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Todo pasa y todo queda, pero lo nuestro es pasar,

pasar haciendo caminos, caminos sobre el mar.

Nunca persedua gloria, ni dejar en la memaoria
de los hombres mi cartmi; yo amo los mundos sutiles,

ingravidos y gentiles, como pompas degab

Me gusta verlos pintarse de sol y grana, volar

bajo el cielo azul, temblariitamente y quebrarse...

Caminante, son tus huellas el camino y nadesm

caminante, no hay camino, se hace camino al andar.

Al andar se hace camino y al volver la vistaadr

se ve la senda que nunca se ha de volver a pisar.

Caminante no hay camino sino estelas en la mar...

Cuando el jilguero no puede cantar. Cuando el poeta
es un peregrino, cuando de nada nos sirve rezar.

"Caminante no hay camino, se hace camino al andar..”

Golpe a golpe, verso a verso.

Antonio Machado
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Abstract

Close binaries containing a compact object make up a widetyasf objects. The
evolution of all close binaries depends crucially on the &ttwhich angular momentum is
extracted from the binary orbit. The two most important sesrof angular momentum loss
are the common envelope phase and magnetic braking. Botlegses have been known
for long but are still poorly understood, and significantgrass will only be achieved if
they can be calibrated using innovative observationaltinpost-common-envelope bina-
ries are probably among the best-suited class of objectmpoove our understanding of
close binary evolution, because (1) they are both numerodsaell-understood in terms
of their stellar components, and (2) they are not contarmthhy the presence of an accre-
tion disc. The Sloan Digital Sky Survey provides the podigjbdf dramatically improving
the observational size of known post-common-enveloperigisawith already more than
1500 white dwarf-main sequence binaries having been ftkuhti The major task is now
to identify those systems that have undergone a commonage/end to measure their
binary parameters. This new, large sample of well-stud@st-pommon-envelope binaries
will then provide the much-needed constraints for furtherelopment of binary evolution

theory.

Through my PhD | dedicated all my efforts towards identifyipost-common-
envelope binaries, obtaining orbital periods of these ngstesns, and determining their

stellar parameters. For this purpose, | adopted the fatigwirategies:

(1) About 10% of the white dwarf-main sequence binaries @Sloan Digital Sky

Survey have more than one survey spectrum available. Byuringgadial velocities from

XVi



the Na AA 8183.27,8194.81 absorption doublet and/or tleedthission line in the differ-
ent spectra from each object, | was able to identify radiébarey variable stars, which
are prime candidates for being post-common-envelope ibsaiThis method resulted in
the identification of 18 new post-common-envelope binasi®eng 130 white dwarf-main
sequence binaries with multiple Sloan spectra. In additi@ing a spectral decomposi-
tion/model atmosphere analysis | determined the stellearpaters such as mass, radius,
and temperature for the white dwarfs, and spectral typesefnain sequence stars in
these 130 white dwarf-main sequence binaries, along wahdibtances to the systems.
| discussed also an apparent systematic issue with therapggie-radius relation of the
companion stars in those white dwarf-main sequence bmarie

(2) Follow-up observations by our team have lead to the ifieation of 89 post-
common-envelope binaries from Sloan, which triples thelmempreviously known. Intense
radial velocity studies have lead to the determination ditar periods for 42 of these
systems, seven of them discussed in detail in this thesis.

(3) I have developed a procedure basedkétiemplate fitting and signal-to-noise
ratio constraints to identify white dwarf-main sequenagaby candidates in the Sloan Dig-
ital Sky Survey Data Release 6 spectroscopic data basecdtiaiegue contains 1591 white
dwarf-main sequence binaries identified in this way. Usisgectral decomposition/model
atmosphere analysis, | have derived white dwarf tempearatumasses, companion star
spectral types, and distances, and discussed the diginbuif these parameters. In addi-
tion, | have analysed the selection effects of white dwaafmsequence binaries in Sloan.
This sample is an excellent data base for future follow-ugeolmtional studies of white

dwarf-main sequence binaries.
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Chapter 1

Overview of Close Binary Evolution

1.1 Introduction

Most stars are formed as parts of binary or multiple systeriitierefore the study of binary
star evolution represents an important part of studyindpstevolution. While the majority
of wide main sequence (MS) binaries evolve as if they werglsigstars and never interact,
a small fraction are believed to undergo mass transferaatiens (Sect. 1.2.1). Once the
more massive MS star becomes a red giant it eventually dgatflRoche-lobe. Dynam-
ically unstable mass transfer exceeding the Eddingtort Em$ures onto the companion
star, which consequently also overfills its own Roche-lolige two stars then orbit inside
a common envelope (CE, Sect1.2.2), and friction inside éhislope causes a rapid de-
crease of the binary separation. Orbital energy and angutanentum are extracted from
the binary orbit and lead to the ejection of the envelopepsixg a post-common-envelope
binary (PCEB). After the envelope is expelled, PCEBs keegwmiving towards shorter
orbital periods through angular momentum loss via graeita radiation and, for com-
panion stars above the fully convective mass limitQ;:3 M), by magnetic wind braking
(Sect. 1.3.1). In binaries that do not undergo a CE phasedmtiponents evolve almost

like single stars and keep their wide binary separationds iBhthe situation given when

INote though that the binary frequency declines for starpetsal type later than G, and that only 30%
of the M stars are formed as part of binaries [Lada, 2006]c&the stellar initial mass function broadly peaks
at 0.1-0.5 My (M stars, see Chapter 2), then most stellar systems in thex@atight consist of single rather
than binary or multiple stars.



no mass transfer takes place, or when the mass transfer lieht-tore burning donor star

(case A, this is the first epoch in which the leaving MS starangdes a gentle growth of

its radius), from the He-core burning donor star (case Bhis ¢ase the expansion is more
rapid, towards the first giant branch), or from the post-lde2cburning donor star (case
C; also rapid increase of radius, in this case the expansidowards the asymptotic gi-

ant branch) to the MS companion is stable. A predicted caresee is hence a strongly
bi-modal binary separation and orbital period distribatEimong post-MS binaries, with

PCEBs concentrated at short orbital periods, and non-P@EBsg orbital periods.

The scenario outlined above is thought to be a fundamentadaion channel for
a wide range of astronomical objects such as double degenghite dwarfs, cataclysmic
variables and super-soft X-ray sources. Some of thesetshjgteventually end their lives
as type la supernovae, which are of great importance for clogjical studies.

In the following sections of this Chapter, | give an overvieficlose binary evolu-
tion. In Sect. 1.2, | provide a description of the physicaépbmena involved, and give
details of the CE phase. In Sect. 1.3, | deal with the evatuté PCEBs. Finally in
Sect 1.4, | describe the objectives of my thesis based onhdémrdtical background de-
tailed in Sect. 1.2 and Sect. 1.3. Throughout this thesisl|l use the term WDMS binary
to refer to the total class of white dwarf plus main sequerninarkes, and PCEBSs to those
WDMS binaries that underwent a CE phase. | also define a PCEBM3MS binary with
an upper limit to its orbital perio&k 300d, a PCEB candidate as a WDMS binary with
period 300d< Py, < 15004, following Fig. 10 from Willems & Kolb [2004], which skvs
the period and mass distribution of the present-day WDMS&rgipopulation at the start of
the WDMS binary phase.

1.2 Formation of Post-Common-Envelope Binaries

Wide MS binaries are considered to be the progenitors oeaosnpact binaries. Popula-
tion synthesis models predict tha®5% of the MS binary population suffer mass transfer
interactions [Willems & Kolb, 2004]. The stellar compongwf the remaining-75% pop-

ulation evolve as if they were single stars. Even though thrity of interacting binaries

2



are expected to undergo a CE phase and become close comaatdithe details of their
evolution crucially depends on the conditions of mass feansnd consequently on the

initial masses of both stars.

1.2.1 Mass Transfer
Roche geometry

Under the assumptions of Roche geometry (the orbits arelaircand the star that loses
mass, or donor star, is tidally locked), two orbiting staesvéna total potential given by
the sum of the gravitational potential of the stars and tha&ticmal potential of the system
(Eq. 1.1, wheraw is the angular frequency of the orbit, andr, are the positions of the
two stars,M1 and M, are the masses of the stars, belig the more massive component
at the initial MS binary configuration, ard is the gravitational constant). The shape and
dimension of the equipotential surfaces depend on the ma$ske stars (or the mass ratio

g = Mz/M;), and the orbital separation, respectively.

GM; GM, 1. _,
rN=-— — ——(WxT
on F—Tif [F—T2 2(@xT)

The equipotential surfaces are mainly spherical for sthsall radius, and the shape is

(1.1)

distorted for larger radii. When the radii are sufficientlyde the equipotential surfaces of
the stars cross each other (Lagrangian points). In Fig 1rbMigle a schematic represen-
tation of Roche geometry fay = 0.4. As seen in the figure, there exist five Lagrangian
pointsL; — Ls2. The two surfaces touching &g, the inner Lagrangian point, are called
Roche-lobes. Mass transfer occurs when one of the starlisviegs Roche-lobe. If both
stars remain inside their Roche-lobes the systetetached When one of the stars overfills
its Roche-lobe, mass transfer is then initiated towardstimpanion, and its shape is the
same as its Roche-lobe. The system is considerestmsdetachedand the Roche-lobe

radius of the donor star can be written as [Eggleton, 1983]:

a0.49¢?/3
0.60%/3 +In(1+q/3)
whereR,_ is the radius of a sphere with the same volume as the Roclee-fabl will show

R = (1.2)

in Sect1.2.2, two stars in a binary may both overfill their Retobes. In this case the

20nly L1-L3 have physical interpretation in this context.

3



system is incontact When this happens a CE is formed (Sect. 1.2.2), and mattebea

expelled through., andLs.

Mass transfer in MS binaries

When the more massive component in a MS binary departs frervB) its radius starts to
increase. The orbital separations of these binaries amallgrwide enough for the Roche
equipotential surfaces to be spherical around each stdrtcaallow their evolution as if
they were single, i.e. no mass transfer interactions. Nieekss, in~25% of the cases the
evolved star is expected to overfill its Roche-lobe and nrasster is then initiated to the
MS companion [de Kool & Ritter, 1993; Willems & Kolb, 2004] h& system’s response to
the mass loss can be extremely different depending on ttial imasses of the stars.

If the donor is less massive than the accretor, and the thémescalé of the donor
star is short enough to adjust the star to its equilibriuniusidhe mass transfer will be then
dynamically and thermally stable. This can be understoaidering the conservation of
the total angular momentum of the system: since the donessrassive, the transferred
material ends up closer to centre of mass of the system, goesty losing angular mo-
mentum. In order to conserve the angular momentum of thesy#te binary separation
increases, so does the Roche-lobe radius (Eqg. 1.2). Heticdie donor star stops filling
its Roche-lobe, and mass transfer is stopped. The radidweaddnor star though is con-
tinuously expanding, as it is evolving through the giantiofa(GB), or asymptotic giant
branch (AGB), and consequently overfills its Roche-lobdrgdaading to another process
of mass transfer, and to an additional increase of the Rimtieeradius. This situation re-
mains until the donor leaves the GB, or AGB, and becomes awehitarf. The resulting
system is then a wide WDMS binary, with a final orbital sedaratarger than the initial
MS binary separation.

If the donor star is more massive than its companion, the rnrassfer will be
dynamically unstable. In this case the transferred matsraves further from the centre

of mass, and the separation decreases in order to consenandiular momentum. The

3Estimate of how long a given star would shine with its curtaminosity if the only power source were the
conversion of gravitational potential to heat. The thertimakscale is also known as Kelvin-Helmholtz (KH)

. . E 2
timescale, and can be writtenag; = 3 92 ~ S,
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Figure 1.1: Cross section of Roche-lobe equipotentialases in the orbital plane of the
semi-detached eclipsing binary BP Muscae, a binary gith0.4. The Lagrangian points
are represented hy;-Ls. The secondary star with mabs is overfilling its Roche-lobe,

and mass transfer results to the primary companion of flas<CM represents the centre
of mass of the system. The coordinates are giveRdnunits. Taken from Carrier et al.
[2003].



Roche-lobe radius decreases, and consequently the mastetreate increases consider-
ably. Under these circumstances the donor star can nevdjuséto its thermal equilibrium
radius, and consequently the mass transfer is also thgrmmaditable. The non-stopping
inflow of material on to the companion makes itself to be drivet of thermal equilibrium
and consequently it will fill its own Roche-lobe. Hence, thistem initiates a contact phase,
referred to in the literature as the CE phase. The frictiaidim the envelope drives a rapid
(~ 10° years) decrease of the binary separation through an in#miy process. The en-
ergy and angular momentum extracted from the binary orbihately eject the envelope
and give birth to a hot sub-dwarf/WDMS binary, surroundedalyylanetary nebula. The
hot white dwarf cools down and the planetary nebula is dggmbrand the system is finally
observed as a PCEB.

The formation of a He- or a C/O- or O/Ne/Mg-core white dwarpeleds on when
the mass transfer is initiated [Iben & Livio, 1993; Willemskblb, 2004]. If mass trans-
fer is initiated before the more massive star in the initigh linary burns He into C, the
white dwarf will contain a He-core (Mp < 0.5 Mp). If mass transfer initiates when a
substantial amount of He has been burnt into C/O, the ragultihite dwarf will have a
C/O-core (0.5My < Mwp S 1.1Mp). In the same way, if mass transfer starts when a sub-
stantial amount of C/O has been burnt into Ne/Mg, the resylvhite dwarf will contain

an O/Ne/Mg-core (1.1M) < Mwp < 1.38Mp).

1.2.2 Common Envelope Phase
Qualitative description

Even though the concept of CE evolution is straightforwéravolves a large number of
hydrodynamic and thermodynamic processes on both timecahe lengths spanning very
large ranges. Moreover, it is intrinsically a three-dinienal problem.

Paczynski [1976] considered for the first time that the binreEsmponents move
inside a non-co-rotating envelope, transferring angulamentum and energy, and reducing
the orbital separation. The energy extracted from the orlight be used to expel the

envelope before the components merge. The importance aflistiing the efficiency of
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deposition of orbital energy into the envelope became etidehis efficiency is defined as

_ AEpjing
AEorb

whereAE,y, is the change in the orbital energy of the binary between #wgnining and

OcEe (1.3)

the end of the spiral-in process, af#yg is the binding energy of the ejected material.
Eq 1.3 neglects any other source of energy apart from théabdsiergy. This comes from
the fact that CE evolution is rapid compared to the thermma¢ tscale of the envelope, and
so radiative losses are small. Livio [1989] and Iben & Livi®@93] noted that, even though
oce depends strictly on the orbital energy, the efficiency ofadifipn of energy into the
envelope could be modified by other physical processes. @wtorfs are believed to reduce
ace: the efficiency in the energy transport [Taam et al., 1978y&1& Meyer-Hofmeister,
1979; Livio & Soker, 1984; Soker et al., 1984], and non-sjuiareffects [Bodenheimer &
Taam, 1984; Taam & Bodenheimer, 1989; Livio & Soker, 1988,the definition of3cg in
the next paragraph]. Among the physical processes thahcagase the efficienaycg, the
recombination energy in the ionisation zones is the mositsjitée (i.e. the energy released
when the material of the envelope recombines is an extraygrieat can be used to expel
the envelope). In fact, Han et al. [1994, 2002] include a sdao-parameter in Eq 1.3,
characterising the fraction of the initial thermal energytent on the CE available for its
ejection. Nevertheless this has been strongly criticise@dker & Harpaz [2003], since
(1) Eq 1.3 depends strictly on the orbital energy, and (2)rdraecement in mass-loss rate
provides final orbital distributions similar to those obiil including an extra-parameter.
Livio & Soker [1988] not only considered the efficienayg, but also defined two
more parametersfce andyce. Bce parametrises the importance of three dimensional
effects, and is defined &gecay/Tkep, WhereTgecayis the orbital decay timescale, amgh,
is the Keplerian timescale of the envelope. Thus wRea < 1 no spherical symmetry
can be assumed, as the energy is deposited logakyis defined asspin-up/Tdecay Where
Tspin-up IS the timescale for the spiralling-in binary to spin up timwedope, and describes
the efficiency of spin-up of the envelope as a result of dejoosdf angular momentum. Itis
expected that significant spin-up of the envelope will odoulcg < 1. This would reduce
the relative velocity between the secondary and the engghoplonging the spiralling-in

process, since the drag force decreases.



The a-formalism

The change in gravitational enerd¥., in EQ. 1.3 can be written as

28 23 ’

AEorn = (1-4)

whereM. is the mass of the giant corféle is the mass of the envelope, aldg is the mass of
the giant (note thatl, is approximately the mass lost by the giant and consequibhthve
is approximately the mass of the giavig), M» is the mass of the companion, amcanday
are the initial and final separations, respectively.

Several interpretations of the binding eneftfing of the envelope and the binary
can be found in the literature [Tutukov & Yungelson, 1979Kael, 1990; Nelemans et al.,
2000; Nelemans & Tout, 2005]. Among them the most commongdus [Nelemans &

Tout, 2005]:
G(M¢+ Me)Me
ARy ’

whereRy is the radius of the giant anklis a parameter that depends exclusively on the

AEping = (1.5)

structure of the red giant. Dewi & Tauris [2000] found thatot only strongly depends on
the evolutionary stage, but also that- 0.2 — 0.8*. A can be approximated as [Webbink,
2008]

A~1~ 3.000— 3.816m + 1.041m¢ + 0.06 7 + 0.3167M¢, (1.6)

whereme is Me/Mg.
From equations Eq 1.3, Eq 1.4 and Eq 1.5 we obtain

(1.7)

GMgMe _ <GMCM2 B GMgM2>
RgA 23 28
This equation represents the outcome of the envelope asdetsl from the energy balance
between the binding and the orbital energies, referreddditirature as the-formalism.
Values ofacg close to unity imply that the orbital decay is very efficientaxpelling the
envelope. On the contrary, a lawg permits the formation of shorter orbital period PCEB
systems, as the process is less efficient. Typical valuespfare in the range-0.15-1

[Bodenheimer & Taam, 1984; Taam & Bodenheimer, 1989, 198401& Soker, 1988; de

4In some cases, particularly in the AGB, it is possible that 5.
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Kool, 1990; Terman et al., 1994; Maxted et al., 2006; Afsdb&noglu, 2008]. A plausible
value as low as 0.054 was found for V 471 Tau, an eclipsing DAR&ZEB [O’Brien et al.,
2001]. These results tell us thage is far away from being a universal constant, and that it
probably depends on different binary parameters, suchean#isses of the stars, the evolu-
tionary stage of the primary, and the nature of the secon®ajtano & Weiler [2007] have
initiated a comprehensive population synthesis study nélike CE efficiency parameters.
In this work (the first of the series) they assume both a poaerdependenceice = M3,
and a dependence in whidlzgg approaches 1 for large secondary massesiagad 0 below
some assumed cutoff masge = 1 — Mcyt/ M2, whereMey is the cutoff mass. Politano &
Weiler [2007] find that the distribution of PCEB secondamr shasses varies significantly
depending on the model used, and claim that a well-definatistitally complete sample

of PCEBs would be desirable for a comparison with their pafioh models.

Quantitative remarks of the Common Envelope phase

Although hydrodynamic studies have provided much insigtat ihe phases of the CE stage,
calculations at high spatial resolution are still necessafurther quantify the outcome of
the envelope. As noted by Taam & Ricker [2006] and Ricker &niida008] “in recent
years the development of sophisticated computer methg@sidhas made it possible to
achieve this goal. Specifically, adaptive mesh refinemeainigues have advanced to the

point where such calculations can now be envisioned”.

The y-formalism

First Nelemans et al. [2000], and then Nelemans & Tout [2088bnstructed the evolution
of observationally confirmed white dwarf binaries (doubdgyenerates or DDs). A double
degenerate configuration is in principle achieved after iwass transfer processes, either
both being unstable (i.e. two CE phases), or the first beiaglestand the last unstable
(i.e. one CE phase). As expected, the binary separation©mdde very short, making
these systems excellent candidates of Supernova Type demtors [Langer et al., 2000;
Parthasarathy et al., 2007]. Knowledge of the orbital gisriand masses of DDs makes it

easier to reconstruct their evolution, as one can assurhththabserved white dwarfs were



the cores of giant stars from which they ascend. Thus thetafféhe CE phase on the orbit
can be reconstructed. Nelemans et al. [2000], and Nelemarsu&[2005] demonstrated
that the first phase of mass transfer can not generally beideddy thea-formalism, as
they measured negative valuesogfeA. This result was later confirmed by van der Sluys
et al. [2006] for the efficiencece. Thus Nelemans et al. [2000] introduced a new algorithm

based explicitely on the equation for angular momentumnuala

Al AM M
J Mot Mg+ M>

and found that thig-formalism could explain both phases of the evolutiddnfortunately
they-formalism still does not give a physical understandinghef process, and the results
are still open to debate [Webbink, 2008]. It is worth menitignthough that recently Beer
et al. [2007] proposed a physical mechanism that could exfia y-formalism, based on
the accretion energy of some of the transferred matter. értasgy could eject the remaining
matter and hence the systems could avoid the CE phase. Nelesd, while comparing

their results with ther- andy-formalisms, neither of them give a full description.

