19.0 4+ 0.4 (external error, including calibration uncertainties).

Radial velocities of the B emission line were measured using a double-Gaussian asnvol
tion method outlined by Schneider & Young [1980]; the centréthe Gaussians were separated by
1280kms?t, and each individual Gaussian had a FWHM of 270kf somparable to the spectral
resolution. This emphasised the outer wings of the line jgrofio measure the velocity of the M-
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Figure 6.1: Sample light curves of HS 2325. Top panel: filterless KY ohsens, from
September 5, 2003, with the system on the rise to outburst. Middle panel. §iftdfe
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three light curves, even during one night, is evident.
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- HS2325+8205 — Quiescent State .
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Figure 6.2: (Top trace): Mean quiescent spectrum of HS 2325. (Bdtime): A library

spectrum of the M3 dwarf Gliese 436, scaled so that it has an appatiesnd magnitude
of ~ 19.0. (Middle trace): The HS 2325 spectrum minus the scaled M-dwarf.
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Table 6.2: Fits to the absorption and emission radial velociles.the semi-amplitude\
the number of different measurements anid an estimate in the uncertainty in an individ-
ual data point (the RMS residual around the best fit). Numbers in stpuackets indicate
that the corresponding parameter was held fixed during the fit.

Data set @ Porb[d] Kkms?] y[kms?1 N o[kms]

Absorption  [3168.46177] [0.19433453]  237(28) —19(20) 24 71
Ha emission  3625.8335(18) [0.19433453] 145(9) —42(6) 50 32

aBlue-to-red crossing, HIB- 2450000.

dwarf component, the cross-correlation prograrsao was used, written by Kurtz & Mink [1998].
For the template, a velocity-compensated composite M-da@&ctrum was used, composed by
summing the spectra of a large number of M dwarfs for whichdfat al. [1987] tabulate precise
velocities. The cross-correlation region was from 600080064, this was chosen to include some
strong atomic and TiO features, while avoiding emissioadirNot all the spectra gave usable cross-
correlation velocities; we limited the analysis to thosevidiich the formal velocity error was less
than 35kms?.

Table 6.2 lists fits to the radial velocities, of the fouft) = y + K sin[(t — To) / Poro]. The
orbital periodP,r, was held fixed to the value derived from eclipses. Becauseeafiodest number
of absorption velocities and their limited phase coveragel because the absorption should trace
the motion of the secondary star fairly well, we fix&to the mid-eclipse ephemeris when fitting
the absorption velocities. Figure 6.3 shows the emissi@hadnsorption velocities as a function of
orbital phase.

6.6 Distance

The distance to HS 2325 can be estimated using the secortdasycontribution to the spectrum
and our knowledge of the orbital peri®y;y.

For a secondary star of malgke. at a fixedP,,, the Roche lobe radiug; is proportional
to Meed’3, and is almost independent of the primary mb&gp [Beuermann et al., 1998]. We
do not knowMsgee but we can estimate it using evolutionary models tabulate8araffe & Kolb
[2000]; these suggest that the secondary is between 0.2ahl 0.56 M,. At this Py, Equation 1
of Beuermann et al. [1998] then impli& = 0.47 + 0.07R,. Beuermann et al. [1999] tabulate
absolute magnitudes and radii for late type dwarfs as a ifumdf spectral class, which implies
a surface brightness for each star. In the range of spegpalwe see here, these correspond to
My = 8.8+ 0.7 for a 1R, star, where the uncertainty includes both the spectral typertainty
and the scatter among the tabulated points. Combining thistive radius yields an estimate of
My = 10.4+ 0.8 for the secondary.

The Galactic coordinates of HS 2325 &rgh) = (120, 20°); at this location, Schlegel et al.
[1998] estimateE(B—V) = 0.19 to the edge of the Galaxy. Assuming that our object liesidat
most of the dust, and taking the M-dwarf contribution to thecrum a¥ = 19.0 4 0.4, then yields
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| HS 232548205 — Absorption and Emission Radial Velocities |
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Figure 6.3: Radial velocities of HS 2325 in the quiescent state, plotted asctdiu of
orbital phase. The open circles show thee &mission and their formal uncertainties, and the
solid dots show the cross-correlation velocities of the M dwarf. There &pdrgcoverage

at 025 < @ < 0.42, and only some of the spectra yielded usable absorption velocities. The
dashed curve shows the best fit to the emission velocities,Ryighfixed butTy, K, andy
allowed to vary. For the absorption velocity fit (solid lin&),was held fixed to the eclipse
phaseK andy were adjusted.
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Figure 6.4: The result of the outburst monitoring campaign for HS 2325ir &otbursts
have been recorded in 50 days. Points in light grey indicate the systemibeinlipse

an extinction-corrected distance modulugwi— M)y = 8.0 + 0.9, corresponding to a distance of
400(4+-200,—140) pc. Note carefully that this estimate makes no assumptiahttie secondary
follows a main-sequence mass-radius relation; it assumiggivat the secondary’s spectral type is
a reliable guide to its surface brightness, and that it t#i$ioche lobe.

6.7 Outburst behaviour

HS 2325 was monitored intensively for about 50 days, stuftiom the 1st of April 2009 using
small aperture telescopes. Depending on the availabiligbservers and weather conditions, the
observing runs spanned a wide range, from nights with onénagoints, to nights with time-series
photometry for more than one orbital cycle and from multipleservers. The resulting light curve
is shown in Figure 6.4.

Four outbursts have been recorded during this period, atidig a recurrence time of
12— 14d. Prominent is a “long” outburst, lasting 11— 12d. It is difficult to judge whether the
rise to and the decline from outburst are asymmetric. Thisdf outburst seems to be followed by
a “short” outburst, for which we only have data points arotimelassumed maximum. This could be
a hint towards a bimodal distribution of the duration of thebwrsts, observed in many dwarf novae
[see e.g. Szkody & Mattei, 1984; Ak et al., 2002]. Furthereslations are required to establish
a more accurate recurrence time and to check the consistéribg “long” and “short” outburst
succession.
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We have inspected v7.12 (2009) of the Ritter and Kolb catsddritter & Kolb, 2003]
and compiled a list of U Gem-type dwarf novae (UG) and Z Capetsgtars (ZC) (see again Sec-
tion 1.3.6) that are found in the range 4hP,p < 5h. Only systems with confirmed UG/ZC status
and with a quoted outburst recurrence period were conglddtas left us with a list of 22 systems
(out of the 39 listed in R&K in thi$,, range). ZC systems dominate the short end of the outburst
recurrence period distribution, while UG systems tend teeHanger intervals between outbursts.
Our inferred outburst recurrence period~ofl2— 14d for HS 2325 places the system in the ZC re-
gion. However, as there has been no recorded standstill$2325 (the hallmark of ZC systems),
its identification as either a UG or a ZC remains ambiguous.

6.8 Eclipse morphology

In a (non-magnetic) eclipsing CV the shape of the eclipseeddp on which of the white dwarf,
bright spot and accretion disk (or combination) is beingpseld and also on which of these com-
ponents is the dominant light source for a given brightnegsll If the inclination of the system
is sufficiently high, all three components can be eclipsedulting in a complex eclipse, such as
the one in ZCha [e.g. Wood et al., 1986]. An example for lowetination is U Gem, where only
the bright spot and the accretion disc are eclipsed, raeguiti a different profile [e.g. Zhang &
Robinson, 1987].

Figure 6.5 displays a close-up of different eclipses of H&23The eclipses in the bright
state exhibit a symmetric V-shape, typical for an accretimt-dominated system. During quies-
cence the eclipse morphology becomes more complicatedeardls breaks in slope, indicative of
different components coming in and out of eclipse. The divbehaviour is reminiscent of that of
QY Car [see e.g. Rutten et al., 1992, their Fig. 2a-f] and EN (yumford & Krzeminski, 1969].

The eclipses are shallow with a typical depth~of0.8 magnitudes, changing te 0.4
around the outburst maximum. Itis interesting to note thaeclipse depth remains almost constant,
while the system is rising in brightness, and that the twdlabke eclipses near quiescence (Run IDs
13 and 14) seem to be slightly shallower than those in anmirediate level (e.g. run IDs 03 and 05).