In Fig. 1.2 | provide distributions of reconstructed valwédothy andacgA from
Nelemans & Tout [2005] derived from their analysis of theatyed sample of DDs (top),
and observed pre-cataclysmic variables (bottom). ValdescgA cluster below~ 0.5,
implying that the orbital separations after the ejectionthed envelope are considerably
lower than the initial separations. Consequently the gneguation does not work for
DDs because it predicts too short orbital periods. The amgubmentum equation though
can explain all kinds of mass ari®;, combinations withy values clustering in a small
range [Webbink, 2008]. As a consequence, the orbital perfiodPCEBs will concentrate
to shorter orbital periods in the-formalism than in thg~formalism, and a longer tail to

longer orbital periods will be expected in tiggormalism.

SNote thaty is notycg. Note also that Nelemans & Tout [2005] never affirmed thermi€E phase at the
first stage, but only that the-formalism does not explain it well. Nevertheless, the thatacgA are negative
implies that the orbital energy has increased, i.e. quasservative mass transfer. Consequently these DDs
have likely not undergone a CE in the first process of massfeafWebbink, 2008].
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Figure 1.2: Histograms of the reconstructg@vhite) andacgA (white and black) values for
the last phase of mass transfer that leads to the formatiBsf(top) and pre-cataclysmic
variables (bottom). Taken from Nelemans & Tout [2005].
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1.3 Evolution of Post-Common-Envelope Binaries

After the ejection of the envelope, PCEBs continue decngatlieir orbital separations
(and orbital periods) through the action of angular momeritss (AML) via the emission
of gravitational waves (referred in the literature as gedional radiation, GR), and for
companion stars above the fully convective mass limit, arital periods short enough
for the secondary stars to be tidally locked,{BS 10 days), via the action of magnetic
wind braking [MB, magnetically-coupled stellar wind frommettidally locked companion,
Verbunt & Zwaan, 1981; Mestel & Spruit, 1987; Hameury et 8088]. Depending on the
nuclear time scale of the companion stgf,§) and the AML timescaletw, ), the evolution
follows two different paths.

In general, PCEBs contain low-mass MS secondaries, ancegoastly T,y >
TamL in this kind of stars (see Chapter 2). Sirggy (ws) ~ 10° years [Verbunt & Zwaan,
1981], this implies that the orbital separation shrinkage tb AML eventually makes the
secondary fill its Roche-lobe and a second phase of mas$aramsues, in this case from
the low-mass companion to the white dwarf. If the mass tenisf thermally and dy-
namically stable, a cataclysmic variable is formed (see B8cl). If the mass transfer is
dynamically stable, but thermally unstable the system aspas a super-soft X-ray source.
If the mass transfer is dynamically and thermally unstaideslystem might enter a second
CE phase, which can lead to the coalescence of the two sthis.ifiiplies that the sec-
ondary star mass has to be significantly larger than the wiaigaf mass. In these cases the
evolution is more likely to follow the description below.

In some cases PCEB companions are A-F stars, considerabtymassive than the
above low-mass MS companions. These stars do not experdvicalue to MB and con-
sequently they must wait for nuclear evolution to initiatagstransfer, i.e. they evolve into
red giants before mass transfer begins. The radius exptedstar overfills its Roche-lobe,
and mass transfer is initiated to the white dwarf. Sincedlstars are generally more mas-
sive than the white dwarf primaries, mass transfer is dynallyi and thermally unstable,
and a second CE phase is likely initiated, which results enfttnmation of an ultrashort-
period DD. It is also possible, but not likely, that the masssfer is both thermally and

adiabatically stable. In this case, the system is a synubsdéir with orbital period ok 1
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day.

1.3.1 Evolution of cataclysmic variables

In the earlier 1970s it was already known that the orbitalgokr of cataclysmic variables

(CVs) are of order of hours, and that the material transfiefrem the Roche filling secon-

daries eventually forms an accretion disc [Paczyhski1l9Population synthesis studies
predict that 0.5-2% of the initial wide MS binary populatibacome CVs [de Kool, 1992].

The time spent to become a CV after the ejection of the eneea®p2 Gyr [Schreiber &

Gansicke, 2003].

The orbital period distribution of CVs (see Fig. 1.3) rewsidiree striking features:
(1) a long period cutoff at- 12 hours, (2) a short period cutoff at 80 minutes, (3) an

absence of systems betweer2 — 3 hours.
The long period cutoff is a consequence of dynamically staidss transfer in CVs.

The absence of systems betweer2 — 3 hours, known as the period gap, can be
easily explained if AML due to MB somehow drops, and AML isvém out by GR. The
drop of MB can be associated with the transition of the seapnffom a radiative core to
a fully convective state (Wi~ 0.3 M@, Porn ~ 3 hours). This produces a reduction in the
mass transfer rate (frod ~ 108 —10~° M yr—* above the gap t™M ~ 1019 101!

Mo yr~1 below the gap, wher®! symbolises the mass transfer), and allows the secondary
to shrink towards its thermal equilibrium radius, causinmpeod of detachment [Rappaport
et al., 1983; Spruit & Ritter, 1983]. The CV remains detacbetl the star fills its Roche-

lobe again aPq, ~ 2 hours.

The minimum period cutoff occurs when the mass of the seagrstar is so low
that it becomes degenerate. Mass loss in this kind of stalupes an increase in radius,
and consequently the orbital orbital separation and drpégod of the CV increase also
[Paczynski & Sienkiewicz, 1981; Rappaport et al., 1982].other way of understanding
this is by considering the thermal timescale of the secgndsvhen the secondary ap-
proaches the minimum period the thermal timescale is exetong, and the star can not

readjust to its mass loss, consequently increasing itesadi

13



o0 — 1

- ] — 600
4@ ; _|

i 7 )

B — 400
30 — y

i | 13

. : | y Lo

i A ] \Y%
20 7 ] Z

B I — 200

L Jl F i

10 —

0 1 <
loglO(Poﬂb/ h)

Figure 1.3: Current observed orbital period distributidrC¥'s. The most striking features
are the minimum period cutoff at80 minutes, the absence of systems betweeh— 3
hours, the period gap, and the long period cutof dt2 hours. The red solid line represents
the cumulative distribution with numbers,&P;, as labelled on the right axis. Taken from
Davis et al. [2008].
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Disagreement with the observations

The standard evolutionary scenario of CVs provided abamgether with the CE theory
presented in Sect1.2.2 were used to develop populatiohesistmodels for CVs. When
comparing these results with those obtained from obsemnaltstudies, discrepancies arise.
Space densities obtained from population synthesis stfplie 10~* — 10> pc—2 de Kool,
1992; Kolb, 1993; Politano, 1996; Howell et al., 1997], ane @rder of magnitude larger
than those obtained from observational studges [L0~°— 1076 pc—3, Downes et al., 1986;
Ringwald, 1996; Schreiber & Gansicke, 2003; Pretorius.eP807; Ak et al., 2008]). Pop-
ulation synthesis models predict tha®9% of the intrinsic current CV population are below
the gap,~70% of them are minimum period bouncers [Kolb, 1993], and 11886 of the
zero-age CV population contain brown-dwarf secondare&)% of them formed as CVs
below the minimum period [Politano, 2004]. In contrast tistlan accumulation of systems
near the minimum period is not observed [Patterson, 1988jweigh Gansicke et al. 2008,
in preparation], and similar numbers of systems can be falhaye and below the period
gap of the observed orbital period distribution (see Fiy.ITBe fact that the minimum pe-
riod calculated £+70 minutes, Kolb & Baraffe, 1999; Barker & Kolb, 2003; Howetl al.,
2001] is shorter than the observed minimum perie@@ minutes, Fig 1.3) exacerbates the
mismatch between the observed and calculated distrilitiorfact different theories have
been proposed as an alternative to the standard scenaherSr et al., 2002; Andronov
et al., 2003; Taam & Spruit, 2001]. However, none of them Haaen successful in match-
ing all features found in the observed orbital period distiion, and the issue is still open

to debate.

1.4 Motivation and structure of the thesis

Close binary evolution has been mainly developed from tfogtefcarried out by theoretical
studies. As shown in the previous sections both populatiothesis and empirical studies
demonstrate that theoretical results are far from desgilthe CE phase and MB com-
pletely. A fundamental problem in advancing our understanaf CE evolution and MB

in close binaries is then the shortage of stringent obsenaltconstraints that can be used
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to test and calibrate the theory. Attempts to understarseddnary evolution were initially
focused on the study of double cores inside a planetary a¢tfelKool, 1990; Livio, 1996].
These cores are the most direct evidence of a CE phase, astltheof their properties
are ideal to test the theoretical predictions, as a plapeiioula ensures that the observed
parameters are the same as those at the end of the CE phasetubliily this kind of
system is very rare, as most PCEBs are very old and have wrdesijgnificant orbital evo-
lution after the CE [Hjellming & Taam, 1991]. Observatiotests of the CE phase, based
on measurements 6fC/*3C and'®0/1’0O ratios on the surface of the secondary star, were
carried out by Sarna et al. [1995] and Marks & Sarna [1998)weier, results provided by

these studies were not conclusive [Dhillon et al., 2002].

Real progress in our understanding of close binary evaiutianost likely to arise
from the analysis of PCEBSs that are both numerous and welktgtood in terms of their
stellar components — such as PCEBs containing a white dwdr&aS star. Furthermore,
PCEBs are nearby and accessible with 2-8 meter telescapetthey are not contaminated
by the presence of an accretion disc. Schreiber & Gans@®@3] showed that the sam-
ple of well-studied PCEBSs is not only small, but being drawaimy from “blue” quasar
surveys, it is also heavily biased towards young systenis t-mass secondary stars —
clearly not representative of the intrinsic PCEB populatiand can hence not be used for
comparison with population models [e.g. Willems & Kolb, 2D0The Sloan Digital Sky
Survey (SDSS, Chapter 6) is currently dramatically indreathe number of known white
dwarf plus main sequence binaries, paving the way for laggde observational PCEB

population studies (Chapter 9).

We have initiated an observational programme to identify BCEBs among the
SDSS WDMS binaries, and to determine their binary pararsetielentifying all PCEBs
among the SDSS WDMS binaries, and determining their binargipeters is a significant
observational challenge. A large sample of PCEBs will ams¥weee important questions
in close binary evolution: (1) The disrupted MB scenariodigts an increase of the rela-
tive numbers of PCEBs by a facterl.8 in the range of secondary spectral types M3-M5
[Politano & Weiler, 2006, see Fig. 1.4 left panel]. Assumthgt MB is indeed disrupted,
it is expected in the case of 100 new PCEBs an increase fr8mfor M3-M4 to ~65 for
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Figure 1.4: Left: Theoretical distributions of the secarydmass in present-day PCEBs
for four different assumed AML models: GR only (dotted lingyR+RMB (reduced
MB, dashed line [Andronov et al., 2003]), GR+IMB (intermaidi MB, dash-dotted line,
[lvanova & Taam, 2003]), and GR+DMB (solid line, disruptedBMr standard scenario).
The y-axis has been arbitrarily normalised to facilitatenparison. Taken from Politano &
Weiler [2006]. Right: orbital period distribution of the rdvined population of detached
CVs and PCEBs for an initial mass ratiéq) = 1, acg = 0.6 (dashed line) andcg = 0.1
(dotted line). The peak apparent in all the distributiondus to the population of detached
CVs, the PCEB orbital period distribution increases monigialy with Py, Taken from
Davis et al. [2008].
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M4-M5. An additional test for the validity of MB is also disssed in Davis et al. [2008]:
assuming that MB is disrupted, the orbital period gap distion of detached WDMS bina-
ries (considering as detached the combination of those Wbik&ies with orbital periods
between 2-3 hours, and detached CVs crossing the periodshepys a peculiar distribution
that can be observationally tested (see Fig. 1.4 right paf@3IThe strength of AML can be
estimated by comparing the orbital period distribution$6fEBs at different times of the
PCEB binary evolution; (3) The-formalism and/formalism differ in particular in the pre-
dicted orbital period distribution of long orbital perio€EBs (Sect. 1.2.2). Consequently,
identifying the long orbital period end of the PCEB popuatwill clearly constrain current
theories of CE phase.

Itis expected that a fraction of WDMS binaries will be eciigs Eclipsing binaries
are the key to determine accurate stellar masses and ragliiauBe short-period WDMS
binaries underwent CE evolution, they are expected to aoatkarge range of white dwarf
masses, which will be important to populate the empiricatewtiwarf mass-radius relation
(see Chapter 2). Eclipsing WDMS binaries will also be of keportance in filling in the
mass-radius relation of low-mass stars at mass@st M, (see Chapter 2).

In this thesis | present preliminary results of our ongoingjgct dedicated to iden-
tify and measure orbital periods of PCEBs and the stellaarpaters of both WDMS bi-
naries and PCEBs. The structure is as follows. In Chapterivel details of the physical
properties of white dwarfs and low-mass MS stars. In Chaptggive some insight into
the spectral properties of WDMS binaries. In Chapter 4 | gle\a full description of the
observations carried out for the analysis presented intligsis. In Chapter5 | explain
the methods | used to measure the orbital periods of PCEBShéapter 6 | provide a de-
scription of the Sloan Digital Sky Survey. In Chapters 7, 8 &n present my results: in
Chapter 7 | make use of SDSS spectroscopic repeat obsawvatiadentify 18 PCEBs and
PCEB candidates from radial velocity variations. In Che@tépresent follow-up spec-
troscopy and photometry of 11 PCEB candidates identifiedhap@er 7. In Chapter9 |
present a catalogue of 1591 SDSS WDMS binaries. Finally,Hapger 10 | discuss my

results and give the conclusions of my thesis.
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Chapter 2

Physical Properties of White Dwarfs
and M-type Stars

In this Chapter | give some insight into the physical prapsrbf both white dwarfs and
M-type MS stars, and | point out how the study of WDMS binadas help improving our

understanding of these kinds of stars.

2.1 White Dwarfs

2.1.1 Luminosity of a white dwarf

White dwarfs [see reviews by D’Antona & Mazzitelli, 1990; &ster, 2002; Hansen, 2004]
are the end product of stellar evolution for the vast maj@ftMS stars, with the exception

of the most massive stars. Contrary to normal MS stars, wthergravitational collapse is
prevented by the thermal pressure generated by nucleagyememhite dwarfs this con-
traction is balanced by the pressure of the degenerateaaisct White dwarfs evolve in
time as they decrease their luminosity, a process refeadal the literature as the white
dwarf cooling [Mestel, 1953](standard notation, where time is given in Gyrs, and mass in

solar units):

IThere exist updated versions of the model [Wood, 1995; Hark#99; Chabrier et al., 2000]. The Mestel
[1952] model though remains a reasonable order of magnéaseription for the white dwarf cooling [Hansen,
2004].
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L(t)/Lo = (23x10°3) x M xt~7/5 (2.1)

At the stage of transition from progenitor to white dwarf thminosity is given by
the energy generated by nuclear fusion in the core of theNtarear fusion stops once the
star enters the white dwarf cooling track, and the luminyositthe white dwarf is given by

the thermal energy that the white dwarf possesses.

Energy transport

In the core of the white dwarf, the transport is dominatedhgydlectron conduction, whilst
in the thin, non-degenerate envelope the transport isechott by radiative and/or convec-

tive diffusion on a much slower time-scale.

2.1.2 Atmospheres

Sion et al. [1983] classified white dwarfs according to tlsééllar atmospheres. Thus DA
white dwarfs have H dominated atmospheres, and DB white fdvirse dominated atmo-
spheres, the DA-type being the most dominant among whitefdwBhe reason why white
dwarfs are composed of pure H atmospheres is that the gia\sty strong that all heavier
elements sediment/sink down below the visible layersthe atmosphere. For moderately
warm (young) white dwarfs, the diffusion time scales of nwetxe only of the order of
days, so this happens very quickly [Koester & Wilken, 2008.the case of DB white
dwarfs (pure He atmospheres), the outer H layer has beenlewmiyplost, and He as the
next lightest element floats up to the top. There is no yet detely consistent explana-
tion for the DB white dwarfs [Wolff et al., 2002]. A small nurabof white dwarfs though
are composed of different elements in their atmospheres, as1 C (DQ) and other heavy
elements (DZ). Hot white dwarf atmospheres composed os@mhHe are called DO, and
cool stars which show no identifiable features, i.e. a cowiirs spectrum (see Chapter 3
for a definition of spectrum), are labelled as DC. Pre-whiteud atmospheres are mainly
composed of He and/or a mixture of C, N and O, or H dependindgp@mptevious evolution
from the MS. The H-rich stars remain their whole lives as DR-ldind CNO-rich stars ini-

tiate their life as hot DO, or PG1159 stars, and the diffusibheavy elements is supposed
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to leave behind a surface of H as they cool. Thukgt- 30000 K there appear to be no He
dominated atmospheres (DB gap). Nevertheless, the canwextine develops as these sys-
tems cool, and consequentlyT ~ 30000— 12000 K, 25% of these objects revert back to
DB-type. BelowTe ~ 10000 K, the chemical evolution becomes more complicated, a

is not fully understood [Bergeron et al., 2001].

2.1.3 White dwarf mass distribution and mass-radius relatbn

It has been shown that the mass distribution of (DA) white isvpeaks sharply around
~0.6 Mg [Koester et al., 1979; Bergeron et al., 1995a; Finley etl&l97; Liebert et al.,
2005, see also Chapter 7 and Chapter 9]. White dwarf maseés panciple be measured
indirectly under the assumption of a mass-radids«(R) relation [Chandrasekhar, 1935;
Hamada & Salpeter, 1961; Wood, 1995; Panei et al., 2000,]200s implies knowledge
of the effective temperature and surface gravity of the evldivarf, that can be obtained
fitting the Balmer absorption lines (see Chapter 3 for a defimbf Balmer lines, and Chap-
ter 7 and Chapter 9 for the application of the method), andiowledge of the gravitational
redshift, that can be measured if the systemic velocity @ithite dwarf is known (e.g. in

a wide binary).

M — R relations make use of several assumptions regarding thpagition of the
interior and the surface layers. However, it has to be sttbfizat theM — R relation has
not yet been observationally tested. In fact, the distidioudf empirical masses and radii
shows a large scatter around the theoretidal R relations [Schmidt, 1996; Reid, 1996;
Provencal et al., 1998, see Fig. 2.1]. Procedures in whid¥l rdr relation for white dwarfs
is assumed to estimate the mass and the radius separatdhyecanelp constraining these
relations. Eclipsing binaries in which at least one of themponents is a white dwarf, such
as WDMS binaries, are excellent systems to measure the mdsthe radius separately

[Pyrzas et al., 2008, and references therein].
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Figure 2.1: White dwarM — R relation. The black line represents the theoretical Chan-
drasekhar [1935] relation, the green, blue and red linesidweore, C-core and Mg-core
zero temperaturdl — R relations obtained by Hamada & Salpeter [1961]. Black solid
dots represent thiel — R relation provided in Bergeron et al. [1995b] fogs = (5-10-20-
40)x10°K at a given mass (except fod = 0.2 Mo andM = 0.3 Mg, which showTes =
(5-10)x 10° K and Tefr = (5-10-20)< 10° K, respectively). Dark gray solid dots are empiri-
cal measurements for field DA white dwarfs obtained from Bnoal et al. [1998] and Reid
[1996], and magenta solid dots represent empirical valusssored for the visual binaries
provided in Provencal et al. [1998] (except for 40 Eri B, Biart B, Stein 2051 B, and Sir-
ius B, where | use the more recent values of Provencal et@02[R yellow dots). Finally,

in cyan are shown the masses and radii measured from edifg¢iPMS binaries [Pyrzas
et al., 2008, and references therein].
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2.2 M-type stars

2.2.1 Interior

M-type stars [see Chabrier & Baraffe, 2000; Chabrier et2ilQ5] are the coolest among
the MS stars, with effective temperatures of less tke8800 K (and higher thar 2200 K,
see Chapter 7), and also the most abundant in our Galaxy fleha®003]. The mass in
this kind of star ranges from- 0.5 to ~ 0.1 M, and consequently the temperature in
the interior is low enough for the electrons to be partiakygenerate T, ~ 10° — 10 K).
Because of the low effective temperature M-type stars hameactive cores and envelopes,
which grow in depth with decreasing temperature. When thwexdive envelope reaches
the convective core the star becomes fully convective.

MS stars find themselves in hydrostatic equilibrium, in viahilse thermal pressure
balances the gravitational force. In this stage of the dimiythe thermal pressure comes
from the burning of H into He in the core of the star, with thetpn-proton (p-p) chain
being the burning mechanism at work in M-type stars. The aatevhich stars burn H
determines the time spent in the MS. A direct consequendasigtthat for p-p H burning
low-mass main sequence stars, the time spent on the MS igdecaisly larger than for
those stars which burn H through the CNO chain. This time @ediimated from the

following equation [Tuffs et al., 2004, see the appendix]:

-1/3
tys = 4800<—> x 10",M < 0.4Mg, (2.2)
Mo
M -3
tys = 1100<M—> x 10",04Mg <M < 8.1Mg (2.3)
o)

where the resultingys is in years. Thus M-type stars are not yet able to leave theddsS,

the time needed to do so is larger than the Hubble time.

Energy transport

The presence of both the convective envelope and the civerattire makes it easier for
the M-type stars to transport the energy via convective flths is true in all areas of the
star except in the radiative zone between the envelope andadie, where the radiative

flux is dominant. However, when the temperature is cool ehahg star becomes fully
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convective, and consequently the total energy transpgit/e@n mainly by convective flux

in the entire star.

2.2.2 Atmospheres

Given the low temperature, most of the H and C in the atmogsheir low-mass MS stars
are locked into H and CO molecules, respectively. Excess O is bound to fornecnteds
such as TiO, VO, and $D, with some amounts also of OH. Metal oxides and hydridek suc

as FeH, CaH and MgH are also present (see Chapter 3 for fulthaifs).

2.2.3 Rotation-age-activity relations

Stellar magnetic fields are believed to be caused within tmeective zone of stars. A
localised magnetic field exerts a force on the plasma, whsggs rto the photosphere and
creates starspots on the surface of the star. This phenonereferred to as stellar activity,
and the reaction of stars to stellar activity on their swgfecknown aspottednessDue to
the differential rotation that the star undergoes, stasspthibit convection and produce
zones of lower temperature.

Even though significant progress concerning the rotatgetactivity relations for
M stars has been made, more studies are needed to fully temtkisuch relations. Given
the complexity of the issue, and the fact that this topic isthe central part of this thesis,
I summarise here the most important findings up to date: @)trs rotate slower than
young stars, i.e. the rotational peri® increases in time [Kiraga & Stepien, 2007]; (2)
magnetic activity decreases with time [West et al., 200B]tlfere is a strong increase in the
active lifetimes of stars in the spectral-type range fromt®15 [West et al., 2008]; (4) fast
rotation excites magnetic activity up to a saturation thoés of vio;sini ~ 10 kms™t, where
Viot is the rotational velocity, andis the rotation axis inclination of the sfaiNevertheless
rotation and activity are not always linked [West & Basri080 see also Chapter 10], (5)
activity-Pq; relations found for young stars are not modified below Sp =94B.where
stars are supposed to become fully convective [Delfossé,et398], (6) P, decreases

linearly with increasing mass at a given age [Cardini & Caleg 2007], (7) M stars in

2Note that magnetic activity depends on the rotational vigioeut that we only seepysini.
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close binaries rotate faster than single M stars, or M stamwider binaries [Cardini &

Cassatella, 2007].

2.2.4 Theory versus observations

Studies have been developed to create evolutionary stetidels, and to derive theoreti-
cal relations between the physical parameters of low-maSstdrs [Baraffe & Chabirier,
1996; Baraffe et al., 1998, 2002, 2003]. However, when comgampirical results with
the theoretical expectations numerous discrepancies [&ibas, 2006; Ribas et al., 2008].
Thus for example, current models predict radii that ar&5% smaller than the observed
values, and effective temperatures that ar&% higher for star masses above0.3 M,
(see Fig.2.2). Problems are thought to arise due to the hagmnetic activity level that
a large number of this kind of star display, which is likely atiect theM — R relation
[Lopez-Morales, 2007; Chabrier et al., 2007; Morales et24108]. Moreover, the proper-
ties of low-mass stars are expected to change dependingiomtétallicities [Berger et al.,
2006]. The spectral type-radius relation for M stars is agtremely affected by these
features (see Chapter 7). Belew0.3 M, there is a good agreement between the observa-
tional measurements and the models (Fig. 2.2). Neverthelas result can be misleading,
since “all objects in this range have rotational velocitiggsini < 10 kms " [Lopez-
Morales, 2007]. Consequently more radius measurementstigé atars in this range are
still necessary to confirm the apparent good agreement battine theoretical values and

the empirical measurements.
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Figure 2.2: Observationa¥l — R relation for stars below 1 M. Top: empirical values
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from Baraffe et al. [1998]. Taken from Lopez-Morales [2D07
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Chapter 3

Spectral Properties of White

Dwarf-Main Sequence Binaries

In the previous Chapter | have discussed in some detail tysqai properties of both white
dwarfs and M-type MS stars. In this Chapter | will focus on ¢pectral features observed
in these kinds of stars, and also on the spectral properi®¢DMS binaries. For this it
becomes necessary first to introduce spectroscopy as dageehn astrophysics, and to

understand what a spectrum is and how it is formed.

3.1 Spectroscopy

Spectroscopy gave birth to astrophysics as an observhsicieace in the 1860s. This tech-
nigue measures the flux emitted by an object in a certain wagéh §) range, providing
consequently a unique flux-wavelength dependence for edehti@l object. Spectroscopy
implies the use of a spectrograph, which consists normdlly slit, a collimator, and a
dispersive element, such as a grating. The slit is situatddasfocal plane of the telescope,
and isolates the light that comes from the target from otlhgzats in the field. The light
that passes through the slit is then directed to the gratyrifpdo collimator, where it is dis-
persed. The dispersed light is directed to a detector (ysa&harged Coupled Device, or
CCD, see Chapter 4), where the spectrum is finally recorded.

A typical spectrum is normally composed of spectral linedebbed in a contin-
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uum. These spectral features can appear in absorption ssiemidepending on the tem-
perature gradient in the atmospheréet’s consider as an example the stellar atmosphere
of a single star. The crucial parameter in the formation efgpectral lines is in this case

the optical depth
Ty = /xvdz (3.1)

wherev is the frequency (or wavelength, sinee= c/A) consideredyy is the absorption
coefficient of the atmosphere at a given frequency, attte geometric depth. A stellar
atmosphere is optically thick whery > 1, and optically thin when, < 1. An optically

thick atmosphere emits practically like a blackbédy

ly ~ By (3-2)

wherel, is the intensity emitted by the atmosphere @dis the intensity emitted by a

blackbody. The energy emitted in an optically thin atmoseh® given approximately by

ly ~ Iy(Ty) +ByTy (3.3)

wherely, (1y) is the intensity emitted in the optically thick atmosphexger immedi-
ately interior to the optically thin atmosphere. Speciras in a spectrum are formed when
the optically thin atmosphere of the star becomes optidhligk due to increases of the
absorption coefficient. In this context, and depending end¢imperature gradient between
the thin and the thick atmospheres, the line will be in erorssir in absorption. I, (ty)
= 0, thenB, will always be larger thaB,t, and hence an emission line will always form.
Assuming that, (ty) is positive, then an emission line will form 8, > I,(1y) + ByT1y. In
this case the inner layers of the atmosphere must be coaeartktie outer layers, and the
temperature gradient then points to the surface of the\ataen the inner layers are hotter,
the temperature gradient points the core of the staBgnd |, (t,) + ByTy. In this case an
absorption line is formed.

The crucial question is then why the absorption coefficiecteases at a given
frequency. The physics of stellar atmospheres tells usxthat strongly dependent on the

population of electrons on a certain levah a considered atom, and on the probability of

1The following text in this section is based on the book by NEksg1970].
2A theoretical object that is both a perfect absorber and fegeradiator.

28



i E(eV)

! o.ao .,

% 3%

4 IE -0 Ej Excited

3 YIPYY [ sl

l Fazchen
; TYYY series 340
Balmer
series
[ARY
Lyman
seties

o

| LYYy 136

state

Figure 3.1: Three transition series of the atom of H. Tramsit between the ground level
and higher elements form the Lyman lines (e.g.aLyransition between levels 1 and 2),
transitions between level 2 and higher levels form the Balines (e.g. H, transition be-
tween levels 2 and 3), transitions between the third levelragher levels form the Paschen
lines.

exciting an electron from the levkko another level, fi,. In a stellar atmosphere photons
and atoms are continuously interacting, and consequendyptobability of exciting an
electron due to the absorption of a photon by an atom incsadrsenatically. After a certain
time the electron is de-excited and liberates a photon wbarhbe absorbed by another
atom. These processes are called bound-bound interactidnss, if the atomic level is
sufficiently populated, and the probability of exciting deatron is high, the absorption
coefficient can be dramatically increased. Since the tiiansof the electrons are given
at specific frequencies, the spectral lines are then alwss@ceted to specific transitions
between the levels of an atom. All transitions starting frone level to other levels are
called a series. In Fig. 3.1 | show as an example the Lymaradiet), Balmer (optical),

and Paschen (infrared) series of the atom of H.
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3.2 Optical spectral features of white dwarfs, low-mass maise-

guence stars and WDMS binaries

White dwarfs are hot stars, henceforth have blue spectranalty the outer layers of the
white dwarf atmospheres contain H (see Chapter 2), and qoasdy the Balmer lines are
the typical spectral features for DA white dwarfs. He dorntélaDB atmospheres are the
second most commonly found in white dwarfs, after the H dat@id DA-type stars. These
objects show Helines, with the complete absence of H or other elements. Heohot DO
white dwarfs, the He can be completely ionised and obsernvéldei atmospheres as He
On occasion it is also possible to detect some H (DAO) or ks in this kind of star.
As outlined in Chapter 2, a small number of white dwarfs cont@ and metals on their
atmospheres. Consequently only metal lines and C feataitt®i atomic or molecular)
are detected in any part of the spectra of DZ and DQ white dyvesEpectively. Finally DC
white dwarfs show no identifiable features in their speasathe effective temperature is
too low to excite transitions in the optical wavelength mntn Fig. 3.2 | provide example

spectra for all white dwarf types outlined above.

Low-mass MS stars are cool, and consequently their predorhiieatures domi-
nate the red part of the optical spectrum. The high surfaaeitgrtypical of these stars
(logg ~ 5.5 at the H burning limit, for a solar metallicity) makes thendity in the pho-
tospheres to bp ~ 1076 — 10~ g/cn?. Consequently collision effects become important
and induce molecular dipoles on ldr He-H,, yielding the so called collision-induced ab-
sorption (CIA) between roto-vibrational states of molesul The energy distribution is
governed by the line absorption of TiO and VO (see Fig. 3.3 wome lines resulting
from Nau, K1, Fel, Mg1, Cau, Li1, and Bai transitions (see Kirkpatrick et al. [1991] for a
complete list of features identifiable in the red/nearandd spectra, and also Cushing et al.
[2005] for an analysis in the infrared). Through the detstif specific atomic features
and/or molecular bands it is possible to differentiate mdy oed giants from red dwarfs,
but also early to late M-type stars [Kirkpatrick et al., 19®essell, 1991; Martin et al.,
1999; Cruz & Reid, 2002]. In fact, the strength of moleculandts has been used to define
the spectral subtypes of low-mass stars (see Fig. 3.4).tNe&t burning limit TiO and VO
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disappear, and alkali metals are detected in atomic fornis [€ads to the domain of the
sub-stellar L-type (brown) dwarfs. For even lower tempeed there is a strong signature
of methane absorption, characteristic of the T-type (bjadwarfs.

By knowing the spectral characteristics of white dwarfs &wl-mass stars it is
then straightforward to understand the spectral propedfaVDMS binaries. In general,
the white dwarf is clearly visible in the blue while the low ssecompanion dominates the
red part of the spectrum. The overall shape of the WDMS spebtugh depends on the
effective temperatures of the stars. Thus for example, avhdae dwarf will dominate the
spectrum if the low-mass companion is cool. In the same wagaaly M-type MS star
will dominate the spectrum if the effective temperature hf tvhite dwarf is rather low
(see Fig. 3.5). Hence the detection of WDMS binaries is aslpsubject to observational
biases (see Chapter 9). An additional feature in the speEiDMS binaries might be the
presence of Balmer emissionghbeing the strongest among them. This occurs when the
white dwarf is hot enough to irradiate the surface of the camgn, i.e. heating effect (see
Chapter 8). Balmer emission lines might also be detectedaungagnetic activity on the

secondary star.
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Figure 3.2: Optical example spectra for the different whitearf-type stars described in
Sect. 3.2. The Balmer and the Hienes are the typical features for the DA and DB white
dwarfs respectively. No features are identified in the aphese of the DC white dwarf to
a depth of 5%. Metal lines and C features are detected on #wrapof the DZ and DQ
stars, respectively. The DO star shows ionised Heu(Himes typical for these hot stars.
The sample is taken from Harris et al. [2003].

32



Normalised Flux

[rrrrT
=
)

=
©

=
~

6000 7000 S101010] 9000 6000 7000 8000 9000
Wavelength[A]

Figure 3.3: M-type star templates used in this thesis (sept@h7 for a complete descrip-
tion) for the spectral subclasses M0-2-4-5-7-9. The TiO ¥@dbands are highlighted in
blue and yellow, respectively. The strengths of these bamadg significantly from one
subclass to another, and are used to estimate the spedicdhssi of low mass-stars (see
Fig. 3.4).
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Figure 3.4: Comparison of the spectral subtypes measunedhéo M-type MS tem-
plates used in this thesis (see Chapter 7) applying the methesented in Martin et al.
[1999] (Specs red, where PC 3 = F(8230-82A0)/F(7540-75803) and Cruz & Reid [2002]
(Sprios, blue, where TiO 5 = F(7126-713%/F(7042-70463). | assume a 0.5 subclass error
for our templates, and the values measured from the moleloafals. The figure suggests a
good agreement between our templates and the values abfeime Cruz & Reid [2002],
except for our M9 template. Discrepancies arise at earnfiectsal subtypes when compar-
ing our templates with the values obtained from Martin ef1#@99]. This is not surprising,
since Spcsis only valid for spectral types later than M2.5. The agresinfietween both
methods and our templates is excellent for mid spectralypebt(3<Sp<5).
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Figure 3.5: Three examples of WDMS binaries. Top: an MS deminwDMS. Middle: a
typical WDMS binary. Bottom: a white dwarf dominant WDMS. &tvhite dwarf effective
temperatures, and secondary spectral types are givendonEB®MS binary in the top of
each panel. The sample is taken from Chapter 9.
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Chapter 4

Data Reduction and Observations

The major task of our project is to identify those WDMS biearfrom SDSS that have
undergone a CE phase, and to measure their binary paraniBtgsnew sample of PCEBs
will provide the much-needed constraints for further degelent of binary evolution the-
ory. This implies a large amount of observations are necgsaad indeed our project has
been awarded observational time on a large variety of tefescaround the world. Part of
this thesis presents and discusses observational resedt<Chapters 8 and 10). It is hence
appropriate to dedicate some space to explain how to redmcdata and to provide details

of the instrumentation used for the observations.

4.1 Data Reduction

The use of charged coupled devices, CCDs, has certainlyidchpl dramatic advance in
observational astrophysics. CCDs are silicon-based sewiictors composed of a two-
dimensional array with a certain number of pixels in eaclealion. When the photons
received from the observed object impact a pixel of the CCBraan number of electrons
are emitted due to the photoelectric effedhese electrons are trapped by a potential well,
and when the exposure ends, a control circuit causes eaehtpikransfer its contents to
its neighbour. The last pixel of the array converts thisiinfation into counts (digitisation)

which are saved as a 2-dimensional data frame. Data reduatiolves four steps: bias-

1The exact number of emitted electrons depends on the quaeffiniency of the CCD.
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subtraction, flat-fielding, sky subtraction, and calibraf

4.1.1 Bias-subtraction

A bias frame refers to the number of counts recorded for e&ih fiixel with zero exposure
time. In order to avoid negative numbers, an offset (biasl}ég added to the zero level of
the CCD. The bias level needs consequently to be removeddtotata frames. A series
of bias frames are combined and averaged together to buildstembias which is then
subtracted from the science frames and the flat-fields (sdgaegraph). A large number
of bias frames is necessary to guarantee that we are notgaddise to the science frames.
Another way to determine the bias level is by making use obtrexrscan. The overscan is
simply a set of rows/columns of the CCD (typically selectetha right edge of the frame)
that is read out once before the science data are taken. &giaris used to compute the
mean bias level by averaging the data over all the columnditimg a certain function to
these average values. The result is then subtracted fromaedemn of the frame. The

overscan hence can be very useful if the bias level varigmigrt

4.1.2 Flat-fielding

Each pixel in a CCD camera has a different response to the aaroent of light received.
This response needs to be normalised by the use of flat-fielaisfield spectra are normally
obtained using tungsten lamps, which are generally locatgide the spectrograph, and
before the entrance slit. A master flat is obtained by combir certain number of flat-
fields. To consider the response of the detector along tipedi®n direction, it becomes
necessary to average the master flat over the spatial dinedthis one-dimensional master
flat is then fitted with a polynomial of a certain order, whistused to normalise the master
flat. The pixel-to-pixel variations in the normalised flalleet the different pixel response.

The flat-fielding process is completed by dividing the sageinames by the normalised flat.

2Note that the following description, even though it is rieséd to spectroscopic analysis, can be also
applied to photometry.
3The bias level in a CCD camera is usually very stable but canatime-scales of months.
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4.1.3 Sky subtraction

The sky background that surrounds the observed target aksep through the slit of the
spectrograph and is dispersed. Sky lines are hence prestdrg CCD spectra, and con-
sequently have to be subtracted. For this it is necessargfioedthe extraction aperture
of the object spectrum and the width of the regions where skybe computed. Given
that the dispersion direction and the axis of the CCD are adilfel, it is also necessary to
trace the spectra by fitting a polynomial of a certain ordgh@ndispersion direction. The
sky contribution is computed by interpolating sky data ocheside of the object spectrum,
and cosmic rays are eliminated by detecting the distortiey produce in the spatial pro-
file. The one-dimensional object spectra are finally exéghdiy using the above defined
aperture. All spectroscopic follow-up data presentedimttiesis (Chapters 8 and 10) have
been processed using tBEARLINK packagesIGARO and KAPPA, and the spectra were

optimally extracted [Horne, 1986] using theMELA package [Marsh, 1989].

4.1.4 Calibration

A spectrum gives a wavelength-dependent flux that is cheniatit for every stellar object.
After the sky subtraction though, the one-dimensional speare provided in counts per
pixel, and consequently need to be calibrated both in wagéheand flux. These processes
are called wavelength calibration and flux calibration.

All spectroscopic data presented in this thesis (Chaptargi8l0) have been cali-

brated using theloLLY package [Marsh, 1989].

Wavelength calibration

Obtaining a pixel-to-wavelength relation is carried outtbg use of arc lamps (normally
Ne, Ar, Cu, He, or a combination of some of them), which engitliin many specific and
very narrow wavelength ranges. The wavelengths of the thetform the arc spectrum are
hence well known and can be used to obtain a pixel-to-wagéterelation, which can be
applied to the rest of spectra. Ideally arc spectra have takes during the whole observing

run to account for the flexure of the spectrograph. In practice intentionally obtained
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one arc spectrum per night, and adjust the the wavelengti-gependence according to
the position of sky emission linésin this way we were able to optimise the observing time
on each night. Another way to count for the flexure of the spgcaph is to obtain a pixel-
to-wavelength relation exclusively from the emission éinéNe have found that reliable
wavelength calibrations can be obtained from sky lines {8wearth et al., 2006], but that
the scatter of the fit around the wavelength solution is caibét larger than for arc-lamp
emission lines. In this case the statistical uncertaintardi et al., 1994] is equivalent to

0.09A so the increased scatter is relatively unimportant.