A consistent feature seen in the eclipse profiles is the bireakope near orbital phase
~ 0.08, which can be explained as the egress of the bright spot¢foparison, see Z Cha, Wood
et al. 1986, and QY Car, Wood et al. 1989). The correspondiggess phase of the bright spot is
difficult to discern, but it could be situated between phas@$4 and—0.03. The contact points
(ingress and/or egress) for the white dwarf cannot be unguobisly determined.

The nature of the deepest part of the eclipse, between phase302 to ~ 0.02, is in-
triguing. Its depth follows the trend of the eclipses, vagybetween 0.2 - 0.4 magnitudes, with
a typical depth of~ 0.3 magnitudes. Its U-shaped, symmetrical shape is puzzlbah in high
inclination systems (where the WD and the bright spot are fedlipsed) and in systems with a
lower inclination, where the WD is not eclipsed, but the brigpot is, the eclipse is expected to
be “flat-bottomed” (while the WD and/or bright spot are fullganlted) and/or display significant
asymmetries (see Savoury et al. [2011] for various exangfleslipse profiles). A symmetric, U-
shape like the one observed in HS 2325 could be attributeghéotial eclipse of the WD (see again
the light curve of SDSS 1435in Chapter 3). A further comgiaais the fact that the depth of this
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feature remains roughly constant, independent of the tirégis of the accretion disc.
It is uncertain whether the eclipse profiles in quiesceneeaaresult of poor time resolu-
tion/quality of our data or there is an underlying physiesson.

6.9 Estimates of the binary properties

The standard work-flow in an eclipsing CV [see e.g. Wood etl8I86, 1989, 1992; Littlefair et al.,
2006a,b] involves the identification of “contact pointsg.i the exact moments of the ingress and
egress of the white dwarf, the bright spot and the accretiso. dThese contact points (and the
corresponding phase-widths of eclipse) are used to plangdieometrical) constraints on the mass
ratio g and the inclination angliefe.g. Bailey, 1979; Horne, 1985] and deduce informationudiize
size of the bright spot and the accretion disc. Flickering camplicate the situation, making the
contact phases difficult to discern. A technique often eygalao tackle this problem is averaging
together many light curves to drive down the intrinsic sty introduced by flickering [see e.g.
Copperwheat et al., 2010, for the case of IP Peq].

Although breaks in slope are seen in the light curve of HS 2825 available data set is
not of sufficient quality and time-resolution to unambigsliyuidentify the various contact points,
taking the strong effects of flickering into account as w&le constant brightness variations in our
ensemble of light curves make any averaging attempt diffiddénce, it remains unclear whether
the white dwarf in HS 2325 s fully or partially eclipsed oiitifs not eclipsed at all.

We can, however, find a relation betwegandi by determining the size of the accretion
disc, following a method similar to that of Dhillon et al. [@8]. The phase half-width of eclipse at
maximum intensity (essentially timing the first and lastteots of eclipse and dividing by twadp
is related to the disc radius through

Rbo ... Rc
o - sini sin(2rmAg) — p (6.2)

whereRc is the half-cord of the secondary and is given by

Re _ (Tj)z cogi (6.3)

[see e.g. Sulkanen et al., 1981]. The volume ray&x is given in Equation 1.2.
The distance between the primary and the inner Lagrangiem Ippis given by

RLl _ 0.4056) 1
<a> = (10015+ ¢P4056) (6.4)

[Silber, 1992], so that the disc radius can be expressediia ahlL; simply by dividing Equations
6.2 and 6.4.

The mean phase half-width of eclipse at maximum intensity eetermined by eye, from
light curves around outburst maximum when the disc is exquett be at its largest, to kisp =
0.1+ 0.02. The large error is due to the fact that the exact beginamgyend of the eclipse are
uncertain because of flickering, and because in some casesitha distinct slope in the out of
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Figure 6.5: Eclipse profiles of HS 2325, sorted by out-of-eclipse bragstffrom top to bot-

tom and from left to right; top left being the brightest, bottom right the faint&ig light

curves have been phase-folded using the ephemeris given in Equatemdsare shown for

the phase intervat0.12 < @ < 0.12. The numbers in each panel correspond to the run ID
listed in Table 3.1.
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Figure 6.6: Accretion disc radius, in units @fi], as a function ofj andi. The curves are
bound below - grey coloured - by the requirement of a partial disc eclipse
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eclipse part of the light curve, as the system rises in ostlfgee e.g. Figure 6.1, top panel).

Figure 6.6 shows the disc radius calculated fox @ < 1 and various inclination angles
using the above set of equations. The curves are bound aldiie bequirement tha®, < L; and
below by the requirement th&, > Rc for a partial disc eclipse, which is shown by the change in
line colour. This allows us to place a strict lower limit fdretinclination angle to bgnin = 68°.
However, the upper limit of and the possible values gfremain unconstrained.

Using the mass function, Equation 2.6b, we can transformvendig,i) pair to a given
(Mwp, Mseg) pair. Figure 6.7 shows Equation 2.6b calculatedifgs = 68 andimax = 90°, over
a wide range in secondary massl & MsedMg] < 0.6. Allowed (Mwp,Mseg pairs are located
between the two dash-dot curves. We can further narrow doesparameter space, by making two
assumptions:

1. The secondary follows the mass-period relation of SmitBHillon [1998], which yields
Msec = 0.47 £+ 0.07 M, (Figure 6.7, dashed, horizontal lines)

2. The radial velocity variation of the emission lines tra¢ke motion of the white dwarf, so
Kem = Kwp = 145+ 9kms 1 and, thereforegspec = Kwp /Ksec = 0.614 0.08 (Figure 6.7,
dotted lines).

In order to gauge how realistic these assumptions are, weduhe statistical properties of
the known CV population.

For the former assumption, the spectral type of the secgn@8.0 + 0.75) suggests
Msgec = 0.23 — 0.56 M, adopting the evolutionary models of Baraffe & Kolb [200d]he mass-

period relation of Smith & Dhillon [1998] giveBlsec = 0.47 & 0.07 M, while the semi-empirical
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Figure 6.7: Constraints on the masses of the binary components. Solids:cuiEgea-
tion 2.6b plotted foi = 68°,90° (dash-dot curves) arid= 70°,81° (solid curves). Dashed
lines: constraints on the secondary mass, assuming the mass-period refiedimith &
Dhillon [1998]. Dotted lines: constraints on the mass rgtassumindlem = Kwp. Shaded
in grey is the allowed parameter space, under the previous assumptietextier details).

donor star sequence of Knigge [2006] givdsec = 0.43M.,. In both cases, the mass of the sec-
ondary is at the high-mass end of the range estimated frospibetral type, in agreement with the
results of Beuermann et al. [1998], that CV secondaries allog gap are generally cooler than
ZAMS stars with the same mean mass density.

The latter assumption is a frequently adopted one in CV rekedut it must be viewed
with a certain amount of caution [see e.g. Shafter, 1983r§thasen, 2000]. An encouraging fact in
the case of HS 2325 is that the phasing of the emission liremisistent with the eclipse ephemeris.
Several studies regarding the mass of the white dwarf pi&mam CVs above the period gap, point
towards a canonical value ef 0.8 Mg (< Mywp >= 0.81 + 0.04 M, Webbink 1990;< Myp >
= 0.80+ 0.22M,, Smith & Dhillon 1998;< Myp >= 0.75+ 0.16 M, Knigge 2006:< Myp >
= 0.78 + 0.19M,,, Southworth et al. 2009). Adopting Mwp >= 0.78 + 0.19My andMsec =
0.47 + 0.07 M, the mass ratio expected for HS 2325 on the base of theseieahgividence is
Oemp = 0.60+ 0.17. The agreement @mp andgspecisS comforting, though the closeness of the
match is probably coincidental, considering the largerasmoemp

If the assumptions dvlsec andq are indeed correct, and we underline again that, especially
OspecShould be treated as a rough estimate, then the allowedaticin angle range becomes 70
i < 81° (Figure6.6) and the allowetMwp,Mseg pairs are indicated as the grey shaded area in
Figure 6.7.