Flux calibration

Flux standard stars are stars with a well-established d@ndatized flux distribution. Gen-
erally, the statistical uncertainty of these tabulation®eélow+0M.05 in the range 4000-
8000A. The calibration is less secure outside this wavelengtiyead-0m.06 — 0™.07),
and in a few cases the errors at the extreme ultraviolet (&Bﬁan be extremely large
(~ 4+0M.1). Flux standard stars are divided into Oke [Oke, 1990] alipldenko-Greenstein
[Filippenko & Greenstein, 1984] categories. The first catggonsists of measurements
of many small parts of the spectrum containing no specinakli so are characterised by a
central wavelength, a measurement, and a bandwidth (ree ttolumns in a datafile). The
second category uses the whole spectrum so are better sufi@dt standards, but can be
affected by spectral lines which may give systematic err@isservations of flux standard
stars provide hence a flux-count dependence for a waveleaggfe, which can be applied
to the science spectra. For red-wavelength spectra it ysingyortant that telluric lines are
removed. Telluric lines are due to absorption by gases stiolkyaggen, water vapour, or car-
bon dioxide in the Earth’'s atmosphere. In this thesis | hageasuared the radial velocities
from both the NaAA 8183.27,8194.81 absorption doublet and tleedfnission (see Chap-
ters 7, 8 and 9). The Naloublet falls in the wavelength region where telluric apsions
are strong, and consequently telluric removal was apphiearder to obtain a line profile

free of telluric features.

4Note that we measure the radial velocities from the Nle8183.27,8194.81 absorption doublet (see Chap-
ters 7, 8 and 9), and that at these wavelengths the emisagmdre strong.
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4.2 Observations

Our project has been awarded observational time on a langetywaf telescopes around
the world. In Table 4.1 | provide a list of the observing ruasried out so far (November
2008), the number of nights for each run, and the peoplevedin the observations and
data reduction. The majority of the data taken from thesemhsions are not analysed in
this thesis (see Chapter 10 though), including also a suofistgart of the data taken by
myself. In addition, a certain amount of the data presemtetis thesis has not been taken
nor reduced by myself.

In Chapter 8 of this thesis | present time-resolved speotims and photometry for
11 SDSS (see Chapter 6) WDMS binaries (Table 4.2, Fig. 4ehcdforth designated SDSS
J0052-0052, SDSS J0246+0041, SDSS J0309-0101, SDSS J320+SDSS J0314-
0111, SDSSJ1138-0011, SDSS J1151-0007, SDSS J1529+0D36,8724+5620, SDSS
J2241+0027 and SDSS J2339-0020. In the following sectimieily describe the instru-

mentation used for the observations.

4.2.1 Spectroscopy

() VLT. Intermediate resolution spectroscopy of SDSS J1138-0@iklobtained between
August 16, 2007 and March 26, 2007 with FORS2 on the ESO VLT/[Antu). The
exposure time was 900 sec, and the observations were carrtagsing the 1028z grism
and a 1 arcsec slit, resulting in a spectral coverage of TEIHA. From measurements
of the FWHMs of sky lines we find our observations have a regiuof approximately
2.5 pixels (2.23) at 8200A. Wavelength calibration of the extracted spectra was dsirey
only sky emission lines. The wavelengths of good sky linesevabtained from the atlas
of Osterbrock et al. [1996, 1997]. 37 sky lines were inclyded fitted with a fifth-order
polynomial. The rms scatter around the fit was GA1%0 the statistical uncertainty in the
wavelength scale is 0.0% Finally, the spectra were flux-calibrated and compenkate
telluric absorption using a spectrum of the standard stmyeRel0. The data were taken in
service mode, and reduced by J.Southworth (see Table 4.1).

(i) Magellan-Clay Follow-up spectroscopy of SDSS J1138-0011, SDSS J1151-
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Table 4.1: Telescopes, number of nights, and people indalvehe overall observations
of our dedicated project to identify PCEBs and measure thital periods. The lines in
black represent observation runs in which | have been ieeblv

Telescope Date Nights Observers Data reduction
CA3.5 2008 Oct 5 R.Schwarz/M.Schreiber A.Nebot
WHT 2008 Jul 4 sm A.Rebassa
CA3.5 2008 Jul 5 A.Nebot/S.Pyrzas A.Nebot
WHT 2008 Jul 6 A.Rebassa/S.Pyrzas A.Rebassa

L.Schmidtobreik
CA3.5 2008 Jun 5 A.Nebot/R.Schwarz/M.Muller A.Nebot
CA3.5 2008 Jun 5 A.Nebot A.Nebot
A.Rebassa A.Rebassa

M-Baade 2008 Jun 4 J.Southworth/C.Tappert J.Southworth
IAC80 2008 May 8 A.Nebot A.Nebot
NTT 2007 Oct 8 A.Rebassa/A.Nebot A.Rebassa

M-Baade 2007 Sep-Oct 4 J.Southworth/A.Nebot J.Southworth
WHT 2007 Sep 3 B.Gnsicke A.Rebassa

NTT 2007 Aug 4 A.Rebassa A.Rebassa
CA3.5 2007 Jul 6 A.Nebot A.Nebot
WHT 2007 Jun 6 A.Rebassa A.Rebassa

P.Rodriguez-Gil
M-Clay 2007 May 5 J.Southworth/A.Schwope J.Southworth
M.Muller
AIP 70 cm 2006 Mar 4 AIP group A.Nebot
2007 Sep
Kryl.2m 2006 Nov 4 V.Karamanavis V.Karamanavis
E.Tremou E.Tremou

CA2.2m 2006 Set 2 A.Aungwerojwit A.Aungwerojwit
IAC80 2006 Aug 6 A.Rebassa A.Rebassa
WHT 2006 Jun-Jul 6 B.Gansicke/A.Rebassa J.Southworth

J.Southworth

Telescope Period Hours Observers Data reduction
Gemini 2008B/25h 25 sm J.Southworth
Gemini 2008A/25h 25 sm J.Southworth
Gemini 2007B/25h 25 sm J.Southworth
VLT P82/30h 30 sm J.Southworth
VLT P80/30h 30 sm J.Southworth
VLT P79/30h 30 sm J.Southworth
VLT P78/30h 30 sm J.Southworth

Notes: M-Baade and M-Clay refer to the two Magellan telessogt Las Campanas obser-
vatory. We usesmto indicate that the data were taken in service mode. CA Z2C#3.5
are the 2.2 and 3.5 meter telescopes at Calar Alto obseyvadoy 1.2 is the Kryoneri 1.2
meter telescope at the National Observatory of Athens.
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Figure 4.1: SDSS (Chapter 6) spectra of the 11 SDSS WDMSibmsatudied in Chapter 8.



0007 and SDSS J1529+0020, were obtained over the period 4a9717—-20 using the
Magellan Clay telescope equipped with the LDSS3 imagingtspgraph. We used the
VPH_Red grism and OG 590 order-sorting filter. The detector was@inned STA 4k 4k
pixel CCD read out by two amplifiers. A 0.75 arcsec offsetgdite a wavelength coverage
of 5800-998& at a reciprocal dispersion of 1#32px*1. Measurements of the FWHMs
of the sky lines indicate that our observational setup gawesalution of approximately
4 pixels (4.83) at 8200A. Wavelength calibration was done using only sky lines. #aito
of 36 sky lines were fitted by a fifth-order polynomial. The ratatter around the fit was
0.25,&, so the statistical uncertainty is 0.89Flux calibration and telluric line removal was
performed using spectra of the standard star LTT 3218 addadluring the same observing
run. The data were taken by J.Southworth, A.Schwope and ivie@xer, and reduced by
J.Southworth (see Table 4.1).

(iii) Magellan-Baadelntermediate-resolution long-slit spectroscopy of S8%L4—
0111 and SDSS J2241+0027 was obtained on the nights of 20wb&@ and 3 using
the IMACS imaging spectrograph attached to the MagellardBdealescope at Las Cam-
panas Observatory. The 60Mm™! red-sensitive grating was used along with the slit-view
camera and a slit width of 0.75 arcsec, giving a reciprocgpatision of 0.3% px~1. The
IMACS detector is a mosaic of eight 2kk SITe CCDs, and long-slit spectra with this in-
strument are spread over the short axis of four of these COBisg a grating tilt of 14.7
allowed us to position the NaA 8183.27,8194.81 doublet towards the centre of CCD2 and
the Hx line near the centre of CCD4. By fitting Gaussian functionarmand sky emis-
sion lines we find that the spectra have a resolution of ajpmately 1.6A. He arc lamp
exposures were taken at the start of each night in order icedemwavelength solution with
a statistical uncertainty of only 0.082 This was applied to each spectrum taken on the
same night. Detector flexure was measured and removed fromatelength solution for
each spectrum using the positions of sky emission linesx Edlibration and telluric line
removal was performed using spectra of the standard starZ2Bf1211. The observations
were carried out by J.Southworth and A.Nebot Gomez-Mosaal the data were reduced

by J.Southworth (see Table 4.1).

(iv) New Technology Telescope (NTT)vo observing runs were carried out at the
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NTT in August (three nights) and October 2007 (eight nighas)viding intermediate time-
resolved spectroscopy of SDSS J0052—-0053, SDSS J0246+8D&S J0309-0101, SDSS
J2241+0027 and SDSS J2339-0020. We used the EMMI spegitogrpiipped with the
Grat#7 grating, the MIT/LL red mosaic detector, and a 1 aregiele long-slit, resulting
in a wavelength coverage of 7770-8880He-Ar arc lamp spectra were taken at the be-
ginning of each night and were then used to establish a gepixél-wavelength relation.
Specifically, we fitted a fourth order polynomial which gavares smaller than 0.0% for

all spectra. We then used the night sky emission lines tcsatte zero-point of the wave-
length calibration. The spectral resolution of our instemtal setup determined from the
sky lines is 2.8. Finally, the spectra were calibrated and corrected fitlurie absorption
using observations of the standard star Feige 110. Obsgmrsadnd reduction were car-
ried out by myself. During three of the eight observing nigiit October 2007 A.Nebot

Gomez-Moran helped me with the observations (see Tab)e 4.

(v) William Herschel Telescope (WHTQne spectrum of SDSSJ1138-0011 was
taken with the 4.2 m William Herschel Telescope in June 2Q@eaRoque de los Mucha-
chos observatory on La Palma. The double-beam ISIS speapiogvas equipped with the
R158R and the R300B gratings, and a 1 arcsec long-slit, girayia wavelength coverage
of 7600-900Q3. The spectral resolution measured from the sky lines if\1@alibrations
were carried in the same way as described for the NTT aboveei@étions were carried

out by P.Rodriguez-Gil and myself, and the data were ratlbganyself (see Table 4.1).

(vi) SDSSFor one system, SDSS J1724+5620, we were able to determexran
rate orbital period from our photometry alone, but were ilagifollow-up spectroscopy.
SDSS Data Release 6 (DR6, Chapter 6) contains three l-datelibspectra for SDSS
J1724+5620 (MJD PLT FIB 51813 357 579, 51818 358 318, and B8 564. See
Chapter 6). Each of these spectra is combined from at leastivddual exposures of 900 s,
which are also individually released as part of DRBor SDSS J1724+5620, a total of 23

sub-spectra are available, of which 22 allowed reliabléatagklocity measurements.

Shttp://www.sdss.org/dré/dm/flatFiles/spCFrame.html
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Table 4.2: Log of the observations. Included are the targetes, the SDSEgriz psf-magnitudes (see Chapter 6), the period of the observa-
tions, the telescope/instrument setup, the exposure &intethe number of exposures.

Spectroscopy
SDSSJ u g r i z Dates Telesc. Spectr.  Grating/Grism Exp.[s] # spec.
005245.11-005337.2 20.47 19.86 19.15 17.97 17.22 16/a8)08/07 NTT EMMI Grat#7 1200 21
024642.55+004137.2 19.99 19.23 18.42 17.29 16.60 05/4@9010/07 NTT EMMI Grat#7 650-800 19
030904.82-010100.8 20.77 20.24 19.50 18.43 17.77 07/A12010/07 NTT EMMI Grat#7 1500 4
031404.98-011136.6 20.78 19.88 19.03 17.76 16.98 02/A080I0/07 M-Baade IMACS 600 line/mm 600-900 12
113800.35-001144.4 19.14 18.86 18.87 18.15 17.53 16/aB3(83/07 VLT 6m FORS2 1028z 900 2
18/06/07-23/06/07 WHT ISIS 158R 1500 1
17/05/07-20/05/07 M-Clay LDSS-3 VPH-red 500-600 5
115156.94-000725.4 18.64 18.12 18.14 17.82 17.31 17/&83(05/07 M-Clay LDSS-3 VPH-red 450-600 17
152933.25+002031.2 18.69 18.20 18.33 17.98 17.48 18/aBM5/07 M-Clay LDSS-3 VPH-red 500-1000 18
172406.14+562003.0 15.83 16.03 16.42 16.42 16.52 25/623(UB/01 SDSS 900 23
224139.02+002710.9 19.62 18.82 18.40 17.33 16.58 02/4@8010/07 M-Baade IMACS 600 line/mm 600 2
07/10/07-12/10/07 NTT EMMI Grat#7 750-800 3
233928.35-002040.0 20.40 19.68 19.15 18.07 17.36 07/412010/07 NTT EMMI Grat#7 1400-1700 15
Photometry
SDSSJ u g r i z Dates Telesc. Filter band Exp.[s] #hrs
031404.98-011136.6 20.78 19.88 19.03 17.76 16.98 19/04(¥/06 CA2.2m clear 35-60 10.3
082022.02+431411.0 15.92 15.85 16.11 15.83 15.38 21/424061/06 Kryoneril.2m R 60 8.2
172406.14+562003.0 15.83 16.03 16.42 16.42 16.52 04/0BK}@EB/06 IAC80 I 80-180 12.2
25/03/06-13/09/06  AIP 70 cm R 60-90 55.6

Notes: M-Baade and M-Clay refer to the two Magellan telessogt Las Campanas observatory. We srad¢o indicate that the data were
taken in service mode. CA 2.2 is the 2.2 meter telescope ar @#b observatory.



4.2.2 Photometry

() IAC80 and AIP 70 cm telescope¥/e obtained differential photometry of SDSS J1724
+5620 with the IAC80 telescope at the Observatorio del T€8pmin) and the 70 cm tele-
scope of the Astrophysical Institute of Potsdam at Babejsf@ermany) for a total of 13
nights during May, August and September 2006 and March ZDB& IAC80 cm telescope
was equipped with a 2k2k CCD. A binning factor of 2 was applied in both spatial direc
tions and only a region of 23270 (binned) pixels of size 0.66 arcsec was read. We used
IRAF to reduce the images and to obtain the differential nitagas. Observations and data
reduction were carried out by myself (see Table 4.1). Theatet used at the Babelsberg 70
cm telescope was a cryogenicxkk Tek CCD. The whole frame was read with a binning
factor of 3, resulting in a scale of 1.41 arcsec/pixel. A sartomated pipeline involving
DoPHOT [Schechter et al., 1993] was used to reduce the inaagksxtract the photometric
information. Observations and reduction were carried guhk Potsdam group (A.Nebot
Gomez-Moran, M.Krumpe, R. Schwarz, A. Staude, and J. Noge Table 4.1).

(i) Calar Alto 2.2 m telescopéle used CAFOS with the SITe 22k pixel CCD
camera on the 2.2 meter telescope at the Calar Alto obseyviimbtain filter-less dif-
ferential photometry of SDSS J0314-0111. Only a small platthe CCD was read out in
order to improve the time resolution. The data were redusiaguhe pipeline described
in Gansicke et al. [2004], which pre-processes the raw @aagMIDAS and extracts aper-
ture photometry using theEXTRACTOR [Bertin & Arnouts, 1996]. Observations and data
reduction were carried out by A.Aungwerojwit (see Tabl§ 4.1

(i) Kryoneri 1.2m telescopeFilter-less photometry of SDSS J0820+4311 was
obtained in November 2006 at the 1.2 m Kryoneri telescopeguaiPhotometrics SI-502
516x 516 pixel camera. The data reduction was carried out in theesa@ay as described
above for the Calar Alto observations. Observations ana atuction were carried out by

V.Karamanavis and E.Tremou (see Table 4.1).
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Chapter 5

Time-Series Analysis

5.1 Time-Series description

Time-series analysis is a mathematical tool that transfarme-dependent data from the
time-domain to the frequency-domain. The most fundamesthle Fourier transform, and
can both be applied from the time- to the frequency-domath\dace versa. Mathemati-
cally speaking, a Fourier transform decomposes a periodiction into a sum of sines and
cosines and their harmonics. Each sine wave, when mudifliean appropriate factor,
will give the power carried by the wave, per unit frequencyffddent sine power form the
power spectrum of the variable. In a binary star, the analykiime-dependent observables
related to the orbital period, such as the radial velocii®gs) and the differential mag-
nitudes, then provide a power spectrum that can be used ¢ontiee the orbital periods
(see Chapter 8). Ideally, the power spectrum would contaimgle peak, od-function,
corresponding to a pure sine variation of infinite duratios, an exact orbital period in our
context. Nevertheless, there are three important linomati

The first limitation is related to the length of the observimght. The longer the
time spent observing a particular system (on the same nitji@)more orbital phases are
covered. According to this, in cases where the data do n&ravwough phases, the power
spectrum is then not a singdefunction but a much broader peak (Fig. 5.1 bottom). In order
to cover additional orbital phases it is then necessary seme on consecutive nights.

This is related to the second limitation. Applying timeiesranalysis to data observed on
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consecutive nights introduces an alias pattern, compokedveral narrow power peaks
around the true frequency in the power spectrum. The séparbétween the true peak
and the aliases will be determined by the frequency of therwhsions. Since the shortest
separation between observations is one night, the aliadlethen be split by a minimum
of 1d~* from the true signal in the power spectrum. This leads tolhd timitation: more
data are generally necessary to distinguish the true peak fine possible aliases. The
longer the orbital period the more difficult it is to sample ttomplete orbital cycle, and
consequently more data and/or nights are needed. Newasthdl these data are taken with
similar sampling the statistical significance of the al&asad the true peak will be very
similar. This is what is referred in the literature @gle count ambiguity To avoid this
ambiguity it becomes necessary to observe the system wabennsampling. In this way,
time-series analysis of data combined from different rdghill eventually provide a clear
signal in the power spectrum and provide an accurate maasuatef the orbital period. To
illustrate these limitations | show in Fig. 5.1 the powercpee along four different nights of
SDSS J0052-0053, a PCEB studied in Chapter 8. A broad peh& potver spectrum on the
bottom panel of the figure (first observing night, labelled a®) shows the typical feature
obtained from running time-series analysis on a single tnagfldata. The alias pattern
obtained on the consecutive night (t = 1) gives a peak and bssiple aliases, all three of
them moderately broad. More data included on the followiights (t = 2 and t = 4) narrow
the peaks considerably and finally provide a clear signal7ati&, i.e. an orbital period of
164.2 minutes for this system. In practice, to investigheegeriodic nature of the velocity
variations we run sine-fits to the velocity data sets adgptie frequencies corresponding
to the strongest peaks in the power spectrum as initial tiondi(see Chapter 8). Reduced
x? values obtained from the sine-fits allow generally a unicplat®n, in which case the

reducedy? is close to 1.

5.2 Time-Series methods

In this thesis | have used\MiDAS/TSA package written by A.Schwarzenberg-Czerny, which

includes four different methods to apply time-series asialyThese are the methods:
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Figure 5.1: Power spectra of SDSSJ0052-0053, a PCEB stuiie€hapter 8.
The power spectra are obtained running Scargle periodayr@®e Sect.5.2) to the
Nai AA 8183.27,8194.81 absorption doublet RVs. The numbers itaneight corner of
each panel indicate the observing night, assuming t = 0 afirth@ight (note that no data
were taken in the third night, t = 3). The corresponding messorbital period is labelled
on the top left of each panel. The power spectrum on the bqtenmal illustrates the typical
broad peak feature characteristic of a single observinigtigta. The alias pattern appears
on the rest of the nights, decreasing the strength of theesdias more data are included,
and finally providing an accurate value of the orbital period
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POWER/TSA. Computes the Fourier transform to the data. This is the Isishp
method for time-series analysis.

SCARGLE/TSA. This method fits a pure sine fit model to the data by computing a
Scargle [1982] periodogram.