Finally, we also made a preliminary attempt to model the nlezklight curve profile of
HS 2325, to check whether our constraints lead to a plausildldel. We employed CURVE to
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model the 2005 Sep. 15 light curve taken at the NOT, which iraighest observing cadence and
the system was found to be in quiescence. The bright spotametan disc model parameters were
switched on (Section 2.4.4). The results are shown in Fig@eThree cases need to be considered.

Case 1: No eclipse of the white dwarf

The red model in Figure 6.8 was computed épe= 0.6 andi = 71°, corresponding tMwp =
0.81 M, andMgec = 0.48M,,. Bothq andi were held fixed during the fitting process. In this com-
bination the white dwarf is not eclipsed at all. While this mbreproduces the ingress and egress
phases well, it fails completely to fit the deepest part ofébipse, indicating that an additional
component is occulted.

Case 2: Grazing eclipse of the white dwarf

The blue model in Figure 6.8 was computed dor 0.6 andi = 71.45°, corresponding t&ywp =
0.80M, andMgec = 0.48M,. We see that the morphology of the grazing eclipse of theawhit
dwarf is reminiscent of the observed central dip in the sdiprofile, however, the particular model
is too narrow to reproduce the deepest part of the eclipseprdperly fit this part (black model,
g=0.6,i = 712°, Mwp = 0.80M., andMgec = 0.48 M) requires a white dwarf radius &yp =
0.0372R,, which is in complete disagreement with the radiuRgh = 0.0105R,, calculated from
the models of Bergeron et al. [1995a] for a white dwarf of tHe@ed mass.

Since a larger white dwarf radius seems to be required toephpfit the deepest part of
the eclipse, we repeated the fitting, following the exactes@mocedure as above, with the lowest
plausible white dwarf mass dywp = 0.62 M, (corresponding t@ = 0.43 andi = 72°). The
fitting process resulted in the same inconsistency regattia radius of the white dwarf.

Thus, a grazing eclipse alone cannot fully account for thepdst part of the eclipse.

Case 3: Total eclipse of the white dwarf

A total eclipse of the white dwarf cannot be, securely anduliiguously, excluded with the present
data set. However, as there are no clear signatures of the dinarf ingress/egress contact points,
the light curve does not provide enough constraints to testdase, and we did not try to fit any

model that had a high enough inclination to imply a total WDyesd.

A plausible scenario that could account for the fitting ressisl the presence of an additional, physi-
cally larger, bright component in the central part of theratton disc. This component could be, for
example, an enhanced boundary layer [see e.g. Wood et 80; ¥od & Horne, 1990] that is a
dominant light source and outshines the white dwarf. Theestepart of the eclipse could then be
attributed to a partial eclipse of this component. Unfoatiety, this alternative does not offer more
insight on whether the white dwarf is eclipsed or not, sommetthat can only be answered with an
improved data set, namely high-cadence and high-photanaetturacy observations at quiescence
for more than one orbital cycles.
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6.10 Discussion

The exact geometry of HS 2325 and the components contriputithe eclipse profile remain un-
known, and no safe conclusion can be drawn. The shallowrfeke eclipses could be used as an
argument against a total eclipse of the white dwarf; howeateould be that the white dwarf has
(unusually) lower surface brightness and its signaturdnénlight curve is not as strong [see e.g.
Copperwheat et al., 2010, for the case of the cool white dindA Peg].

The boundary layer scenario cannot be readily tested usingve, where the accretion
discis modelled as a symmetric, flattened disc, and a siragialmpower law variation for its surface
brightness is assumed. Thus, any component similar to adaoyrayer (or a more complicated
structure of the accretion disc) cannot be accounted fothdf were true, the parameter values
established in the fit could not be fully trusted. This is hesathe fit would try to compensate e.qg.
for the variations due to the boundary layer, by radicallgraing other parameters, such as the
white dwarf radius.

The current lack of observational constraints makes thquamess of the fits, presented
previously, difficult to judge. All the above examined cas@sl assumptions could be rendered
void, if a future high-quality, high time-resolution lightirve clearly displays eclipse contact points
of the white dwarf. However, the analysis based on the siigeddiccretion disc is independent of the
white dwarf eclipse. Furthermore, high signal-to-noisectscopic observations could confirm,
through use ofliagnostic diagramge.g Shafter, 1983; Thorstensen, 2000; Southworth et@LOR
whether HS 2325 belongs to the handful of systems where merasuats of the radial velocity of
the WD are possible. Additional observations are of paramioyportance for the study of HS 2325.

Having said that, HS 2325 presents us with an unparallelpggbidunity for “hands-on”
study of accretion processes. Its modest brightness ramgesrit a suitable target for 2m - 4m-
class telescopes and also, as we have demonstrated, blecesti the small aperture telescopes
of amateur astronomers. Its high declination means it @ioipolar and observable all-year-round
from the Northern hemisphere, while its short outburstriretbpractically guarantees that a (modest)
observational run of a few days will record either the riseitthe decline from outburst. This will
enable “real-time” studies of the evolution and structeteinges of the accretion disc to be carried
out, through the means etlipse mappingHorne, 1985] andoppler tomographyMarsh & Horne,
1988].
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Chapter 7

V455 And - searching for white dwarf
pulsations

7.1 Introduction

Angular momentum loss inexorably drives the evolution daclysmic variables to shorter orbital
periods, until the period minimum is reached and the systeontes back to longe?,, (Sec-
tion1.3.4). The final stop along the evolutionary line of agppcommon-envelope) white dwarf
binary will be a cataclysmic variable below the period gap.tHe previous Chapters | have pre-
sented new systems, | have measured orbital periods aral xedocities and | have used light
curve modelling to obtain system parameters. This Chaptepimewhat different. The system
presented here has been previously identified and h&gitsletermined and radial velocities mea-
sured. Although the system is eclipsing, | will not apply treial modelling techniques. Instead,
I will focus on a different kind of photometric variabilityrpsent in the system, which is believed
to arise from pulsations of the WD primary. Thus, | will heregay the techniques of time se-
ries analysis, through Fourier transforms, as present8edtion 2.4.5, in an attempt to confirm the
nature of the variability.

7.2 Target background

This Chapter is devoted to V 455 Andromedae (henceforth Y &6 known as HS 2331+3905
(RA=23:34:01.6, Dec=+39:21:41.4). It was originally itifed as a CV candidate from the HQS
survey and studied by Araujo-Betancor et al. [2005] (hemtbfAB05). The light curve of V 455
is shown in Figure 7.1.

V 455 in a nutshell

In ABO5 V455 is, rightfully, described as “the cataclysmiariable that has it all”. Indeed the
system is eclipsing, albeit partially; it has an orbitalipdrof Py, = 81.08 min, placing it very
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Figure 7.1: The phase-folded light curve of V 455 as shown in ABO®.pamel: the entire
data set. Bottom panel: the same, but re-sampled into bins of 100 points. éydidlis
repeated for clarity.

close to the period minimum; it shows evidence for a permiasigperhump withPs, = 83.38 min,
associated with a precessing, elliptical accretion distt ia most likely contains a brown-dwarf
donor, making it a good candidate for a post-bounce systema. niost striking feature is the fact
that the radial velocities (measured from Balmer and Helines) are predominantly modulated at
a spectroscopic period &pec ~ 3.5h andnot the orbital period. This period is not at all related
to Porp, it does not show up directly on photometric data and it wamdbto drift in period and/or
phase on timescales of a few days [see Araujo-Betancor, 2085, for a more detailed discussion].

In addition to the above, time-series analysis performetthephotometric data set, through
power spectra and Scargle periodograms, revealed a nurhbigndicant signal detections. These
were

o A signal at the orbital frequenciop = 17.76d°1

¢ A dominant signal at double the orbital frequenéy, = 35.52d"1, resulting from the
“double-hump” shaped light curve

e A combination of signals at 200d < Fyus < 300d %, attributed to non-radial (g-mode)
white dwarf pulsations

e Two signals atF = 127776d ! andF = 128475d%, the latter attributed to the white
dwarf spin and the former to a sideband (beat) frequency dmrvthe spin signal and the
Pspec~ 3.5h spectroscopic period
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Figure 7.2: Identification of the WDFspin in V455. Top panels: the DFT calcu-
lated from data collected in the 2004 campaign. Bottom left panel: pre-whitemiiin

F = 127776d"! removes the signal completely, indicating long term stability and coher-
ence. Bottom right panel: pre-whitening wkh= 128475d"! leaves considerable residual
power, indicating that this signal is not stable on long-timescales.

e Two signals aF = 25555d™! andF = 256925d?, believed to be the first harmonics of
the white dwarf spin and the sideband frequencies.

The 2004 photometric campaign

During August - September 2004, a multi-site photometriopaign of V 455 was conducted. The
purpose was to study the signals at 200 & Fouis < 300 d! and determine if they are indeed a
result of WD pulsations. Such campaigns provide uninteediypalias-free observations, which are
very useful for studying white dwarf pulsations [e.g. Kepde al., 2003; Mukadam et al., 2010].
This data set has immediately led to an important discovabgit not related to pulsations. In
ABO5 the signal aF = 128475d! was attributed to the white dwarf spin and the on& at
127776 d1 was thought to be the beat frequency between the spin and B&h spectroscopic
period. Power spectra calculated from the data set colledteing the campaign show that the
signal atF = 127776d ! is coherent and stable over the course of two months (préenihg
with this frequency removes the signal completely from tbe/gr spectrum), whereas the signal at
F = 128475d 1 is not (pre-whitening leaves residual power). This is tilated in Figure 7.2.

133



Based upon this evidence, coupled with evidence from fasttspscopy (D.Steeghs, priv.
comm.) and X-Ray observations (P.Wheatley, priv. comm.)jdeetify the white dwarf spin fre-
guency to bergspin = 127776 d-1 and the sideband frequency to Bga = 128475d™1. The fact
that Foeat > Fspin implies that the region where the beat signal originatesifrmoves in aetro-
gradedirection with regard to the white dwarf rotation. Such aggtade motion is predicted by
simulations [Foulkes et al., 2006, 2010] of accretion dibes arewarped due to a pressure torque
induced by irradiation from a central X-ray source [e.g.88j& Pringle, 1999]. On a similar note,
Tovmassian et al. [2007] have studied a scenario includiegotecession of the rotational axis of
the WD. A combination of these models might be able to explaénx5h spectroscopic period, but
the answer remains elusive.

The 2007 superoutburst

One of the features missing from V 455 at the time of publa@atf ABO5 was any kind of dwarf
nova activity. The system did not disappoint and in Septer@e2007 it underwent a spectacular
8-mag superoutburst, confirming that it belongs to the WZ Sipectass of CVs, as hypothesised
in ABO5. | was extremely lucky to have an observing run arothrat time at the 1.2m Kryoneri
telescope in Greece focused on V455 as part of the inveistighdr pulsations, so | was able to
record the superoutburst from its very early stages. In tbeigus night, the system was observed
to still be in quiescence/( ~ 16.4). Figure 7.3 shows these observations, overplotted onS@&/
observations prompted after a VSNET-aleth the last observation, obtained at October 14, 2010,
the system was found & ~ 16.1, still not fully back to quiescence, more than 3 years dfter
superoutburst.

7.3 Scope of the work

In ABO5 the signals detected in the power spectra at a rangd 20< Fpuis < 300 d- were tenta-
tively attributed to g-mode pulsations. This was done orbéms that the corresponding periods of
the observed signals, 28&sP < 432s matched the observed range of white dwarf pulsatiotis bo
in single ZZ Ceti stars (see again Section 1.4.3) and in the&S@¥/Lib [van Zyl et al., 2004]. While
this interpretation is wholly plausible, no definite probét these signals are indeed pulsations has
yet been provided. Proof can come through use of power spaott comprehensive time-series
analysis, in order to establish the repeated occurancgélsi at specific frequencies, indicative of
a stable mechanism, i.e. g-mode pulsations of the whitefdineanember again the “golden rule”,
Section 2.4.5). The purpose of my work was to perform suclidysdf V 455. To this end, | have
re-analysed the light curves presented in ABO5 (collectethf2000 to 2003), together with the
light curves from the photometric campaign of 2004 (whichahis point have not been properly

1wz Sge systems are a type of SUUMa dwarf novae, which only showstareroutbursts and almost no
normal outbursts

2The American Association of Variable Star Observers, Alert Notice 357

Svariable Star NETwork, alert 9530, http://ooruri.kusastro.kyoto-jp4zpermail/vsnet-alert/2007-
September/001152.html
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Figure 7.3: Onset and evolution of the 2007 superoutburst of V45%@wded by the
AAVSO (green points) and by our own observations (black points). @mibht of Sep.
03, the system was still in quiescence, while the observations on Sep.e0dn@bt of the
superoutburst) started independently of the VSNET alert, barely a mirtetettaé official

confirmation. Left inset panel: a close-up on the evolution of the sugmrmi during the
first ~ 45 days. Right inset panel: a close-up on the evolution of the superstithuring

the first~ 4 days.
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analysed), as well as light curves obtained in subsequeams yrom 2005 to 2010, see Table 3.1 for
details).

7.4 Analysis

The analysis has been carried out with power spectra (DFilshlated in the frequency range
150d! < F < 450d1. In what follows | will refer to this range a®gion of interes{ROI).

7.4.1 Light curve selection

For the analysis, | have selected light curves that met titer@: (i) the observations had more
than 3 hours pure on-target time (to ensure that closelyespfequencies can be resolved, see
again Figure 2.11, Panels II-A, 1I-B), and (ii) the samplioigthe data corresponded to a Nyquist
frequency offyyq > 450 d1, which translates into a duty-cycle (exposure time plusioeatime)

of tgec < 96s. These light curves are reported in Table 3.1.

7.4.2 Light curve preparation

All light curve have been processed in the following fashion

(1) Each individual light curve was first converted from t#eband magnitude t&-band flux
through fy = ¢ x fyegax 10-%4™, wheremy is theV magnitude,fyega is the flux of Vega in the
V-band and: is a normalisation constant, so that the quiescent flux imabsed to 1.

(2) The light curves were then smoothed using a box-car filidde number of pointsy,, of the
box-car varied for every light curve and was chosen accgrtiirthe corresponding duty cyda,

so that the actual width (in time) of the filter would alwaysrex t4yc = 5760s (corresponding to
15d™1). The smoothed light curve was then subtracted from theraigeffectively removing any
power below 15d!. In CVs, accretion-driven flickering results in low-frequay, high-amplitude
signals appearing in the DFTs. When re-shuffling the data (ghgn we estimate the noise level of
the DFT, Section 2.4.5), these signals can leak into higleeuencies and lead to an overestimate
of the noise level. Use of the box-car filtering removes tmaanted low-frequency power.

(3) The light curves were then pre-whitened with the whitedwspin atFspin = 1277.76 d-landthe
sideband signafpesi and their associated harmonics, to avoid possible dowttesizay of power
from these signals in the ROI, when reflected around the Mydreiquency (see again Figure 2.11,
Panel Ill), as such down-scattered signals would only ma&gars more complicated.

After this step | calculated a power spectrum in the ROI, fralirthe light curves prior to 2007,
which is shown in the top panel of Figure 7.4. An inspectiorthref power spectrum reveals the

“as this signal is not coherent, each light curve was pre-whitened withetheeincy where the beat signal
was detected (in the particular light curve).
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Figure 7.4: Top panel: A power spectrum of the ROl 15@50d! calculated from all
available data prior to 2007, after step-3 of light curve preparation. ifsignt amount of
excess power in the ROI can be attributed to very high order harmoniceg oflital fre-

guency and/or the double-hump frequency. Bottom panel: a re-caldydateer spectrum
after pre-whitening the high order harmonics (step-4 of light curve gedjpn). Excess
power remains in the ROI.

presence of high-order harmonics of the orbital and/or tlebimp frequencies, up to 26 Fyp, a
direct result of the very sharp V-shaped eclipses in V 455.