AOV/TSA. Applies the code described by Schwarzenberg-Czerny [1988ich
folds the data over different possible orbital periodsstilrem in orbital phase, and analy-
ses the variance of the resulting phase curves.

ORT/TSA. Based on Schwarzenberg-Czerny [1996] this method algs tbe data
over different possible orbital periods, this time fittinget of orthogonal multi-harmonic

sine waves to the phase-folded data.

The first two methodsPOWER and SCARGLE, belong to the Fourier-type meth-
ods, and are effective for detecting faint signals, as welgaasi-sinusoidal variations.
AOQOV and ORT belong to phase-folding methods, and are generally béstdstor abrupt
changes in the time-dependent variation. These methodseaiee effective in detecting
non-sinusoidal variations, withRT resulting in a smoother power spectrum than produced
by AOV. Itis important to note though, that there is no universat beethod for time-series.

In Chapter 8 | use the RVs obtained from the N2 8183.27,8194.81 absorption
doublet to measure the orbital periods of 6 PCEBs, and difteal magnitudes to obtain
an additionalP,,. PCEBs are not affected by the presence of an accretionatisctheir
RV variations are hence expected to be sinusoidal. ConadguROWER and SCARGLE
periodograms obtained from these RVs generally providar diginals in their power spec-
tra (see Fig5.1). In CVs non-sinusoidal RV variations migatexpected due to multiple
line components originating in different parts of the binafrhus, phase-folding methods
such as AOV and ORT might provide better results. This is Higocase when applying

time-series analysis to light curves of eclipsing bingnelsich show abrupt changes.
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Chapter 6

Sloan Digital Sky Survey

The Sloan Digital Sky Survey, SDSS, was an imaging and spemipic survey that cov-
ered approximately one-quarter of the celestial sphereSSS@perated a 2.5 m wide-field
altitude-azimuth telescope at Apache Point Observatoeyy Nlexico. The telescope had
a 3 diameter field of view, and it was equipped with a large-farmasaic of 30 2048«
2048 Tektronix CCD cameras that toalgriz imaging (Fig. 6.1). The detection limit for
point sources in 1 arcsec seeing was 22.3, 23.3, 23.1, 22d32@&8 magnitudes on the
AB system respectively, at an air mass of 1.4. The five filtaus éffective wavelengths of
3560, 4680, 6180, 7500, and 88%&0 The imaging survey was divided into two different
areas (Fig 6.2). The first area (northern Galactic Cap) waated above Galactic latitude
30°, and it was selected to achieve the minimum Galactic extinctIt was centred at
a = 12'20M, 5 = +32.5, and covered- 10000 contiguous dégThe second area (southern
Galactic Cap) comprised three stripes, one along the @lesfuator ¢ = 20"7™,5 = 0°)
and the other two north and south of the equator.

Based on colours and morphology, objects were flagged fatrgseopic follow-
up. The wavelength coverage of the spectrographs was consnfrom about 3800—
92004, and the wavelength resolutioh,/dA, varied from 1850 to 2200. Each “spectral
plate” refered physically to a metal plate with holes ddllat the positions of 640 spec-
troscopic plus calibration targets, covering7ded. Each SDSS spectrum was then unam-
biguously identified by the modified Julian date (MJD) of thservation, the spectroscopic
plate (PLT) and the fibre (FIB). Up to nine spectral platesrpght were observed, with the
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necessary plates being plugged with fibres during the dag/sphctra were observed with a
total integration time of 45-60 minutes, split into indivi ~ 15 min exposures, depending
on observing conditions. The flux- and wavelength-caldntatpectra were provided on a

vacuum wavelength scale and corrected to the heliocemsiframe.

Special care needs to be taken in establishing the dateraadvinen the SDSS spec-
tra were obtained: a significant fraction of SDSS spectra&wembinedrom observations
taken on different nights (which | will call “sub-spectraf what follows) in which case the
header keywordJDLI ST will be populated with more than one date. Hence, a meaningfu
time at mid-exposure can only be given for those SDSS spt@tavere obtained in a sin-
gle contiguous observation. The headers of the SDSS datalprthe exposure start and
end times in International Atomic Time (TAl), and refer teethtart of the first spectrum,

and the end of the last spectrum.

The photometric data were reduced by applying “photometgelines” which cor-
rected the data for CCD defects, calculated overscan,djiake flat-field values, and PSF
(point-spread functions) magnitudes for all point sourdéwe mean errors were about 0.03
mag at 20 mag, increasing to about 0.05 mag at 21 mag and tonagd 2t 22 mag for thg,

r, andi bands. The errors increased to 0.05 at 20 mag and 0.12 at 2fonthg less sensi-
tive u andz bands. Spectroscopic targets were selected by a “targatissl pipeline”, and
reduced by the application of a “spectroscopic pipelinehjol corrected, extracted and
calibrated the spectra, and measured the redshifts. Theeddpectra were then stored in
a science data base. SDSS completed its first phase of gpsrd8DSS-I) in June 2005,
with more than 8000 dégmaged, and nearly 200 million celestial objects detecied, it
contained spectra of more than 675000 galaxies, 90000 g asal 185000 stars. A sec-
ond phase, SDSS-II, continued with observations througle 2008 and ended in October
2008, finishing the original galaxy and quasar survey. SDS3fried out three distinct
surveys: the Sloan Legacy Survey, SEGUE (Sloan Extensiosétactic Understanding
and Exploration), and the Sloan Supernova Survey. Buildimghe legacy of SDSS and
SDSS-II, SDSS-III, a program of four new surveys (BOSS, SE&)APOGEE, MAR-
VELS) using SDSS facilities, began in July 2008 and will aomé through 2014. This

collaboration carries out a program focus on dark energycaschological parameters, on
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Figure 6.1: SDSS 2.5 m,qg,r,i andz filter responses. The curves include the quantum
efficiency of the CCD at zero air mass. Provided by R.Hickman.
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Figure 6.2: Northern and southern SDSS survey in galactcdimates. The lines represent
the area of the sky available for SDSS imaging. Taken fronk évial. [2000].

the structure, dynamics and evolution of the Milky Way, amdstudies of planetary sys-
tems.

SDSS data were initially available to public in 2001 [Stotgghet al., 2002] and its
technical details were summarised in York et al. [2000].eAthis different data releases
(DR) have been increasing the amount of available data, DRIT the latest among thém
[Abazajian et al., 2003, 2004, 2005; Adelman-McCarthy et2006, 2007, 2008]. With
DR 6 the imaging of the northern Galactic cap was completedthis point the survey
contained images and parameters of roughly 287 millionatbjever 9583 deg plus 1.27
million spectra of stars, galaxies and quasars selecteti7éas ded. DR 6 included also
the first year of data from the SDSS-II.

There exist three separate user interfaces which permibai@vnload SDSS data:
a Catalog Archive Server (CAS), which contains the measpaedmeters from all objects

in the imaging survey and the spectroscopic survey. The SD&8y Tool is a stand-alone

INote that DR 7 is just released and complete details arestitvailable via a refereed paper. In addition,
this thesis focusses on the analysis of SDSS DR 5 (Chapterd 8)aand DR 6 (Chapters 9 and 10) data. For
these reasons, | will focus on DR 6 in what follows.
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application to manage and perform Catalog Archive Serverigs available for download-
ing; a Data Archive Server (DAS) which makes the raw and redwiata (corrected frames,
binned images, colour images, spectra) available; and 88lgr, which offers web-based
access to a relational data base server (SQL).

Even though the main aim of SDSS is the identification of gakue.g. Strauss
et al., 2002] and quasars [e.g. Adelman-McCarthy et al.6R0t3 relevance on the obser-
vational studies of WDMS binaries and PCEBs has been cldarhyonstrated in the last few
years [see also the following Chapters of this thesis; Rayhet al., 2003; van den Besse-
laar et al., 2005; Schreiber et al., 2008; Silvestri et &l0& 2007; Augusteijn et al., 2008;
Pyrzas et al., 2008; Nebot Gbmez-Moran et al., 2009]. A&iafypoint is then to understand
why SDSS observed WDMS binaries. These objects are a bigesaficontamination in
the quasar search in a particular colour region (see Chaptdhus,~ 40% of the SDSS
spectroscopic WDMS binaries were initially targeted as éX¢ess or high-redshift quasar
candidates. Richards et al. [2002, see also Chapter 9] deW@MS binary exclusion
boxes with the aim to maximise the return of the quasar sunithin SDSS. Nevertheless
~33% of the observed SDSS spectroscopic WDMS binaries ahérviie WDMS binary
exclusion boxes, half of them observed as CV candidatesttencest probably observed
as quasar candidates before the exclusion boxes were defirfethl ~25% of the SDSS
spectroscopic WDMS binaries were observed as quasar eedithinter than the main
SDSS quasar sample, or targets carried out especially iecphetorial region.

SEGUE has been specifically designed to fill in WDMS missingnfiSDSS-I (i.e.
in the WDMS binary exclusion boxes and close to the main sezp)eand contains 25%
of the overall SDSS WDMS binaries, the remainin@5% were observed as discussed in

the previous paragraph.
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Chapter 7

130 White Dwarf-Main Sequence
Binaries with multiple SDSS

Spectroscopy

7.1 Introduction

A feature of SDSS hitherto unexplored in the study of WDMSabies is the fact that
~ 10 per cent of the spectroscopic SDSS objects are observetitham once (Chapter 6).
SDSS occasionally re-observes entire spectral plategevdlietargets on that plate get an
additional spectrum, or has plates which overlap to somenéxso that a small subset of
targets on each plate is observed again. The detection ofaRstions between different
SDSS spectra of a given WDMS binary will unambiguously idfgrguch a system as a
PCEB, or a strong PCEB candidate. In this Chapter | make uaesample of 130 WDMS
binaries with SDSS spectroscopic repeat observation®tuifg 18 PCEBs and PCEB can-
didates from RV variations. Using a spectral decompodiiiting technique | determined
the white dwarf effective temperatures and surface gemjitmasses, and secondary star
spectral types for all WDMS binaries in the sample. Two ireteent distance estimates
are also obtained from the flux scaling factors between theM8Dbinary spectra, and the

white dwarf models and MS star templates, respectively.
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The structure of the Chapter is as follows: | describe the WHINhary sample and
the methods used to determine RVs in Sect. 7.2. In Sect. £&fdine the stellar param-
eters of the WDMS binaries in the sample. In Sect. 7.4, | disdhe fraction of PCEBs
found, the distribution of stellar parameters, comparediselts to those of Raymond et al.
[2003] and Silvestri et al. [2006], discuss the incidencsteflar activity on the secondary
stars in WDMS binaries, and outline the selection effectSDES regarding WDMS bina-

ries with different types of stellar components. | finallynctude this Chapter in Sect. 7.5.

7.2 Identifying PCEBs in SDSS

We have searched the DR5 spectroscopic data base for radkipbsures of all the WDMS
binaries listed by Silvestri et al. [2006] and Eisensteiralef2006], as well as a set of
WDMS binaries independently found in the SDSS data by ountebhis search resulted
in a sample of 130 WDMS binaries with two to seven SDSS speéiraong those WDMS,
101 systems have a clearly pronounced Na8183.27,8194.81 absorption doublet and/or
Ha emission in their SDSS spectra, and were subjected to RV urgraents using one
or both spectral features. The Ndoublet was fitted with a second order polynomial and
double-Gaussian line profile of fixed separation. Free patars were the amplitude and
the width of each Gaussian and the velocity of the doublet.was fitted using a second
order polynomial plus a single Gaussian of free velocitypbtode and width. We com-
puted the total error on the RVs by quadratically adding theedtainty in the zeropoint of
the SDSS wavelength calibration (10 kmts Stoughton et al. 2002) and the error in the
position of the Na/Ha lines determined from the Gaussian fits. Figure 7.1 showftthi®
the four SDSS spectra of SDSS J024642.55+004137.2, a WDNMbilisplaying an ex-
tremely large RV variation identifying it as a definite PCHBuis figure also illustrates an
issue encountered for a handful of systems, i.e. that thardl Na RVs do not agree in the
final spectrum (Table 7.1). This is probably related to t®mogeneous distribution of the
Ha emission over the surface of the companion star, and wilisiudsed in more detail in
Sect. 7.4.1. In total, 18 WDMS show RV variations among tB&EWSS spectra at avdevel
and qualify as PCEBs or strong PCEB candidates. Their RVésaesl in Table 7.1 and
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illustrated in Fig. 7.2 and Fig. 7.3. Three systems (SDS$06@600, SDSS1737+5403, and
SDSS2345-0014) are subject to systematic uncertaintiéeiinRVs due to the rather poor
spectroscopic data. The RVs for the remaining 83 WDMS bésatiat did not show any

significant variation are available in Rebassa-Mansergak R007, see also Chapter 9].

The > 3o criterion for the detection of RV variations in our sampleWDMS

is only valid when considering two RV measurements. Theusioh of more RV data
increases the false alarm rate of the detection, and coestythe probability of detecting
a 3o variation between two RV measurements increases with tirdacof measurements
made. Thus for example, in the case of SDSSJ0309-0101, wbidhins 7 RV values (the
maximum in our sample), the false alarm rate-igd.2%, which is more than ten times the
value expected when considering only two RVs (0.3%). Néedess, it will be shown in
Chapter 8 that WDMS are considered as definite PCEBs only Velnga RV variations are
detected, making it unlikely that these variations are gize a consequence of false alarm
rate detections. We point the reader to Maxted et al. [20D&]jr(Sect. 3.3) for a description

of a better variability criterion.

As outlined in Chapter 6 a significant fraction of SDSS spzeate combined from
observations taken on different nights. A crucial quest®obviously how the fact that
some of the spectra in our sample are actually combinatibmsta from several nights
impacts our aim to identify PCEBs via RV variations. To ansigs question, we first
consider wide WDMS binaries that did not undergo a CE phase binaries with orbital
periods ofz years. For these systems, sub-spectra obtained over treeanfiseveral days
will show no significant RV variation, and combining themard single spectrum will
make no difference except to increase the total signabteenratio (S/N). In contrast to
this, for close binaries with periods of a few hours to a fewsjaub-spectra taken on
different nights will sample different orbital phases, dhe combined SDSS spectrum will
be a mean of those phases, weighted by the S/N of the indivédiaspectra. In extreme
cases, e.g. sampling of the opposite quadrature phasemadgilead to smearing of the Na
doublet beyond recognition, or end up with a very broadlide. This may in fact explain
the absence / weakness of theiNiaublet in a number of WDMS binaries where a strong

Nai doublet would be expected on the basis of the spectral tygfeeafompanion. In most
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Figure 7.1. Fits to the Na\A 8183.27,8194.81 absorption doublet (right panels) and
the Ha emission line (left panels) in the four SDSS spectra of the M@Dbinary
SDSS J024642.55+004137.2. The SDSS spectroscopic ident{iiJD, Plate-ID and
Fibre-ID) are given in the top left corner of theaHpanels. Na has been fitted with a
double-Gaussian of fixed separation plus a parabotawith a Gaussian plus a parabola.
In this system, RV variations are already obvious to the &ye.top three spectra are taken
in a single night, the bottom one is combined from data taketih@e nights, MJD =52970,
52972, and 52973. The widths of the Gaussians fitting theddablet are (top to bottom)
4.6A,5.8A,5.3A, and 6.0A.
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cases, however, the combined SDSS spectrum will repres€fffective” orbital phase,
and comparing it to another SDSS spectrum, itself being awedbor not, still provides
a measure of orbital motion. We conclude that the main etdé¢he combined SDSS
spectra is a decreased sensitivity to RV variations due¢caging out some orbital phase
information. Fig.7.1 shows an example of a combined specioottom panel), which

contains indeed the broadest Nmes among the four spectra of this WDMS binaries.

In order to check the stability of the SDSS wavelength catibn between repeat
observations, we selected a total of 85 F-type stars fronsdinee spectral plates as our
WDMS binary sample, and measured their RVs from the 883933.67,3968.4H andK
doublet in an analogous fashion to theid@&asurement carried out for the WDMS binaries.
None of those stars exhibited a significant RV variation, rieximum variation among
all checked F-stars had a statistical significance .61 The mean of the RV variations
of these check stars was found to be5lkkms 1, consistent with the claimed 10km’s
accuracy of the zero-point of the wavelength calibrationttie spectra from an individual
spectroscopic plate [Stoughton et al., 2002]. In shors thst confirms that the SDSS
wavelength calibration is stable in time, and, as antieipatbove that averaging sub-spectra
does not introduce any spurious RV shifts for sources that ha intrinsic RV variation (as
the check stars are equally subject to the issue of combaxipgsures from different nights
into a single SDSS spectrum). We are hence confident thatignificant RV variation

observed among the WDMS binaries is intrinsic to the system.

7.3 Stellar parameters

The spectroscopic data provided by the SDSS project arefiidisnt quality to estimate
the stellar parameters of the WDMS binaries presented snGhiapter. For this purpose,
we have developed a procedure which decomposes the WDM§y lspactrum into its
white dwarf and MS star components, determines the spdgfal of the companion by
means of template fitting, and derives the white dwarf effectemperature and surface
gravity from spectral model fitting. Assuming an empiricpkestral type-radius relation

for the secondary star andMi— R relation for the white dwarf, two independent distance
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Figure 7.2: RVs obtained from the Nabsorption doublet. WDMS$- 30 RVs variation,
i.e. PCEBs, are shown in black.
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Figure 7.3: Same as Fig. 7.2 but for thet RVSs.
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Table 7.1: RVs of our 18 PCEBs and PCEB candidates, measumadliie Hx emission line and/or the NaA 8183.27,8194.81 absorption
doublet. The HIDs for SDSS spectra that have been combioedekposures taken in several different nights (see S&}taik set in italics.
PCEB candidates with uncertain RV measurements are irdidst colons preceding and trailing the object name. Uppetdiof the orbital
periods are also provided (Sect. 7.4.2). The two spectraponments identified in the spectra are coded as follows. DAitendwarf with
clearly visible Balmer lines; DC = clearly visible blue contum without noticeable structure; blx =weak blue exced#é= M-dwarf.

SDSSJ HJD RV(id)kms ! RV(Na)kms?® Pyypld] < SDSSJ HJD RV(d)kms* RV(Na)kms™ Pyp[d] <
0052-0053 2451812.3463 718 16.6 23.4+ 14.9 280 0314-0111 2451931.1242 -416 12.4 -51.7+ 124 1.1
DA/M  2451872.6216 11.0 + 12.0 18.0+ 127 DC/AM  2452202.3882  35.6 109 352+ 14.4
2451907.0834 -62.1 + 11.7 -37.7+ 11.6 24522352865 9.1+ 11.0 1034 14.2
2452250.2457 -49.8+ 12.2 -128.2+ 13.9
2452201.3308 -26.0t 16.0 -23.8+ 14.9 24522542053 -66.7- 12.8 -111.7+ 10.9
0054-0025 2451812.3463 216 15.3 4 2452258.2195 87.3+ 10.8 135.2+ 13.5
DA/AM  2451872.6216 -25.6 £ 44.2 0820+4314 2451959.3074 1183 11.4 106.3+ 11.5 2.4
2451907.0835 1447 + 17.2 DA/AM  2452206.9572-107.8 + 11.2 -94.64+ 10.8
0225+0054 2451817.3966 530 149 58.6+ 15.4 45 1138-0011 2451629.8523 53.5 + 16.9 35
bix/dM 2451869.2588 -19.2+ 20.7 -21.6+ 11.6 DA/M  2451658.2128 -38.1+ 18.6
2451876.2404 375t 224 2534 124 1151-0007 2451662.1689 158 15.1 4.4
2451900 1605 25.1- 14.0 128+ 170 DA/AM  2451943.4208 154.0+ 19.5
' ' ' . ' 1529+0020 2451641.4617 7348 14.8 0.96
2452238.2698 27.9- 22.3 37.4+ 12.8 DA/AM  2451989.4595 1672 118
0246+0041 2451871.2731 -955 10.2 -99.3+ 111 2.5 172445620 2451812.6712125.6 + 10.2 160.6+ 18.4 0.43
DA/DM  2452177.4531 163.14+ 10.3 167.24+ 11.3 DA/AM  2451818.1149 108.3+ 11.1 -+ -
2452965.2607 140.Z 10.8 135.3+ 11.0 2451997.9806-130.6 + 10.3 -185.5+ 20.1
2452971.7468 64.0 + 10.5 125.7+ 11.3 1726+5605 2451812.6712 -44.3 £ 16.7 -38.9+ 12.9 29
:0251-0000:2452174.4732 4.1 + 335 0.0+ 154 058 DA/dM 24519939805 46.6 4+ 14.6 4734 125
DA/AM  2452177.4530 -139.3 24.6 158+ 183 1737+5403: 2451816.1187 -1235 286 6.6
DA/AM  2451999.4602 44.0+ 24.0
0309-0101 2451931.1241 448 13.2 3154+ 137 153 2241+0027 24532612749 94 17.9 220+ 124 7880
2452235.2865 27.4t 14.1 76.3+ 16.2 2339-0020 2453355.5822 -29.2 + 10.4 -27.1+ 12.3 120
2452250.2457 28.8- 150 8.1+ 33.0 DA/AM 24525253539 -93.6+ 12.3 -90.14+ 12.7
2452254.2052 53.9- 11.8 557+ 14.3 :2345-0014: 2452524.3379 -1415 22.9 95
2452258.2194 155t 13.0 27.9+ 19.9 235?0A/odo|\33 2;225%;352116 1608 166 -19.8 £ 19.3 04
2453383.6493 50.7 + 11.0 56.5+ 12.8 LM 2459593 2410 1544 313

Notes on individual systems. 0246+0041, 0314-0111, 2232#02339-0020: variabledequivalent width; 0251-0000: faint, wealoH

emission with uncertain radial velocity measurements73¥B303, 2345-0014: very noisy spectrum; See additionasnatTable 7.3.



estimates are calculated from the flux scaling factors of¢h®plate/model spectra.