(4) Thus, all, the light curves were also pre-whitened wiit signals,, = 17.76d 1 andFyp =
35.52d1, as well as their harmonics up to the'2drder, again to avoid having signals with known
origin in the ROI. The re-calculated DFT is shown in the bottpanel of Figure 7.4 and indicates
that, despite the significant pre-whitening, there is exgesver remaining in the ROI, indicative of
additional sources of signals. These signals were the cidfiéurther analysis.

7.4.3 Combining light curves

During the 2004 photometric campaign, a large number ofitiine turves overlapped in time. After
the initial processing stage, | merged together all thag# turves that overlapped, to increase the
duration of observations and, thus, the resolving powen@DiFT.
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7.4.4 Signal detection thresholds

In order to determine the significance of a signal detectlompverall noise level of the data needed
to be estimated. This was achieved through the cumulatjfesist power method (CHP) described in
Section 2.4.5. The ROl was divided into thirty 10'dwide windows. In each window, the F-
confidence level was calculated using the CHP method. Thectiat threshold for the ROI was
taken to be the average of the.8%-confidence levels in each window.

In each power spectrum | then looked for signals in the ROt #na detected above the
corresponding threshold. The frequencies and the unoéesiof these signals were subsequently
determined using a bootstrap method, in the manner deddritigection 2.4.5.

7.5 Results

7.5.1 Yearly data sets

| will first examine power spectra calculated on a yearly §dse. calculating a DFT of all the light
curves collected in a year. The resulting power spectratares in Figure 7.5.

The DFTs from the years prior to the superoutburst (top theeels in Figure 7.5) appear
to be very similar in structure, implying the long-term pese of signals in the ROI. The latest
DFT, obtained from data gathered three years after the guftmnst, shows a different picture, with
the strongest clusters of excess power detected in highertés) frequencies (periods).

The overall behaviour is consistent with attributing (atdesome of) the power excess to
white dwarf pulsations. Pulsation periods of ZZ Ceti stdrsvs a distinct trend with temperature
[e.g. Clemens, 1993; Kanaan et al., 2002; Mukadam et al§]20@th the hotter DAVs showing
shorter pulsation periods (130 300s) than their cooler counterparts (66A.000s).

Thus, this shift to shorter periods in the power spectra eeted, as the white dwarf in
V455 has been heated, potentially outside the instabiiity,§rom enhanced accretion during the
superoutburst, and the system is now cooling down back tuitsscent state.

7.5.2 Signal detection on a nightly basis

I now turn my attention to the varioussasignificant signals detected on a run-to-run basis, in an
attempt to identify repeating occurrences indicative déation modes of the white dwarf.

The results of this search are presented in Figure 7.6. &ltiat the X-axis is now period,
instead of frequency. Each line represents a single lightecidentified in the Y-axis, through
a combination of observing date and telescope acronym. tldgives that have more than one
telescope acronyms are those obtained during the 2004 ggmgiad were merged together. To
aid the identification of a signal detection over multiplghts, | plot each signal as a straight line,
extending in the Y-direction. Errors in the period of theede¢d signals are given as error-bars along
the X-axis and, in some cases, are not readily visible in th&ef the plot.

At a first glance Figure 7.6 shows a rather complicated detephttern, with a large num-
ber of significant signals detected in most nights. Althosmmals are found in the entire range, it
is worth noting that there seem to peeferred periodsas most signals can be grouped in multiple
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Figure 7.5: Power spectra of V455 calculated by combining all data that bhesn col-
lected in a year (indicated in each panel). | also plot the correspondingwifuthctions
(grey) shifted to the highest peak. The similarities in the DFTs of the prersutburst
years (top three panels) are obvious, as well as the shift of powerherhifigegquencies in
the post-superoutburst data set (bottom panel). Notice the different limitseeoY-axes.
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Figure 7.6: Nightly signal detections in DFTs of V 455. Notice that the X-axjseisod,
not frequency. Each row corresponds to one light curve, givethery-axis as a “DATE-
OBSERVATORY” code. Light curves with more than one observatorpayam have been
obtained during the multi-longitude photometric campaign. A line is used to seatate
sets prior to and after the superoutburst of 2007. Each signal is plat@diree (along the
Y-axis) to aid the eye in the alignment of periods in different nights. Eresslalong the
X-axis are the errors on the determined periods, with some being too smeikfecale of
the plot. The grey shaded regions and the two red lines are discussedilrindgne text.
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(> 2) detections, clearly illustrated at the bottom panel iguiR¢ 7.6. Similarly rich power spectra
have been observed both in cool, single pulsating WDs [e.g®-8% Kleinman et al., 1998] and
in WDs in CVs [e.g. GW Lib; van Zyl et al., 2004, albeit much siempthan V 455]. The shift
from longer to shorter periods observed in the yearly datgisemirrored in the detections on an
individual basis, as the bulk of signals in light curves afed after 2007 (top part of Figure 7.6) is
clearly shifted to shorter periods with respect to the tHos® light curves prior to 2007.

All detections of Figure 7.6 are summarised in Table 7.1q&eacies (periods) were grouped
together if their values were consistent within the errdrse quoted frequency/period values and
errors were obtained as follows: for single detectionspbrethe formal values as obtained from
the bootstrap method; fdf = 2 detections | report the mean value, while the error is abthfrom
summing the constituent errors in quadrature;Nop 3 | again report the mean value, while the
error is obtained by comparing (i) the standard deviatiaefconstituent frequencies, (ii) the mean
of the constituent errors and (iii) the range-half-widhax — Fmin) /2 of the constituent frequencies
of one group; the largest value is the reported error.

There are 4 cases with > 20 detections: two signals Bf = 31939+ 2.32s andP, =
32864 + 1.40s, marked by red lines in Figure 7.6); and tvegions of activity(ROA), i.e. re-
gions were significant signals are consistently detectbejtavith some variation in their periods,
at Proa1 = 34087 + 3.83s andPrpoa2 = 36570 + 4.59s, indicated by the grey-shaded areas in
Figure 7.6). These regions could be a result of closely spaeeiods, that are unresolved in the
data sets at hand. If the amplitudes of the constituent Eghange with time, then the unresolved,
single detection in the DFTs will be shifted towards the ¢etgamplitude component. This is also
the reason for the conservative approach in the error etitimaf multiple detections. Such “fine
structure” of closely spaced frequencies could arise tsxad the rapid rotation of the WD or
from oblique pulsationsdue to the alignment of pulsations with a precessing magagts [e.g.
Montgomery et al., 2010].

On a final note, linear combinations of frequencies are dedein individual nights. For
example, in the night 20030820ky the frequendies = 16589d%, F2 = 237.17d%, F3 =
2449641 andF4 = 25265d ! are detected. HoweveF3 = 3 x F1 — F4andF2 = 2 x F3 —
F4, so not all significant detections are independent. Ligearbinations are a very common oc-
currence in pulsating WDs [e.g. Brassard et al., 1995; Wul280d references therein].

7.6 Discussion

The analysis presented in this Chapter lends further stuppdhe idea that the power detected
in the DFTs of V455 in the range 150 450d! is a result of non-radial (g-mode) pulsations
of the WD primary. Hot white dwarf pulsators generally exaterter period (higher frequency)
modes compared to cold ones [Clemens, 1993]; as the WD in V 485bken heated during the
superoutburst, one would expect a shift in the detected ptoveards higher frequencies, which
is indeed observed (Figure 7.5). Furthermore, the anabfdise power spectra on an individual-
night-basis clearly reveals clustering of signals, i.er¢tare preferred frequencies inside the 350

450d-1 range where signals are consistently detected, indicatisgble physical mechanism at
work. In other words, the behaviour of the detected sigralsxactly the one expected, if these
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Table 7.1: The frequencies, periods and corresponding errolissigrificant signal detec-
tions from Figure 7.6. See text for details on the quoted values. The nwhbetections
is also indicated.