In the following sections, we describe in more detail thectaé templates and
models used in the decomposition and fitting, the methodtadap fit the white dwarf
spectrum, our empirical spectral type-radius relationtfi@r secondary stars, and the dis-

tance estimates derived from the fits.

7.3.1 Spectral templates and models

In the course of decomposing/fitting the WDMS binary obsgows, we make use of a
grid of observed M-dwarf templates, a grid of observed whiterf templates, and a grid
of white dwarf model spectra. High S/N ratio M-dwarf tempktmatching the spectral
coverage and resolution of the WDMS binary data were pradidceam a few hundred
late-type SDSS spectra from DR4 (see Fig. 3.3). These speere classified using the
M-dwarf templates of Beuermann et al. [1998]. We averagedlit+ 20 best exposed
spectra per spectral subtype. Finally, the spectra wetedsaaflux to match the surface
brightness at 7508 and in the TiO absorption band near 7¥65s defined by Beuermann
[2006]. Recently, Bochanski et al. [2007] published a lippraf late type stellar templates.
A comparison between the two sets of M-dwarf templates didrexeal any significant
difference. We also compiled a library of 490 high S/N DA vehilwarf spectra from DR4
covering the entire observed rangelgf and logg. As white dwarfs are blue objects, their
spectra suffer more from residual sky lines in thband. We have smoothed the white
dwarf templates at wavelengths?OOOA with a five-point box car to minimise the amount
of noise added by the residual sky lines. Finally, we congbatgrid of synthetic DA white
dwarf spectra using the model atmosphere code describeddstét et al. [2005], covering
logg=5.0—9.5 in steps of 0.25 antdiy = 6000— 100000 K in 37 steps nearly equidistant
in log(Tef).

7.3.2 Spectral decomposition and typing of the secondaryaat

Our approach is a two-step procedure. In a first step, we titedVDMS binary spectra
with a two-component model and determined the spectral ofpgbe M-dwarf. Subse-

guently, we subtracted the best-fit M-dwarf, and fitted tredual white dwarf spectrum
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(Sect. 7.3.3). We used an evolution strategy [Rechenb8@#]Xo decompose the WDMS
binary spectra into their two individual stellar comporgerin brief, this method optimises a
fitness function, in this case a weighted and allows an easy implementation of additional
constraints. Initially, we used the white dwarf model speeind the M-dwarf templates as
spectral grids. However, it turned out that the flux calilmraiof the SDSS spectra is least
reliable near the blue end of the spectra, and correspagding number of cases thg of
the two-component fit was dominated by the poor match of thieevdwarf model to the ob-
served data at short wavelengths. As we are in this first steyet interested in the detailed
parameters of the white dwarf, but want to achieve the bestiple fit of the M-dwarf, we
decided to replace the white dwarf models by observed whitgrfidtemplates. The large
set of observed white dwarf templates, which are subjedi¢same observational issues
as the WDMS binary spectra, provided in practically all sagebetter match in the blue
part of the WDMS binary spectrum. From the converged whitarflwlus dM template
fit to each WDMS binary spectrum (see Fig. 7.4), we recordedfiectral type of the sec-
ondary star, as well as the flux scaling factor between thedvitemplate and the observed
spectrum. The typical uncertainty in the spectral type efsdcondary star i€0.5 spectral
class. The spectral types determined from the composit® #gch individual spectrum are
listed in Table 7.3 for the PCEBSs in the analysed sample, mfiRebassa-Mansergas et al.
[2007] for the remaining WDMS binaries (see also Chaptet®pection of those tables
shows that for the vast majority of systems, the fits to théviddal spectra give consistent
parameters. We restricted the white dwarf fits to WDMS basdontaining a DA primary,
conseguently no white dwarf parameters are provided faghdDMS binaries containing

DB or DC white dwatrfs.

7.3.3 White dwarf parameters

Once the best-fit M-dwarf template has been determined alddsappropriately in flux, it
is subtracted from the WDMS binary spectrum. The residualendwarf spectrum is then
fitted with the grid of DA models described in Sect. 7.3.1. &exe of the uncertainties in
the flux calibration of the SDSS spectra and the flux residiwaia the M-star subtraction,

we decided to fit the normalisedfHo He lines and omitted E where the residual con-

65



tamination from the secondary star was largest. While theigeity to the surface gravity
increases for the higher Balmer lines [e.g. Kepler et al0620we decided not to include
them in the fit because of the deteriorating S/N and the wabigliflux calibration at the blue
end. We determined the bestTigz and logg from a bicubic spline interpolation to the
values on thd@s — logg grid defined by our set of model spectra. The associateertors
were determined from projecting the contourxf = 1 with respect to thg? of the best
fit onto theTes and logy axes and averaging the resulting parameter range into a sjrom
error bar.

The equivalent widths of the Balmer lines go through a maxmmear Te =
13000 K, with the exact value being a function of tpgTherefore,Te and logy deter-
mined from Balmer line profile fits are subject to an ambiguitigen referred to as “hot”
and “cold” solutions, i.e. fits of similar quality can be ae¥ed on either side of the tem-
perature at which the maximum equivalent width occurs. Wasueed the B equivalent
width in all the model spectra within our grid, and fitted thepdndence of the temperature

at which the maximum equivalent width ofbccurs by a second-order polynomial,

Tett(EW[HB]max) = 20361— 3997 logg + 390(log g)? (7.1)

where the units offe are [K] and the units ofy are [cm/$]. Parallel to the fits to the
normalised line profiles, we fit the grid of model spectra ®white dwarf spectrum over
the wavelength range 385071507 (see Fig. 7.5). The red end of the SDSS spectra,
where the distortion from the M-dwarf subtraction is stresigis excluded from the fit.
We then use thd@; and logg from the fits to the whole spectrum, continuum plus lines,
to select the “hot” or “cold” solution from the line profile dit In the majority of cases,
the solution preferred by the fit to the whole spectrum hasbstaatially lowerx? than
the other solution, corroborating that it is likely to be thieysically correct choice. In a
few cases, the best-fi.,z and logg from the whole spectrum are close to the maximum
equivalent width given by Eq.7.1, so that the choice betwhertwo line profile solutions

is less well constrained. However, in most of those casesivib solutions from the line
profile fits overlap within their error bars, so that the finabice of Te; and logg is not too

badly affected.
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Once thatTe and logg are determined from the best line profile fit, we use an
updated version of Bergeron et al. [1995b]’s tables to dateuthe mass and the radius of
the white dwarf (see Fig. 2.1). Systematic errors in the evthivarf parameters are expected
due to uncertainties in the H-layer thickness, and due téothdes logg problem for cool
white dwarfs. The first kind of uncertainty affects mainlytonass white dwarfs and is
discussed in detail in Chapter 10. The |@ws logg problem for cool white dwarfs is a
consequence of increasing the surface gravity towardsrletfective temperatures below
< 12000 K [Koester et al., 2008]. This leads to an increase énwthite dwarf masses,
and consequently to lower radii and distances (see Sedi).7.@nly 14 systems among
our sample of 95 WDMS binaries witli.g estimates contain cool (less than 12000 K)
white dwarfs, and systematic uncertainties might consetijude expected inv15% of
our white dwarf masses, distances (see Sect. 7.4.7) angcckdgulations. Table 7.3 reports
Tett, l0gg, and the white dwarf masses for the PCEBs in our sample, lindl@esults for
the remaining WDMS binaries can be found in Rebassa-Maaseztjal. [2007, see also
Chapter 9]. We have carefully inspected each individualpasite fit, and each subsequent
fit to the residual white dwarf spectrum, and are confidentwieahave selected the correct
solution in the majority of cases. Some doubt remains pilynfor a few spectra of very
low S/N. The fact that we have analysed at least two SDSSrspierteach system allows
us to assess the robustness of our spectral decompoditiog/finethod. Inspection of
Table 7.3 shows that the system parameter of a given systengtarmined from several
different SDSS spectra, generally agree well within thetedi@rrors, confirming that our

error estimate is realistic.

7.3.4 An empirical spectral type-radius relation for M stars

In order to use the flux scaling factor between the observedASbinary spectra and the
best-fit M-dwarf templates for an estimate of the distancthéosystem (Sect. 7.3.5), it is
necessary to assume a radius for the secondary star. Sirntaveeletermined the spectral
types of the companion stars from the SDSS spectra (Se@),A& require a spectral type-
radius relation $ p— R) for M-dwarfs. The community working on CVs has previousidh

interest in such a relation [e.g. Mateo et al., 1985; Cdill&uPatterson, 1990], but while
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Figure 7.4: Two-component fits to the SDSS WDMS binary spec@hown are examples for objects with either the M-dwarherwhite
dwarf dominating the SDSS spectrum. The top panels show th&®/binary spectrum as black line, and the two templatesteadwarf
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profile solutions are indicated by black dots, the best fihlowhole spectrum is indicated by a red dot. Bottom paneésrekidual white
dwarf spectra resulting from the spectral decompositicth their flux errors (gray lines) along with the best-fit whitwadf model (black
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Baraffe & Chabrier [1996] derived theoretical mass/ratdifisctive temperature-spectral
type relationships for single M-dwarfs, relatively littdservational work along these lines
has been carried out for field low-mass stars. In contragtiso the number of low-mass
stars with accurate mass and radius measurements hascsigtyfincreased over the past
few years [see e.g. the review by Ribas, 2006], and it applear$or masses below the fully
convective boundary stars follow the theoretical model8hyaffe et al. [1998] relatively
well. However, for masseg 0.3 M, observed radii exceed the predicted ones. Stellar
activity [e.g. Lopez-Morales, 2007] or metallicity eftede.g. Berger et al., 2006] were
identified as possible causes (see Chapter 2).

Besides the lack of extensive observational work onSipe- R relation of single
M-dwarfs, our need for an M-dwaB p— Rrelation in the context of WDMS binaries faces
a number of additional problems. A fraction of the WDMS biearin our sample have
undergone a CE phase, and are now short-period binarieshichwthe secondary star
is tidally locked and hence rapidly rotating. This rapidatan might enhance the stellar
activity in a similar fashion to the short-period eclipsiMgdwarf binaries used in thiel — R
relation work mentioned above. In addition, it is difficuitassess the afjand metallicity
of the secondary stars in our WDMS binary sample.

With the uncertainties on stellar parameters of single Mudsvand the potential
additional complications in WDMS binaries in mind, we dexidto derive an “average”
Sp— Rrelation for M-dwarfs irrespective of their ages, metdils, and activity levels.
The primary purpose of this is to provide distance estimadsgd on the flux scaling factors
in Eq. 7.4, but also to assess potential systematic peitiggaof the secondary stars in the
WDMS binaries.

We have compiled spectral types and radii of field M-dwaidsfBerriman & Reid
[1987], Caillault & Patterson [1990], Leggett et al. [199BElfosse et al. [1999], Leto et al.
[2000], Lane et al. [2001], Ségransan et al. [2003], Mage€aMontalban [2004], Creevey
et al. [2005], Pont et al. [2005], Ribas [2006], Berger e{2006], Bayless & Orosz [2006]

1 In principle, an age estimate can be derived by adding théevehiarf cooling age to the MS life time
of the white dwarf progenitor. This involves the use of atidhimass-final mass relation for the white dwarf,
e.g. Dobbie et al. [2006], which will not be strictly validrfthose WDMS binaries that underwent a CE phase.
Broadly judging from the distribution of white dwarf tempéures and masses in Fig. 7.9, most WDMS binaries
in our sample should be older than 1 Gyr, but the data at haesl ot warrant a more detailed analysis.
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and Beatty et al. [2007]. These data were separated into taugpg, namely stars with

directly measured radii (in eclipsing binaries or via ifdeometry) and stars with indirect

radii determinations (e.g. spectrophotometric). We camanted this sample with spectral
types, masses, effective temperatures and luminosites Brelfosse et al. [1998], Leggett
et al. [2001], Berger [2002], Golimowski et al. [2004], Cughet al. [2005] and Montagnier

et al. [2006], calculating radii frorh = 4niR?0Te* and/or Caillault & Patterson’s (1990)
mass-luminosity antl — Rrelations.

Figure 7.6 shows our compilation of indirectly determinedlir as a function of
spectral type (top panel) as well as those from direct measents (bottom panel). A large
scatter in radii is observed at all spectral types excephfovery late M-dwarfs, where only
few measurements are available. It is interesting that theuat of scatter is comparable
for both groups of M-dwarfs, those with directly measurediirand those with indirectly
determined radii. This underlines that systematic effetttinsic to the stars cause a large
spread in theSp— R relation even for the objects with accurate measurememsyvhit
follows, we use the indirectly measured radii as our prinsamnple, as it contains a larger
number of stars and extends to later spectral types. The giaeotly measured radii are
used as a comparison to illustrate $ye— Rdistribution of stars where the systematic errors
in the determination of their radii is thought to be small. tiégermine arsp— R relation
from fitting the indirectly determined radius data with archorder polynomial (RMS =

0.13),
R=0.48926+ 0.00683 Sp- 0.01709 SB-+ 0.00130 Sp (7.2)

The spectral type is not a physical quantity, and strictigasing, this relation is only de-
fined on the existing spectral classes. This fit agrees wétl thie average of the radii in
each spectral class (Fig. 7.6, middle panel, where thessarerthe standard deviation from
the mean value). The radii from the polynomial fit are repbite Table 7.2, along with
the average radii per spectral class. Both the radii fronptiignomial fit and the average
radii show a marginal upturn at the very latest spectraldypdrich should not be taken too
seriously given the small number of data involved.
We compare in Fig. 7.6 (bottom panel) the directly measuaeld with ourSp— R

relation. It is apparent that also stars with well-detedimadii show a substantial amount
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Figure 7.6: Top panel: indirectly measured radii of M-dwgar§ spectral type. Our empiri-
cal Sp— Rrelation is given by a third order polynomial fit (solid lin&) these data. Middle
panel: mean radii and corresponding standard deviatiotenaa by averaging the radii
in the top panel for each spectral type. CBp— R relation is again superimposed. Bot-
tom panel: directly measured radii of M-dwarfs, again oupg&iwal Sp— R relation, the
dashed line is the theoreticgp— Rrelation from Baraffe et al. [1998]. M-dwarf radii from
the eclipsing WDMS binaries RR Cae, NN Ser, DE CVn, RXJ2180M0 and EC 13471—
1258 are shown as solid dots.
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Sp Rnean(R@) Ro (RC) Riit (RC) Miit (M@) Teff (K)

MO0.0 0.543 0.066 0.490 0.472 3843
MO0.5 0.528 0.083 0.488 0.471 3761
M1.0 0.429 0.094 0.480 0.464 3678
M1.5 0.443 0.115 0.465 0.450 3596
M2.0 0.468 0.106 0.445 0.431 3514
M2.5 0.422 0.013 0.420 0.407 3432
M3.0 0.415 0.077 0.391 0.380 3349
M3.5 0.361 0.065 0.359 0.350 3267
M4.0 0.342 0.096 0.326 0.319 3185
M4.5 0.265 0.043 0.292 0.287 3103
M5.0 0.261 0.132 0.258 0.255 3020
M5.5 0.193 0.046 0.226 0.225 2938
M6.0 0.228 0.090 0.195 0.196 2856
M6.5 0.120 0.005 0.168 0.170 2773
M7.0 0.178 0.080 0.145 0.149 2691
M7.5 0.118 0.009 0.126 0.132 2609
M8.0 0.137 0.046 0.114 0.120 2527
M8.5 0.110 0.004 0.109 0.116 2444
M9.0 0.108 0.004 0.112 0.118 2362
M9.5 0.111 0.008 0.124 0.130 2281

Table 7.2: EmpiricaSp— R, Sp— M and Sp— Tgj relations (R, Msit, Ter) found in this
work. Rneanand R; represent the mean radii and their standard deviationraaddrom the
sample of M-dwarfs described in Sect. 7.3.4.

of scatter, and are broadly consistent with the empifga} R relation determined from the
indirectly measured radii. As a test, we included the diyetteasured radii in the fit de-
scribed above, and did not find any significant change cordparthe indirectly measured

radii alone.

For a final assessment on our empirig@- R relation, specifically in the context of
WDMS binaries, we have compiled from the literature theiraid-dwarfs in the eclipsing
WDMS binaries RR Cae [Maxted et al., 2007], NN Ser [Haefne.e2004], DE CVn [van
den Besselaar et al., 2007], RXJ2130.6+4710 [Maxted eR@D4], and EC 13471-1258
[O’Donoghue et al., 2003], (Fig. 7.6, bottom pareljust as the accurate radii determined
from interferometric observations of M-dwarfs or from ligturve analyses of eclipsing
M-dwarf binaries, the radii of the secondary stars in WDM#®&alies display a substantial

amount of scatter.

2An updated figure including the spectral types and radii btatrent eclipsing WDMS binaries can be
found in Chapter 10.
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Comparison with the theoretical Sp-R relation from Baraffe et al. [1998]

We compare in the bottom panel of Fig. 7.6 our empirigpl- R relation with the theoret-
ical prediction from the evolutionary sequences of Baraffal. [1998], where the spectral
type is based on thie— K colour of thePHCEN X stellar atmosphere models coupled to the
stellar structure calculations. The theoreti€g— R relation displays substantially more
curvature than our empirical relation, predicting largedir for spectral typessM2, and
significantly smaller radii in the range M3—-M6. The two redat converge at late spectral
types (again, the upturn in the empirical relation fdv18.5 should be ignored as an artifact
from our polynomial fit). The “kink” in the theoretical relah seen around M2 is thought
to be a consequence of;Hnolecular dissociation [Baraffe & Chabrier, 1996]. Thegkar
scatter of the directly determined radii of field M-dwarfsveall of M-dwarfs in eclipsing
WDMS binaries could be related to two types of problem, thaymave a common un-
derlying cause. (1) In close binaries the stars are forcedttemely rapid rotation, which
is thought to increase stellar activity that is likely toeadff the stellar structure, generally
thought to lead to an increase in radius [Spruit & Weiss, 188flan & MacDonald, 2001;
Chabrier et al., 2007], and (2) the spectral types in our dlatipns of radii are determined
from optical spectroscopy, and may differ to some extennftbe spectral type definition
based on — K colours as used in the Baraffe et al. [1998] models. Furtbesstellar
activity is thought to affect not only the radii of the stasi also their luminosity, surface
temperatures, and hence spectral types. The effect alrssadtivity is discussed in more

detail in Sect. 7.4.7.