F[d~1] P [s] # F [d7Y] P [s] #
15177+ 0.25 56928+ 0.93 1 28685+ 0.31 30121+ 0.33 3
15756+ 0.34 54838+ 1.17 1 28750+ 0.25 30052+ 0.26 1
16373+ 0.61 52771+1.98 1 28987+ 1.49 29807+ 1.54 13
16583+ 0.74 52104+ 2.33 4 29548+ 0.23 29241+ 0.23 1
17042+ 0.40 50698+ 1.18 1 29770+ 1.22 29023+ 1.19 8
17516+ 0.33 49326+ 0.93 1 29964+ 0.22 28835+ 0.21 1
18036+ 0.58 47904+ 155 2 30393+ 0.35 28428+ 0.33 2
18366+ 0.41 47043+ 1.05 3 30560+ 0.29 28272+ 0.27 1
18518+ 0.29 46658+ 0.75 1 30691+ 0.35 28151+ 0.33 3
18653+ 0.38 46319+ 0.94 1 30780+ 0.46 28070+ 0.42 2
18793+ 0.29 45974+ 0.70 1 31304+ 0.28 27600+ 0.25 2
19206+ 0.18 44987+ 0.43 1 31374+ 0.24 27539+021 1
19976+ 1.72 43255+ 3.73 10 31530+ 0.96 27403+ 0.84 8
20226+ 0.35 42716+ 0.75 1 32271+ 0.65 26773+ 054 6
21053+ 0.33 41039+ 0.64 1 32377+ 0.25 26685+ 0.20 2
21522+ 0.39 40145+ 0.73 1 32440+ 0.25 26634+ 0.21 1
21607 + 0.34 39988+ 0.64 3 32634+ 0.34 26476+ 0.28 2
21848+ 0.45 39546+ 0.82 4 33031+ 0.36 26157+ 0.28 1
22017+ 0.28 39242+ 050 1 33278+ 0.93 25963+ 0.73 8
22196+ 0.42 38925+ 0.74 4 33574+ 0.18 25734+0.14 1
22770+ 056 37944+ 0.93 3 33990+ 0.50 25419+ 0.37 2
23270+ 0.36 37129+ 0.57 1 34169+ 0.60 25286+ 0.44 2
23628+ 2.97 36570+ 4.59 28 35018+ 0.65 24673+ 0.46 2
24394+ 0.30 35419+ 0.43 2 35157+ 0.58 24575+ 0.40 1
24579+ 0.99 35152+ 1.42 12 35860+ 0.81 24094+ 0.54 2
25348+ 2.84 34087+ 3.83 42 36099+ 0.20 23934+ 0.13 1
25669+ 0.21 33659+ 0.28 3 36564+ 0.42 23630+ 0.27 3
26100+ 0.26 33103+ 0.33 1 36994+ 0.38 23355+ 0.24 1
26290+ 1.12 32864+ 1.40 23 38439+ 0.34 22477+0.20 1
27052+ 1.96 31939+ 2.32 25 38524+ 0.27 22427+0.16 1
27420+ 0.35 31510+ 0.41 2 38722+ 0.46 22313+0.27 1
27859+ 0.29 31013+ 0.32 5 39956+ 0.28 21624+ 0.15 1
28013+ 0.45 30842+ 0.50 6 41128+ 0.45 21008+ 0.23 1
28166+ 0.42 30676+ 0.46 4 43737+ 0.67 19754+ 0.30 1
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signals are the result of pulsations.

However, | should stress that | do not claim teaery onef the signals reported in Table 7.1
is a different pulsation mode. Spurious signals in the megibinterest can be a result gfiasi-
periodic oscillationdQPOs; Patterson et al., 1977], which are observed at pedba few hundred
seconds with amplitudes of a few percent [e.g. Warner e2@03, and references therein]. Hence,
while these multiple detections are encouraging, final coriion of white dwarf pulsations will
have to wait for more data.

If (some of) the signals are indeed pulsations, the anabfsise power spectra reveals a
very complicated behaviour. Given the accreting nature 5% and taking into account other ob-
served properties of the system (rapidly rotating and mégiéD; the bizarre~ 3.5h spectroscopic
period), such complexity is probably to be expected. V 4%8sitates the need for long-lasting,
multi-site campaigns. A data set consisting of day-longterrupted observations is required, to
unravel the mysteries of the period spectrum.

Towards this end, another photometric campaign has beeauskdd for September 2011.
Given that a year has passed since the last observationte@ldD has been cooling in the mean-
time, a shift in the detected signals is expected, movingnagdower (longer) frequencies (periods)
and possibly returning to the state indicated by data pd&@Q07. Such a behaviour will confirm
that these signals are indeed pulsations.

The next step involves a secure and unambiguous mode idatitfi: pulsation modes
are described using thepherical harmonics ¥ mode identification involves assignirigand m
values to the observed frequencies. A model for the whiterdisaequired, based on measured
(or assumed) values ddyp, Twp, atmospheric composition, element abundances, thiclafdds
or He-layers etc. Pulsation models are then employed, amdrélquenciedmggel Of the (exited)
pulsation modeg, m are computed and compared to the observed frequeRgigs|f a match is
found, then a frequendy,pns represents thé m-mode [see Townsley et al., 2004, for an application
on GW Lib].
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Chapter 8

Discussion and Conclusions

8.1 Summary

In this thesis, | have studied seven eclipsing white dwarlty systems. The systems presented in
Chapters 4 to 7 could be, somewhat liberally, viewed as thrg sf a white dwarf and its companion
captured at different snapshots along its evolutionarphjis

In Chapters 4 and 5 | have identified SDSS 0110, SDSS 0303, $80&5 SDSS 1548 and
SDSS 1210 as new eclipsing post-common-envelope binaces the SDSS. This was the first
time that eclipsing PCEBS have been identified by a dedicaarth, and not by mere coincidence.
Subsequently, | presented the follow-up photometric amettspscopic observations and have used
them to measure the orbital periods and radial velocitigh@binary components in each system.
| then fitted the light curves of each system and, using spsotipic constraints, | measured the
masses and radii of the WD primary and the MS secondary stéues juktaposition of Chapters 4
and 5 highlighted the limitations which are sometimes ingglisy the data in obtaining the desired
accurate measurements. In particular, | showed that irsaskere eitheKwp or Kgec are absent
no accurate measurements can be achieved, and invoking sarathigs relation is necessary in
order to obtain a solution. | also clearly illustrated th#edent approach in methodology and the
large improvement on parameter determinations that cantbeweed, when additional observational
constraints are available (measuremeritgfy in Chapter5).

In Chapter 6 | have identified HS 2325 as an eclipsing catattysariable from the HQS.
Following the same pattern as the previous two Chaptergsemted the follow-up photometric and
spectroscopic observations, which were used to measureriital period of the system (placing
HS 2325 above the CV orbital period gap) and the radial velaafi the secondary star, while |
indicated the possibility that the radial velocity of theitehdwarf might also be measurable in this
system, an uncommon fact in CVs. While it was not possible tainlaccurate measurements of the
stellar parameters, mainly due to the fact that the eclipsgl@is not fully resolved with the data
at hand, | combined the available observational infornmatamether with theoretical predictions
and empirical evidence from the known CV population to abtaifirst, broad estimate of their
values. Finally, | have also presented the outcome of a phetiic monitoring campaign using
small aperture telescopes, which revealed the very fraquesurrence of dwarf nova outbursts,
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marking HS 2325 as an ideal candidate for long-term momigpri

In Chapter 7 | revisited V 455 And, identified as HS 2331+3908e HQS, and conducted
the first comprehensive analysis of its power spectra inrdodgetermine whether the significant ex-
cess of power detected in the region 156¢ f < 450d™* could indeed be attributed to non-radial
white dwarf pulsations. Towards this end, | analysed 10stesorth of photometric observations,
obtained both before and after the only recorded superattbéiV 455. | have examined power
spectra on a night-to-night basis, i.e. calculated fromlmyd curve at a time, as well as on a year-
to-year basis, i.e. calculated from a combined set of lightes obtained over a year. This analysis
revealed an extremely complex behaviour of the power speictdicating the necessity for further
intensive observations. However, the results of this stadynely the presence of preferred fre-
guencies/periods through multiple detections, the shitt@ detected signals from longer to shorter
periods after the superoutburst, and the identificationnefar combinations between the detected
signals are all very strong indicators that non-radial @titsis are the cause for (at least some) of
the excess power.