Sp— Ter and Sp— M relations

For completeness, we fitted the spectral type-mass datdarspéctral type-effective tem-
perature data compiled from the literature listed abovd,fated theSp— M andSp— Tep

relations with a third-order polynomial and a first-ordetymomial, respectively. The re-
sults from the fits are reported in Table 7.2, and will be usethis Chapter only for esti-
mating upper limits to the orbital periods of our PCEBs (Sé@.2) and when discussing

the possibility of stellar activity on the WDMS binary sedamy stars in Sect. 7.4.7.
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7.3.5 Distances

The distances to the WDMS binaries can be estimated frometieft flux scaling factors

of the two spectral components. For the white dwarf,

fwd < Rwd> 2
FWd dwd ( )
where f,q is the observed flux of the white dwaf,y the astrophysical flux at the stellar

surface as given by the model speciRgagq is the white dwarf radius and),q is the distance

to the white dwarf. For the secondary star,

2
fae_ (R o

Fsec  \ Osec

wherefsecis the observed M-dwarf fluEsecthe flux at the stellar surface, aRdecand dec
are the radius and the distance to the secondary respgctivel

The white dwarf radii are calculated from the bestHi§ and logg as detailed in
Sect. 7.3.3. The secondary star radii are taken from Tablfo¥ the best-fit spectral type.
The uncertainties of the distances are based on the errBggjmvhich depend primarily on
the error in logy, and inRsge Where we assumed the standard deviation from Table 7.2 for
the given spectral type. Table 7.3 lists the valdgganddsec obtained for our PCEBs. The
remaining 112 WDMS binary’s distances can be found in RebMansergas et al. [2007,

see also Chapter 9].

7.4 Discussion

7.4.1 Havs Na radial velocities

As mentioned in Sect. 7.2, a few systems in Table 7.1 showiderable differences be-
tween their i and Na RVs. More specifically, while both lines clearly identifyetse
systems as being RV variable, and hence PCEBs or strong P&@kddates, the actual
RVs of Ha and Na differ for a given SDSS spectrum by more than their errors.

In close PCEBSs with short orbital periods the ldmission is typically observed to

arise from the hemisphere of the companion star facing thtewdwarf. Irradiation from
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a hot white dwarf is the most plausible mechanism to explaénainisotropic td emission,
though also a number of PCEBs containing rather cool whitartdaare known to exhibit
concentrated Bl emission on the inner hemisphere of the companion starsN&agsh &
Duck, 1996; Maxted et al., 2006]. The anisotropy of the emission results in its RV
differing from other photospheric features that are (m@efropically distributed over the
companion stars, such as theiNdsorption. In general, theoHemission line RV curve will
then have a lower amplitude than that of theiMasorption lines, as doriginates closer
to the centre of mass of the binary system. In addition, tlength of Hx can vary greatly
due to different geometric projections in high inclinatispstems. More complications
are added in the context of SDSS spectroscopy, where thddndl spectra have typical
exposure times of 45—-60min (Chapter 6), which will resulthe smearing of the spectral
features in the short-period PCEBs due to the sampling &drdifit orbital phases. This
problem is exacerbated in the case that the SDSS spectruamilireed from exposures
taken on different nights (see Sect. 7.2). Finally, tleedtinission from the companion may
substantially increase during a flare, which will furthehance the anisotropic nature of

the emission.

Systems in which the édand Na RVs differ by more than & are: SDSS J005245.11-
005337.2, SDSS J024642.55+004137.2, SDSS J030904.3P@380 SDSS J031404.98-
011136.6, and SDSS J172406.14+562003.0. Of these, SD4&+M1, SDSS J0314-
0111, and SDSS J1724+5620 show large-amplitude RV vamgand substantial changes
in the equivalent width of the & emission line, suggesting that they are rather short or-
bital period PCEBs with moderately high inclinations, whimost likely explains the ob-
served differences between the observedddd Na RVs. This is later confirmed in Chap-
ter8. Irradiation is also certainly important in SDSS J1#28R0, which contains a hot
(=~ 36000 K) white dwarf (see Fig. 8.4 in the following Chapte§DSS J0052-0053 dis-
plays only a moderate RV amplitude, and while the &hd Na RVs display a homoge-
neous pattern of variation (Fig. 7.2 and 7.3) Bjopears to have a larger amplitude which is
not readily explained. Similar discrepancies have beeerrobd e.g. in the close magnetic
WDMS binary WX LMi, and were thought to be related to a timeiable change in the
location of the Hr emission [Vogel et al., 2007]. Finally, SDSS J0309-0101atker faint
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(g=20.4), but has a strong édemission that allows reliable RV measurements that identif
the system as a PCEB candidate. The RVs from theddablet are more affected by noise,
which probably explains the observed RV discrepancy in atehits seven SDSS spectra.
A more complete study of this system in Chapter 8 though sstggbat this system is a
wide WDMS binary rather than a PCEB.

7.4.2 Upper limits to the orbital periods

The RVs of the secondary stars follow from Kepler's 3rd lavd alepend on the stellar
masses, the orbital period, and are subject to geometgstiortening by a factor sipwith

i the binary inclination with regards to the line of sight:

(de + Msec)2 2nG

(7.5)

with Kgecthe RV amplitude of the secondary star, &the gravitational constant. This can

be rearranged to solve for the orbital period,

7.6
(Mwd + Mseg?KE, (7.6)

I:)orb =

From this equation, it is clear that assuming 90° gives an upper limit to the orbital
period.

The RV measurements of our PCEBs and PCEB candidates (Tabkample the
motion of their companion stars at random orbital phasesveyer, if weassumehat the
maximum and minimum values of the observed RVs sample thdrgtiae phases, e.g. the
instants of maximum RV, we obtalawer limitsto the true RV amplitudes of the companion
stars in our systems. From Eq. 7.6, a lower limiKia turns into an upper limit t&.

Hence, combining the RV information from Table 7.1 with thellar parameters
from Table 7.3, we determined upper limits to the orbitaliqus of all PCEBs and PCEB
candidates, which range between 0.46—7880 d. The actuatipare likely to be substan-
tially shorter, especially for those systems where only 835S spectra are available and
the phase sampling is correspondingly poor. The orbitalbgermeasured in Chapter 8

for seven of these systems confirms this hypothesis. Moimgstit constraints could be
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obtained from a more complex exercise where the mid-exposunes are taken into ac-
count — however, given the fact that many of the SDSS spectr&@mbined from data

taken on different nights, we refrained from this approach.

7.4.3 The fraction of PCEBs among the SDSS WDMS binaries

We have measured the RVs of 101 WDMS binaries which have pleiliDSS spectra, and
find that 15 of them clearly show RV variations, three add&io/VDMS binaries are good
candidates for RV variations (see Table 7.1). Taking thesupmits to the orbital periods at
face value, and assuming that systems with a pefi@@0 d have undergone a CE (Willems
& Kolb 2004) 17 of the systems in Table 7.1 qualify as PCEBglyimg a PCEB fraction
of ~15% in our WDMS binary sample, which is in rough agreemenhhe predictions
by the population model of Willems & Kolb [2004]. However,roealue is likely to be a
lower limit on the true fraction of PCEBs among the SDSS WDNt&hes for the follow-
ing reasons. (1) In most cases only two spectra are availafilea non-negligible chance
of sampling similar orbital phases in both observation}.T{ze relatively low spectral res-
olution of the SDSS spectroscopy/EA ~ 1800) plus the uncertainty in the flux calibration
limit the detection of significant RV changes 4015kms! for the best spectra. (3) In
binaries with extremely short orbital periods the long esgres will smear the Naloublet
beyond recognition. (4) A substantial number of the SDS$8tsp@re combined, averaging
different orbital phases and reducing the sensitivity todReinges. Follow-up observations
of a representative sample of SDSS WDMS binaries with higpectral resolution and a
better defined cadence will be necessary for an accuratenidetgion of the fraction of

PCEBs (see Chapter 10).

7.4.4 Comparison with Raymond et al. [2003]

In a previous study, Raymond et al. [2003] determined whitarfitemperatures, distance
estimates based on the white dwarf fits, and spectral typdseofompanion star for 109
SDSS WDMS binaries. They restricted their white dwarf fita gingle gravity, logj = 8.0,
and a white dwarf radius of 8 10° cm (corresponding tM,,q = 0.6 M), which is a fair

match for the majority of systems (see Sect. 7.4.6 below). @mple of WDMS binaries
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with two or more SDSS spectra has 28 objects in common witmiay’s list, sufficient to
allow for a quantitative comparison between the two difiémaethods used to fit the data.
As we fitted two or more spectra for each WDMS binary, we aveddgr this purpose the
parameters obtained from the fits to individual spectra oivargobject, and propagated
their errors accordingly. We find that 2/3 of the temperatures determined by Raymond
et al. [2003] agree with ours at the 20 per cent level, with the remaining being different
by up to a factor two (Fig. 7.7, left panels). This fairly lardisagreement is most likely
caused by the simplified fitting Raymond et al. adopted, iténdi the white dwarf models
in the wavelength range 3800—50&Dneglecting the contribution of the companion star.
The spectral types of the companion stars from our work anairiead et al. [2003] agree
mostly to within+1.5 spectral classes, which is satisfying given the compaositare of
the WDMS binary spectra and the problems associated with gpectral decomposition
(Fig. 7.7, right panels). The biggest discrepancy showshe distances, with the Ray-
mond et al. distances being systematically lower than dtigs 7.7, middle panels). The
average of the factor by which Raymond et al. underpredietdistances is 6.5, which
is close to 2t, suggesting that the authors may have misinterpreted tRed#finition of
the model atmosphere code they used (TLUSTY/SYNSPEC frofmehl & Lanz 1995,
which outputs Eddington fluxes), and hence may have used agwronstant in the flux

normalisation (Eq. 7.3).

7.4.5 Comparison with Silvestri et al. [2006]

Having developed an independent method of determiningtétlaisparameters for WDMS
binaries from their SDSS spectra, we compared our resuit®se of Silvestri et al. [2006].
As in Sect. 7.4.4 above, we average the parameters obtaimedtlie fits to the individual
SDSS spectra of a given object. Figure 7.8 shows the congpabistween the white dwarf
effective temperatures, surface gravities, and spegipalstof the secondary stars from the
two studies. Both studies agree in broad terms for all thigmafameters (Fig. 7.8, bottom
panels). Inspecting the discrepancies between the tweamdkent sets of stellar param-
eters, it became evident that relatively large disagre¢sname most noticeably found for

Tert < 20000 K, with differences ifieg of up to a factor two, an order of magnitude in sur-
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Figure 7.7: Comparison of the white dwarf effective tempees, distances based on the
white dwarf fit, and the spectral types of the secondary statsrmined from our fits
(Sect. 7.3.2, 7.3.3 and Table 7.3), and those of Raymond §Gf13]. Top panels, from
left to right: the ratio inTgg, the ratio ind, and the difference in the secondary’s spectral
types from the two studies as a function of the white dwarfterature.

face gravity, and a typical difference in spectral type eftsbcondary of-2 spectral classes.
For higher temperatures the differences become small,neihly identical values fofe,

logg agreeing withint-0.2 magnitude, and spectral types differing 1t spectral classes
at most (Fig. 7.8, top panels). We interpret this stronggisament at low to intermedi-
ate white dwarf temperatures to the ambiguity between hdtcald solutions described in

Sect. 7.3.3.

A quantitative judgement of the fits in Silvestri et al. [20@6difficult, as the au-
thors do not provide much detail on the method used to decsenggee WDMS binary
spectra, except for a single example in their Fig. 1. It istivaoting that the M-dwarf com-
ponent in that figure displays constant fludat 6000A, which seems rather unrealistic for
the claimed spectral type of M5. Unfortunately, Silvestrak [2006] do not list distances
implied by their fits to the white dwarf and MS components ithWDMS binary sample,

which would provide a test of internal consistency (see.Sett7).

We also investigated the systems Silvestri et al.’s (2006thod failed to fit, and

found that we were able to determine reasonable parametetsef majority of them. It
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Figure 7.8: Comparison of the white dwarf effective tempees and surface gravities and
the spectral types of the secondary stars determined fronfitey(Sect. 7.3.2, 7.3.3 and
Table 7.3), and those of Silvestri et al. [2006]. Top pan&ltan left to right: the white
dwarf effective temperature and surface gravity ratiod, the difference in the secondary’s
spectral types from the two studies as a function of the witarf temperature.

appears that our method is more robust in cases of low S/Ninaceses where one of the
stellar components contributes relatively little to th&atdlux. Examples of the latter are
SDSS J204431.45-061440.2, where an MO secondary star aiesithe SDSS spectrum
at A = 4600A, or SDSS J172406.14+562003.1, which is a close PCEB contpia hot
white dwarf and a low-mass companion. An independent aisabfsthe entire WDMS
binary sample from SDSS appears therefore a worthwhileesesrand will be provided in

Chapter 9.

7.4.6 Distribution of the stellar parameters

Having determined stellar parameters for each individystiesn in Sect. 7.3, we look here
at their global distribution within our sample of WDMS biies. Figure. 7.9 shows his-
tograms of the white dwarf effective temperatures, madsegg, and the spectral types of
the MS companions.

As in Sect. 7.4.4 and 7.4.5 above, we use here the average fif pflarameters ob-

tained from the different SDSS spectra of each object. Eurtbre, we exclude all systems
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with relative errors in their white dwarf parametefg, logg, Myg) exceeding 25 per cent
to prevent smearing of the histograms due to poor qualitg datl/or fits, which results in
95, 81, 94, and 38 WDMS binaries in the histograms for the aigm spectral type, lagy
Twd, andMy,q, respectively. In broad terms, our results are consistéifit those of Ray-
mond et al. [2003] and Silvestri et al. [2006]: the most frelgiuwhite dwarf temperatures
are between 10 000—-20 000 K, white dwarf masses cluster eéufdyg ~ 0.6 M, and the
companion stars have most typically a spectral type M3—th gpectral types later than

M7 or earlier than M1 being very rare.

At closer inspection, the distribution of white dwarf mas$e our sample has a
more pronounced tail towards lower masses compared to strébdtion in Silvestri et al.
[2006]. A tail of lower-mass white dwarfs, peaking around M, is observed also in
well-studied samples of single white dwarfs [e.g. Liebéwrle 2005], and is interpreted as
He-core white dwarfs descending from evolution in a binday fe.g. Marsh et al., 1995,
see also Chapter 10]. In a sample of WDMS binaries, a signifitaction of systems will
have undergone a CE phase, and hence the fraction of He-biteedwarfs among WDMS

binaries is expected to be larger than in a sample of singiewlvarfs.

Also worth noting is that our distribution of companion sspectral types is rela-
tively flat between M2—M4, more similar to the distributiohgingle M-dwarfs in SDSS
[West et al., 2004] than the companion stars in Silvestri.¢2806]. More generally speak-
ing, the cut-off at early spectral types is due to the fact W®MS binaries with K-type
companions can only be identified from their spectra/cadtithe white dwarf is very
hot — and hence, very young, and correspondingly only fewuo systems are in the total
SDSS WDMS binary sample. The cut-off seen for low-mass coigpa is not so trivial to
interpret. Obviously, very late-type stars are dim and béllharder to be detected against a
moderately hot white dwarf, such a bias was discussed byethenr& Gansicke [2003] for
a sample ok 30 well-studied WDMS binaries which predominantly origedfrom blue-
colour (=hot white dwarf) surveys. However, old WDMS bimsarivith cool white dwarfs
should be much more common [Schreiber & Gansicke, 2008] PSS, sampling a much
broader colour space than previous surveys, should beaiderttify WDMS binaries con-

taining cool white dwarfs plus very late-type companionke Telatively low frequency of
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Figure 7.9: White dwarf mass, spectral types of the seciesjazffective temperature and
logg histograms obtained from the SDSS WDMS binary sample. Eedware those sys-

tems with individual white dwarf masseksy, and logy associated to relative errors larger
than 25 per cent.
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such systems in the SDSS spectroscopic data base suggsstittier SDSS is not effi-
ciently targeting those systems for spectroscopic follgy-or that they are rare in the first
place, or a combination of both. A detailed discussion ihéeythe scope of this thesis, but
we note that Farihi et al. [2005] have constructed the redatistribution of spectral types in
the local M/L dwarf distribution, which peaks around M3—#Adasteeply declines towards
later spectral types, suggesting that late-type compartmmvhite dwarfs are intrinsically
rare. This is supported independently by Grether & Linewee§2006], who analysed the
mass function of companions to solar-like stars, and fobatlit steeply decreases towards
the late end of the MS (but rises again for planet-mass coipsnresulting in the term
"brown-dwarf desert”). In addition, spectral type distritons of field low-mass and ul-
tracool stars have been found to be dominated by the M starlgiign (peaking at Sp-
M4-5), and to decline also towards later spectral typesh wibroad minimum spanning
~L5 to ~T2 [Reid et al., 2007, 2008].

An assessment of the stellar parameters of all WDMS binami&DSS using our
spectral decomposition and white dwarf fitting method witlprove the statistics of the

distributions presented here, and will be presented in @h8p

7.4.7 Stellar activity on the secondary stars?

As outlined in Sect. 7.3.5, the scaling factors used in theetfimg of the two spectral
components of each WDMS binary provide two independentesés of the distance to the
system. In principle, both estimates should agree withair thrrors. Figure 7.10 compares
the white dwarf and secondary star distance estimatesnalotain Sect. 7.3.5, where the
distances obtained from the individual SDSS spectra of angbbject were averaged, and
the errors accordingly propagated. In this plot, we exclsgltems with relative errors in
dwg larger than 25 per cent to avoid cluttering by poor S/N datae felative error irtsec

is dominated by the scatter in t&p— Rrelation, which represents an intrinsic uncertainty
rather than a statistical error in the fit, and we therefodendit apply any cut imlsec Taking
the distribution of distances at face value, it appears abaut 23 of the systems have
dsec dywg Within their 1o errors, as expected from purely statistical errors. Howekere

is a clear trend for outliers wheme. > dyg. We will discuss the possible causes and
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implications in the following sections.

Possible causes fosec# Awg

We identify a number of possible causes for the discrepantyden the two independent
distance estimates observechirl/3 of the WDMS binaries analysed here.

(1) A tendency for systematic problems in the white dwarf fitgg>dd,,q could be
a result of too small white dwarf radii for a number of systeies too high white dwarf
masses. We therefore identify in the top panel of Fig. 7.1d3e¢hsystems with massive
(> 0.75M,,) white dwarfs. It is apparent that the outliers from the.= dyq relation do
not contain a large number of very massive white dwarfs.

(2) Problems in determining the correct spectral type of theadary?If the error
on the spectral type of the companion star determined fraspiectral decomposition is
larger thant=0.5, as assumed in Sect. 7.3.2, a substantial deviation dkgga- dy,q would
result. However, as long as this error is symmetric arouedtile spectral type, it would
cause scatter on both sides of the.= dyq relation. Only if the determined spectral types
were consistently too early for 1/3 of the systems, the observed preference for outliers
atdsec> dwg could be explained (see Sect. 7.4.7 below for a hypotheticsibmaticeason
for spectral types that are consistently too early).

(3) Problems in the Sp R relation? As discussed in Sect. 7.3.4, tBp— R rela-
tion of late-type stars is not particularly well defined. Tlhee scatter of observed radii
at a given spectral type is taken into account in the errotidg If those errors were un-
derestimated, they should cause an approximatively synursatter of systems around
dsec= dwd, Which is not observed (th&p— R relation being non-linear lead to asymmetric
error bars in the radius for a given symmetric error in theespétype, however, over a rea-
sonably small range in the spectral type this effect is gdg). A systematic problem over
a small range of spectral types would result in a concentraif the affected spectral types
among the outliers. For this purpose, we divide our samptethree groups of secondary
star spectral classes, Syb, 3< Sp< 5, and Sp< 3 (Fig. 7.10, bottom panel). The outliers
show a slight concentration towards early types £5B) compared to the distribution of

secondary star spectral types in the total sample (Fig. 7.9)
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To explore the idea that our empiric8lp— R relation is simply inadequate, we
calculated a new set of secondary star distances, usinpebecticalS p— R relation from
Baraffe et al. [1998] (see Fig. 7.6, bottom panel), which stiewn in the top panel of
Fig. 7.11. The theoretic& p— Rrelation implies smaller radii in the range M3-M6, but the
difference with our empirical relation is not sufficient eigh to shift the outlying WDMS
binaries onto thealsec = dyg relation. For spectral types earlier than M2.5, our emairic
Sp— Rrelation actually givesmallerradii than the theoretical Baraffe et al. 1998 relation,

so that using the theoretic8lp— R actually exacerbates tlige; > dyg problem.

(4) A relationship with close binarityThe fraction of PCEBs among the outliers is
similar to the fraction among the total sample of WDMS biear{Fig. 7.10), hence it does

not appear that close binarity is a decisive issue.

(5) An age effectate-type stars take a long time to contract to their zeronagie
sequence (ZAMS) radii, and if some of the WDMS binaries in gample were relatively
young obijects, their M-dwarfs would tend to have largerirtidin ZAMS radii. As briefly
discussed in Footnote 1, the majority of the WDMS binariesinsample are likely to be
older than~ 1 Gyr, and the outliers in Fig. 7.10,7.11 do not show any pesfee for hot or

massive white dwarfs, which would imply short cooling aged ®S life times.