In what follows, | will put this work into a broader astropligal context and describe the
future outlook.

8.2 Observational constraints on the common-envelope phase

For the better part of 40 years, since the discovery of V 4Td[Nelson & Young, 1970], eclipsing
PCEBs have been rather neglected and overlooked. The knomrigtion consisted of only seven
systems, most of which were chance discoveries. The theareinderstanding of the common-
envelope phase predicted a large number of low-meggs; < 0.4My, white dwarf primaries in
these systems [Willems & Kolb, 2004]. This was further supgab by studies of the mass dis-
tribution of large white dwarf samples [e.g. Liebert et 2D05; Rebassa-Mansergas et al., 2010].
However, with the exception of RR Cakljyp = 0.44M.,; Maxted et al., 2007], the sample con-
tained moderately massiviélyyp > 0.5Mg, white dwarfs. Furthermore, these systems were chance
discoveries and the sample suffered from the bias thattaffeihie general known population of
PCEBs [Schreiber & @nsicke, 2003], containing mainly hdtyp > 10000K, white dwarfs.

Lately, the field of PCEBs has been revolutionised by the SV data from the SDSS
becoming publicly available, my collaborators and | havdartaken the first dedicated search for
eclipsing PCEBs. So far, the search has been very prolifitltsefrom seven systems have already
been published (Pyrzas et al. 2009; Nebon@z-Moan et al. 2009; Parsons et al. 2011b; and this
work) doubling the known sample in a few years of observatiohnother 16 systems have been
confirmed as eclipsing and 18 more await confirmation, i.iewgimg the total number of systems up
to several dozens is entirely feasible. What is more, initidications suggest that a large number
of the primaries in these eclipsing systems are indeed lassnvhite dwarfs [and see Rebassa-
Mansergas et al., 2011, for PCEBs from SDSS in general].h&lblystems are reported in Table 8.1.
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Table 8.1: The current roster of eclipsing PCEBs. We liskit@vn pop-
ulation prior to the SDSS, the systems identified in the SD&Sadready
published, the systems identified in the SDSS and confirmedlgssing

but not yet published, and candidate eclipsing systemdifighin the

SDSS. Some of the systems were also identified in the Catakn&ur-

vey [Drake et al., 2010]. Given are the masses and radii tok¥D and

the secondary star. The masses for the confirmed and camdigsiems,
where follow-up observations are lacking, are obtainedugh spectral
fitting of the WD and a spectral type-mass relation for the sdaoy,

as described in Rebassa-Mansergas et al. [2010]. Thug, thess val-
ues should only be considered preliminary. For these systamlight

curve modelling has been performed and values of radii @retbre not
available.

System Mwp [M ] Rwp [Re] Msec[M ] Rsec[Ro]
Known eclipsing PCEBs (7)

V471 Tad 0.844+0.05 00107+ 0.0007 093+ 0.07 096+ 0.04

RXJ2130.6+4719 0.554+0.017 Q0137+ 0.0014 0555+ 0.023 0534+ 0.017

DECVP® 0.519:98 0.0136 3398  0.414+0.06 0.37°958,

GK Vir# 0.51+ 0.04 0.016 0.1 0.15

RR Caé 0.44+0.022 00154+ 0.0004 0183+ 0.013 0.188-0.23

QS Vir® 0.78+ 0.04 0011+ 0.01 0434 0.04 042+ 0.02

NN Ser 0.535+ 0.0012 00211+ 0.0002 0111+ 0.004 Q1415+ 0.002
Published new eclipsing PCEBs (7)

SDSS 0110+13%6 047+ 0.2 0.0163-0.0175 0.255-0.38 0.262-0.36

SDSS 0303+005%4 0.878-0.946 0.0085-0.0093 0.224-0.282 0.246-0.27

SDSS 0857+0342 0.514+0.05 00247+ 0.0008 009+0.01 01104+ 0.004

SDSS 1210+3347 0415+ 0.010 Q0157— 0.0161 0158+ 0.006 Q197 — 0.203

SDSS 12120123 0.46-0.48 0.016-0.018 0.26-0.29 0.28-0.31

SDSS 1435+3733 0.48-0.53 0.0144-0.0153 0.19-0.246 0.218-0.244

SDSS 1548+405%7 0.614-0.678 0.0107-0.0116 0.146-0.201 0.166-0.196
Confirmed eclipsing PCEBs (16)

SDSS 0106-0014 0.37 - 0.12 -

SDSS 0138-00161° - - - -

SDSS 0259-00441° - - - -

SDSS 0308-00541° - - - -

SDSS 0814+405413 0.86 - 0.255 -

SDSS 0838+191413 0.39 - 0.255 -

continued on the next page. ..
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Table 8.1: (... continued)

System Mwp [M ] Rwp [Ra] Msec[M ] Rsec[Ro]
SDSS 0908+060413 0.37 - 0.319 -
SDSS 0957+234413 0.43 - 0.431 -
SDSS 1223-0056 0.39 - 0.255 -
SDSS 1329+1236 0.35 - - -
SDSS 1348+183413 0.59 - 0.319 -
SDSS 1423+240413 0.41 - 0.255 -
SDSS 1648+281% 0.63 - 0.319 -
SDSS 2208-011814 - - - -
SDSS 2235+1478 0.45 - - -
SDSS 2348+002¢14 0.25 - 0.38 -

Candidate eclipsing PCEBs (18)

SDSS 0238-0005 0.48 - 0.38 -
SDSS 0320-0638 0.79 - 0.255 -
SDSS 0935+225% - - - -

SDSS 0939+325813 0.52 - 0.319 -
SDSS 1021+174% 1.06 - 0.319 -
SDSS 1244+101#13 0.4 - 0.319 -
SDSS 1143+0009 0.6 - 0.319 -
SDSS 1410-020213 0.47 - 0.38 -
SDSS 1434+5335 0.49 - 0.319 -
SDSS 1452+2045 - - 0.319 -
SDSS 1456+1614#13 0.37 - 0.196 -
SDSS 1506-0128 0.45 - 0.319 -
SDSS 1510+004% 0.79 - 0.149 -
SDSS 1529+0028 0.38 - 0.255 -
SDSS 2132+003% 0.39 - 0.319 -
SDSS 2208+003% - - 0.255 -
SDSS 2318-0935 0.5 - 0.38 -
SDSS 2320+0116 0.28 - 0.431 -

10'Brien et al. [2001];2Maxted et al. [2004]3van den Besselaar et al. [2007Fulbright et al.
[1993]; *Maxted et al. [2007]20’Donoghue et al. [2003]/Parsons et al. [2010afPyrzas et al.
[2009]; °Parsons et al. [2011b[°this work; 1*Nebot Gmez-Moan et al. [2009];1°Rebassa-
Mansergas et al. [2010}2Drake et al. [2010]*SDSS Stripe 82 data®Becker et al. [2011]

The list reported in Table 8.1 is not exhaustive; many mostesys should still be “hidden”
in the SDSS data, awaiting identification; ongoing and ®isurveys, such as the Palomar Transient
Factory (PTF), the Panoramic Survey Telescope & Rapid Resp&ystem (Pan-STARRS) and
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the space-based mission GAIA, are expected to be at leasicasssful as SDSS in identifying
large numbers of eclipsing WD+MS binaries; in addition thstfghort period, eclipsing WD+WD
binaries (which must have evolved through two CE-phase& rexently been discovered [Steinfadt
et al., 2010; Parsons et al., 2011a; Brown et al., 2011].

The aim is to exploit the emerging large and homogeneousIsavhpclipsing PCEBSs, as
well as the emerging class of eclipsing WD+WD binaries, andiatdccurate measurements of the
masses and radii of the binary components. This sample rNige strict observational constraints
on the common-envelope ejection efficiency and the valwggodnd will help us take a decisive step
towards a unified treatment of the CE phase. Furthermoelaige number of accurate masses and
radii measurements will play a crucial role in the calibvatand testing of the mass-radius relations
of white dwarfs and low-mass stars and in improving our usi@@ding of stellar structure.

Future work needs to be carried out on several fronts. Timesgde obtaining higher quality
data to improve the accuracy of the stellar parameters dflben systems; confirming suspected
eclipsing systems and carrying out intensive follow-upestations; fully exploiting the new Data
Releases of SDSS (and data releases of the time-domairysunemtioned above) to identify more
systems; and expanding our search to identify PCEBs witieeéK-, G-, F-) type companions.

8.3 Studying accretion in real time

Accretion is one of the most fundamental astrophysicalgsses, playing a key role in e.g. star and
planet formation, in supernovae Type la explosions and imepimg quasars. Interacting binaries
offer the best chance of studying accretion discs and thénameem of accretion in detail. Due to
their large numbers, cataclysmic variables are at thermmébf such efforts.

HS 2325 with the detection of eclipses and the very shortwatlyecurrence time, is an
ideal laboratory for accretion disc studies. Eclipsing dwavae above the period gap are relatively
rare [~ 20 systems; Ritter & Kolb, 2003, v7.12] and even fewer haweigately determined param-
eters [Southworth et al., 2009]. A comparison with well-kmoand well-studied dwarf novae above
the period gap quickly reveals the advantages of HS 2325: d iSealso eclipsing [e.g. Warner &
Nather, 1971], but undergoes outbursts only 2-3 times a[ydaet al., 2002]; SS Cyg [see e.g. Sion
et al., 2010, for a recent study] undergoes outburstsice a month [Ak et al., 2002], but it i®ot
eclipsing. Z Cam systems have outburst recurrence timepahle to HS 2325 [Ak et al., 2002],
however, only two eclipsing Z Cam systems are currently kmoaM Cyg [e.g. North et al., 2000,
and references therein] and AY Psc [e.gdl$&cen et al., 2009, and references therein].

HS 2325 has the additional advantages of being observatdaghout the year from the
northern hemisphere and, due to its magnitude range, b&isgreable even with small aperture
telescopes equipped with CCDs. Future work should be choig in two directions. On one
hand, a concentrated campaign at large aperture (2-4re}yd¢klescopes, aiming to provide high-
time resolution, simultaneous photometric and spectquscobservations, preferably covering at
least one outburst cycle. In quiescence, this data set Nl @he determination of the exact eclipse
morphology, while also providing a unique opportunity foadking the structural evolution of the
accretion disc during the rise to and/or the decline fronborgt. On the other hand, the attention of
amateur astronomer communities, such as the AAVSO, sheutldwn to HS 2325 so that a long-
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term monitoring of the system can commence. Given enough tins will lead to the accumulation
of data on a very large number of outbursts, which can thernrbetly tested against the predictions
of the disk instability theory. This monitoring will also ladéle to confirm the possible Z Cam nature
of HS 2325, if standstills are observed.

8.4 White dwarf pulsations in extreme conditions

V 455 And is a truly intriguing system, combining virtuallyl &atures that can be detected in a
CV. Intensive studies of V455 could hold the key to invedtgthe effects of accretion and rapid
rotation on g-mode pulsations.

As the WD in V 455 is still cooling down after the 2007 superawg, we can track the
evolution of pulsations and, thus, have the opportunityttiays almost in real time a process that
otherwise takes place over millions of years. Furthermbré55 offers us a unique advantage,
as the signature of the WD spin is readily detected in the lgglve. This allows us to study
the detected pulsation modes in conjunction withkhewnvalue of the WD’s rotation. Potential
changes in the long-term stability of the WD spin signal (fspp” or “spin-down”), could be an
indication of fluctuations in the accretion rate, which imtgould be compared with the long-term
stability of pulsation frequencies, providing insight dre teffects of enhanced or reduced accretion
on pulsations.

Future work involves two types of observations. On one hafd,spectroscopic obser-
vations are needed to accurately measure the temperattire white dwarf and track its cooling
rate. On the other hand, multi-longitude photometric cagnmare of paramount importance for the
study of the power spectra of V 455. In fact, both HST obsématand a multi-longitude campaign
have been scheduled for September 2011. Preferably, thaggamgns should be conducted every
year, with a global coverage that allows the uninterrupteaitoring of the system on timescales
longer than a day, and with high temporal cadence so that thesiDsignal is also resolved in
each light curve. Finally, future work should definitely atwe efforts on pulsation mode identifi-
cation: matching observed frequencied torvalues will be the ultimate proof that the signals are
indeed pulsations, but also having a large collectiof, ofvalues from observed frequencies will
allow detailed asteroseismological studies of V 455 andigminsight in the physics of pulsation
excitation mechanisms in accreting white dwarfs.

As this thesis reaches its end, | can only hope that | have geaht capture and convey some of
the many interesting aspects of white dwarf binary reseancththat | have convinced the reader that
such systems are worthy of our attention and study.

ICurrently this is only achieved with the HST
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Appendix A

Mid-eclipse times

Table A.1: Mid-eclipse times, observed minus calculatddesand cy-
cle count for all systems

To O—-CJs] Cycle To O—-C]Js] Cycle
SDSS 0110: HID(UTC) - 2450000
3994.447919 +4 0 3996.444139 +12 +6
3995.445757 -16 3 4383.692048 0 +1170
SDSS 0303: HID(UTC) - 2450000
3991.616630 +20 0 4339.675049 -122559 2559
3993.498445 -1 14 4335.642243 -262589 2589
3994.708508 -2 23 4389.552460 +332960 2960
3997.531505 -12 44
SDSS 1210: MID(BTDB) - 50 000
4923.0336744 -1 0 5623.0396100 -1 5623
4925.0255324 +1 16 5654.0375754 -0 5872
4926.1459281 -0 25 5690.0151216 +1 6161
4927.1418460 -0 33 5745.9109933 -2 6610
5599.1376175 +3 5431
SDSS 1435: HID(UTC) - 2450 000
4148.703460 -13 0 4240.414150 -10 730
4149.708650 -1 8 4240.665530 -1 732
4150.588020 -5 15 4249.711030 +5 804
4150.713970 +22 16 4251.721130 +6 820
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Table A.1: (... continued)

To O—-CJs] Cycle To O—-C]Js] Cycle
4239.409160 -6 722 4252.851790 +4 829

SDSS 1548: HID(UTC) - 2450 000

4592.572220 +71 0 4644.516130 -11 280
4597.395910 +92 26 4647.484710 +15 296
4597.577710 -230 27 4653.421220 +11 328

4599.621800 +185 38

HS 2325: HID(UTC) - 2450 000

2888.425480 -6 0 4524.527990 -1 8419

3168.461560 -4 1441 4544.544400 -5 8522

3212.575440 -9 1668 4560.479940 5 8604

3214.324580 2 1677 4927.383490 0 10492
3214.518890 -0 1678 4933.602120 -6 10524
3300.220510 7 2119 4934.573920 4 10529
3300.414840 7 2120 4935.351320 10 10533
3301.386470 3 2125 4935.545640 8 10534
3302.357990 -10 2130 4940.598350 10 10560
3619.512060 -1 3762 4941.375690 10 10564
3629.617580 10 3814 4941.569840 -6 10565
3630.589230 8 3819 4942.347170 -7 10569
3971.452040 11 5573 4942.541460 -11 10570
4037.331340 2 5912 4943.513250 -0 10575
4289.577510 -3 7210 4944.485020 8 10580
4312.508950 -6 7328 4945.456530 -6 10585
4320.476770 3 7369 4945.650900 -3 10586
4335.440630 12 7446 4945.845190 -7 10587
4358.371920 -4 7564 4946.428210 -6 10590
4379.360110 1 7672 4947.399870 -7 10595
4393.352210 2 7744 4948.371720 8 10600
4451.458200 -1 8043 4963.529620 -8 10678
4510.535910 0 8347 4964.695730 0 10684
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