(6) Problems related to the surface gravity of the white dwarfs?s likely that
the masses for15% of the white dwarfs in our sample are overestimated duleetdow
Ter l0gg problem discussed in Sect. 7.3.3. This effect translatestlire distances to these
white dwarfs being underestimated. We have inspectedsalt> dyq outliers and found
that only two objects contain cool (less than 12000 K) whiteuds, and we conclude that

the low Ter logg problem can not reconcile the distance problem.

(7) A systematic bias for overluminous M-dwarf&nen that for WDMS binaries
to be selected for spectroscopy, both stellar componertstbanake a noticeable contribu-
tion in the SDSSugriz photometry, one may speculate about a bias leading to tbetmeesi
of overluminous main sequence companions. This may be afieal for the very lat-
est spectral types, where the low-luminosity M-dwarfs ggte to compete with the flux
emitted even by cold white dwarfs. However, for spectrakyparlier than-M6, the flux

contribution of the M-dwarf is fully dominating the emisgiin the i- and z-bands, ruling
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out a selection towards overluminous M-dwarfs.

Could stellar activity affect Spge?

None of the points discussed in the previous section coelysexplains the preference for
outliers havingdsec > dyg. If we assume that the problem rests in the determined preper
of the secondary star, rather than those of the white dwaefjrhmediate implication of
dsec > dwq is that the assumed radii of the secondary stars are too. lakganentioned
above and shown in Fig. 7.11, this statement does not syratepend on whictSp—

R relation we use to determine the radii, either our empirreddtion or the theoretical
Baraffe et al. (1998) relation. Rather than blaming theirage explore here whether
the secondary star spectral types determined from our deosition of the SDSS spectra
might be consistently too early in the outlying systems. hl§twas the case, we would
pick a radius from ouSp— R relation that is larger than the true radius of the secondary
star, resulting in too large a distance. In other words, thestion is:is there a mechanism
that could cause the spectral type of an M star, as deriveth flow-resolution optical
spectroscopy, to appear too early?

The reaction of stars to stellar activity on their surfadep aeferred to as spotted-
ness (see Chapter 2) is a complex phenomenon that is notuindlgrstood. Theoretical
studies [e.g. Spruit & Weiss, 1986; Mullan & MacDonald, 20@habrier et al., 2007]
agree broadly on the following points: (1) the effect of Istehctivity is relatively weak
at the low-mass end of the M3/A(< 0.3 M.,), where stars are conventionally thought to
become fully convective (though, see Mullan & MacDonald Z00habrier et al. 2007 for
discussions on how magnetic fields may change that mass &gQn(R) stellar activity will
result in an increase in radius, and (3) the effective teatpes of an active star is lower
than that of an unspotted star.

Here, we briefly discuss the possible effects of stellavigton the spectral type
of a star. For this purpose, it is important not to confusedtfiective temperaturevhich is
purely a definition coupled to the luminosity and the steléatius vialL = 4TIF{20T§f (and
hence is global property of the star), and thecal temperature of a given part of the stellar

surface, which will vary from spotted areas to inter-spe&at In an unspotted star effective
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Figure 7.10: Comparison afsec and dyg Obtained from our spectral decomposition and
white dwarf fits to the SDSS spectra. Approximately a thirthef systems hawhec 7 dwg-
The top panel splits the sample according to the mass of tite divarfs, while the bottom
panel divides the sample according to the spectral typdseo$econdaries. In both panels
systems that we identify as PCEBs from RV variations in tB&)SS spectra are shown in
red.
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Figure 7.11: Top panel: the distances implied by the sped®@mposition were calculated
by using theS p— Rrelation predicted by the models of Baraffe et al. [1998}téad of our
empirical Sp— R relation. Bottom panel: the spectral types of the secondtass were
adjusted by 1-2 spectral classes to achidyg= dsec Only three systems can not be
reconciled in this way, and are discussed individually ia thxt. We suggest that stellar
activity in some WDMS binaries may change the spectral typtheir secondary stars,
being equivalent to a change in surface temperature by a@Géic1
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and local temperature are the same, and both colour andapgpe are well-defined. As
a simple example to illustrate the difference between g#fetemperature and colour in an
active star, we assume that a large fraction of the star isredvby zero-temperature, i.e.
black spots, and that the inter-spot temperature is the sartteat of the unspotted star. As
shown by Chabrier et al. [2007], assuming constant lumiposguires the radius of the star
to increase, and the effective temperature to drop. Thuibe wiuition would suggest that
a lower effective temperature would result in a redder aplihis ficticious star haexactly
the same colour and spectral type as its unspotted equivabsithe black spots contribute

no flux at all, and the inter-spot regions with the same spkslrape as the unspotted star.

Obviously, the situation in a real star will be more compich as the spots will
not be black, but have a finite temperature, and the star willch have a complicated
temperature distribution over its surface. Thus, the spkenergy distribution of such a
spotted star will be the superposition of contributions iffedent temperatures, weighted
by their respective covering fraction of the stellar suefastrictly speaking, such a star
has no longer a well-defined spectral type or colour, as thesgerties will depend on the
wavelength range that is observed. Spruit & Weiss [1986} st the effect of long-term
spottedness on the temperature distribution on active,staxd found that for stars with
masses in the range3)- 0.6 M, the long-term effect of spots is to increase the temper-
ature of the inter-spot regions by 100— 200 K (compared to the effective temperature
of the equivalent unspotted star), whereas the inter-gmopérature of spotted lower-mass
stars remains unchanged. Spruit & Weiss [1986] also estiirthe effects of stellar activity
on the colours of stars, but given their use of simple bladigtgpectra, these estimates are
of limited value. As a general tendency, the hotter (ungdtparts of the star will predom-
inantly contribute in the blue end of the the spectral endigiribution, the cooler (spotted)
ones in its red end. As we determine the spectral types ofdt@enslary stars in the SDSS
WDMS binaries from optical (=blue) spectra, and taking thsuits of Spruit & Weiss at
face value, it appears hence possible that they are too @aripared to unspotted stars of
the same mass. A full theoretical treatment of this problesald involve calculating the
detailed surface structure of active stars as well as apptepspectral models for each sur-

face element in order to compute the spatially integratedtspm as it would be observed.
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This is clearly a challenging task.

Given that theoretical models on the effect of stellar dégtivave not yet converged,
and are far from making detailed predictions on the spentyuis appearance of active stars,
we pursue here an empirical approach. We assume that theghscydsec > dywg results
from picking a spectral type too early, i.e. we assume thas#tondary star appears hotter
in the optical spectrum that it should for its given mass. i ivee check by how much we
have to adjust the spectral type (and the correspondingshtti achievalse.= dyg Within
the errors (Fig. 7.11 bottom panel). We find that the majaritgystems need a change
of 1-2 spectral classes, which corresponds to changes ieffibetive temperature of a
few hundred degrees only, in line with the calculations afu8@® Weiss [1986]. Bearing
in mind that what weseein the optical is the surface temperature, and not the @feect
temperature, comparing this to the surface temperaturegelsacalculated by Spruit &
Weiss [1986], and taking into account that we ignored in #irigple approach the change
in radius caused by a large spottedness, it appears plaudkét the large deviations from

dsec = dwg May be related to stellar activity on the secondary stars.

There are three WDMS binaries where a change of more thanpgeairal classes
would be necessary: SDSS J032510.84-011114.1, SDSS R93%841107.0, and SDSS
J143947. 62-010606.9. SDSSJ 143947.62-010606.9 cortaies/ hot white dwarf, and
the secondary star may be heated if this system is a PCEBvdtSDSS spectra reveal
no significant RV variation, but as discussed in Sect. 7.25MD8S spectra can not exclude
a PCEB nature because of random phase sampling, low inolinand limited spectral
resolution. SDSS J032510.84-011114.1 and SDSS J093508L9207.0 could be short-
period PCEBs, as they both have poorly defina Alasorption doublets, possibly smeared
by orbital motion over the SDSS exposure (see Sect. 7.2)closg binary, their moderate
white dwarf temperatures would be sufficient to cause nakileheating of the secondary

star.

We conclude that our study suggests some anomalies in tpenties of~ 1/3 of
the M-dwarf companions within the WDMS binary sample anadiygere. This is in line
with previous detailed studies reporting the anomalousiaelr of the MS companions in

PCEBs and CVs, e.g. O'Brien et al. [2001] or Naylor et al. [200
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7.4.8 Selection effects among the SDSS WDMS binaries.

Selection effects among the WDMS binaries found by SDSS weiéipect to the spectral
type of their MS component can be deduced from the bottoml difeg. 7.1¢. No bina-
ries with secondary spectral types later than M5 are foundstances larger thaa 500 pc.
Because of their intrinsic faintness, such late-type sgapnstars can only be seen against
relatively cool white dwarfs, and hence the large absoludgmitude of such WDMS bi-
naries limits their detection within the SDSS magnituddtlim a relatively short distance.
Hot white dwarfs in SDSS can be detected to larger distarares,may have undetected
late-type companions. There are also very few WDMS binavidssecondary stars earlier
than M3 within 500 pc. In those systems, the secondary stsw isright that it saturates
the z, and possibly the band, disqualifying the systems for spectroscopic follgawhy
SDSS. While these selection effects may seem disheartifigsttit will be possible to
guantitatively correct them based on predicted colours BN binaries and the informa-
tion available within the SDSS project regarding photoingiroperties and spectroscopic

selection algorithms.

7.5 Conclusions

We have identified 18 PCEBs and PCEB candidates among a sampld WDMS bi-
naries for which repeat SDSS spectroscopic observatianaailable in DR5. From the
SDSS spectra, we determine the spectral types of the MS coomz the effective tem-
peratures, surface gravities, and masses of the white slwasfwell as distance estimates
to the systems based both on the properties of the white saad of the MS stars. In
about 1/3 of the WDMS binaries studied here the SDSS spaafjgest that the secondary
stars have either radii that are substantially larger thage of single M-dwarfs, or spectral
types that are too early for their masses. Follow-up obsiensof the PCEBs and PCEB
candidates is encouraged in order to determine their bp@téods as well as more detailed
system parameters (see Chapter 8). Given the fact that veedralysed here only 10
per cent of the WDMS binaries in DR5, it is clear SDSS holdspiential to dramatically

3A more complete description of selection effects among th8SWDMS binaries is provided in Chap-
ter9.
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improve our understanding of CE evolution (see Chaptersi9lan

Table 7.3: White dwarf masses, effective temperaturefaseigravities,
spectral types and distances of the SDSS PCEBs identifieddnh B3,
as determined from spectral modelling. The stellar pararsdbr the
remaining 112 WDMS binaries can be found in Rebassa-Maasetgl.
[2007, see also Chapter9]. We quote 9gnd e those systems which
have been studied previously by Silvestri et al. [2006] afgkistein
et al. [2006], repectively.

SDSSJ MJD plate fibélier(K) err logg err M(Mg) err dyg(pc) err Spdsedpc) err flag notes

005245.11-005337.251812 394 96 15071 42248.690.73 1.8BB B®05 297 4 502 149 s.e
51876 394 100 17505 77269.480.95 1.45 0.49 202 15 4 511 152
51913 394 100 16910 25629.300.42 1.35 0.22 261 173 4 496 147
52201 692 211 17106 30349.360.43 1.38 0.22 238 178 4 526 156
005457.61-002517.0 51812 394 118 16717 574 7.810.13 0.507 (455 38 5 539 271 s.e
51876 394 109 17106 588 7.800.14 0.51 0.07 474 40 5 562 283
51913 394 110 17106 290 7.880.07 0.55 0.04 420 19 5 550 277

022503.02+005456.251817 406 533 - - - - - - - - 5 341 172 se
51869 406 531 - - - - - - - - 5 351 177
51876 406 532 - - - - - - - - 5 349 176
51900 406 532 - - - - - - - - 5 342 172
52238 406 533 - - - - - - - - 5 35 179

024642.55+004137.251871 409 425 15782 52609.180.76 1.3® (@13 212 4 365 108 s,e
52177 707 460 - - - - - - - - 3 483 77
529651664 420 16717 14348.450.28 0.90 0.16 515 108 3 492 78
529731664 407 14065 14168.240.22 0.76 0.14 510 77 3 499 80

025147.85-000003.2 52175 708 228 17106 47207.750.92 0.4 0660 812 4 881 262 e 2
52177 707 637 - - - - - - - - 4 794 236

030904.82-010100.8 51931 412 210 19416 33248.180.68 0.4D 0107 471 3 888 141 s,e
52203 710 214 18756 5558 9.070.61 1.24 0.31 462 3253 830 132
52235 412 215 1489993598.941.45 1.17 0.75 374 208 4 586 174
52250 412 215 11173 91488.551.60 0.95 0.84 398 341 4 569 169

Continued on Next Page. ..
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Table 7.3 — Continued

SDSSJ MJD plate fibélert(K) err logg err M(Mg) err dwg(pc) err Spdsedpc) err flag notes

52254 412 201 20566 78628.820.72 1.11 0.37 627 407 3 836 133
52258 412 215 19640 25878.700.53 1.04 0.27 650 281 3 854 136
533862068 126 15246 44348.750.79 1.07 0.41 522 348 4 628 187

031404.98-011136.6 51931 412 45 - - - - - - - - 4 445 132se 1
52202 711 285 - - - - - - - - 4 475 141
52235 412 8 - - - - - - - - 4 452 134
52250 412 2 - - - - - - - - 4 426 126
52254 412 8 - - - - - - - - 4 444 132
52258 412 54 - - - - - - - - 4 445 132

082022.02+431411.051959 547 76 21045 225 7.940.04 052 AB3 4 4 250 74 se
52207 547 59 21045 147 7.950.03 0.60 0.01 147 2 4 244 72
113800.35-001144.4 51630 282 113 18756 1364 7.990.28 0.7 (%88 106 4 601 178 s,e
51658 282 111 24726 11808.340.16 0.84 0.10 487 60 4 581 173
115156.94-000725.4 51662 284 435 10427 193 7.900.23 0.5% A80 25 5 397 200 s,e
51943 284 440 10189 115 7.990.16 0.59 0.10 191 19 5 431 217
152933.25+002031.251641 314 354 14228 575 7.670.12 0.45 @B38 25 5 394 199 se
51989 363 350 14728 374 7.590.09 0.41 0.04 372 21 5 391 197
172406.14+562003.051813 357 579 35740 187 7.410.04 0.4 G117 15 2 1075 222 s,e
51818 358 318 36154 352 7.330.06 0.40 0.02 453 24 2 1029 213
51997 367 564 37857 324 7.400.04 0.43 0.01 439 16 2 1031 213
172601.54+560527.051813 357 547 20331 12458.240.23 0.4 ®82 94 2 1090 225 s.e
51997 367 548 20098 930 7.940.18 0.59 0.11 714 83 2 1069 221
173727.27+540352.251816 360 165 13127 19997.910.42 0.5% ®59 140 6 680 307 s.,e
51999 362 162 13904 14018.240.31 0.76 0.20 488 106 6 639 288
224139.02+002710.9532611901 471 12681 495 8.050.15 0.®9 (B69 35 4 381 113 e
52201 674 625 1374516447.660.36 0.43 0.19 524 108 4 378 112
233928.35-002040.0 533571903 264 15071 18588.690.33 N8B 416 1124 530 157 e
52525 682 159 12536 25307.920.79 0.56 0.48 655 291 4 528 157
234534.49-001453.7 52524 683 166 19193 1484 7.790.31 0.3V 13 132 4 1058 314se 5
533571903 103 18974 730 7.980.15 0.61 0.09 652 62 4 1155 343

Continued on Next Page. ..
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Table 7.3 — Continued

SDSSJ MJD plate fibélert(K) err logg err M(Mg) err dyg(pc) err Spdsedpc) err flag notes
235020.76-002339.9 51788 386 228 - - - - - - - - 5 504 254 6
52523 684 226 - - - - - - - - 5 438 22

(1) Tesr less than 6000; (2) Noisy spectra; (3) Cold white dwarf; (#ju3e background galaxy in
the SDSS image; (5) Reflection effect; (6) Some blue exceasise wwarf?
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Chapter 8

Seven new PCEB Orbital Periods
from SDSS

8.1 Introduction

In this Chapter | present follow-up observations of 11 PCEBdidates identified from
multiple SDSS spectroscopy in Chapter 7, and provide atewaues of the orbital pe-
riods (Sec. 8.2), as well stellar parameters and orbitdiniaiion estimates for seven of
these systems (Sect. 8.3). For one PCEB candidate no sagifibhotometric modulation
was detected, and its orbital period will need to be measfioed RV studies. The three
remaining objects showed no significant RV variation, andswggest they may be wide
WDMS binaries. These three systems are discussed in maitideSect. 8.4. PCEB evo-
lution for the seven short binaries with accurate orbitaiqggtemeasurements is provided
in Sect. 8.5. So far all our PCEB orbital periods are of lesmth day, and | discuss this

finding in Sect. 8.6. | finally give the conclusions of this @tex in Sect. 8.7.

The instrumentation used for the observations and the tieduof the data are

described in Chapter 4.
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8.2 Orbital Periods

8.2.1 Radial Velocities

In Chapter 7 we measured the RVs fitting a second order poligi@hs a double-Gaussian
line profile of fixed separation to the NaA 8183.27,8194.81 absorption doublet. Free
parameters were the amplitude and the width of each Gaumsdhthe RV of the combined
doublet. Here we adopt a slightly modified approach, usisg gusingle width parameter
for both line components. This reduction in the number oé fparameters increases the
robustness of the fits. RVs measured in this way for nine WDNfaries are given in
Table 8.1. In addition, we measured the companion star RVSIRES J1724+5620 by
means of a Gaussian fit to theaHemission line clearly visible in 22 of the SDSS sub-
exposures, which are also reported in Table 8.1.

Scargle [1982, see Chapter 5] periodograms calculatedtfrferRVs of each system
to investigate the periodic nature of the velocity variati@ontain a number of aliases due

to the sampling pattern of the observations (Fig. 8.1). Weezhout sine-fits of the form

2t =T
Porb

to the velocity data sets of each system, where the systemic velocityKgec is the RV
semi-amplitude of the companion stdp is the time of inferior conjunction of the sec-
ondary star, an®, is the orbital period. Several fits were done, adopting teguiencies
corresponding to the strongest peaks in the power speciirtias conditions. The pa-
rameters resulting from these fits are reported in Table B0 SDSS J0052—-0053, SDSS
J0246+0041, SDSS J0314-0111, SDSS 1151-0007, SDSS JD2P%ad SDSS J2339—
0020 the sine-fits allow a unique choice of the orbital peribdr SDSS J1724+5620, the
sampling of the SDSS spectra is very sparse, resulting ityfateictured aliases superim-
posed on a sequence of large aliases spaced by. 1Aisine fit to the RVs started off at
the 3d ! alias provides a spectroscopic orbital period of 7.992881 which is consistent
with the more accurate value determined from the photon{&egt. 8.2.2). The RV data
for all seven systems folded over their orbital periods as in Fig. 8.2.

The periodograms calculated from the RV measurements d?P@i€B candidates
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SDSS J0309-0101, SDSS J1138-0011, and SDSS J2241+002feleerabany significant
peak. The low amplitude of the RV variations observed indhésee objects suggests that
they may be wide WDMS binaries rather than PCEBSs. This isslid&discussed further
in Sect. 8.4.3.

8.2.2 Light curves

The light curves of SDSS J0314-0111 and SDSS J1724+562@xyeariability with an
amplitude of~ 0.05mag and~ 0.1 mag, respectively. We calculated periodograms for
both systems using theRT/TSA command inMIDAS [Schwarzenberg-Czerny, 1996, see
Chapter 5].

A strong peak is found in the periodogram of SDSSJ0314-011.8a 1, i.e.
6.3 h (Fig. 8.3, top left panel). Folding the photometricadater that period results in a
double-humped modulation which we identify as ellipsoidaddulation (Fig.8.3, middle
left panel). The detection of ellipsoidal modulation iraties that the companion star must
be filling a significant amount of its Roche-lobe radius aneehemoderately high inclina-
tion, both of which hypotheses are confirmed below in Se@. &he two minima differ
in depth, as expected for ellipsoidal modulation becaugbettronger gravity darkening
on the hemisphere facing the white dwarf. The two maxima &e anequal, which is
observed relatively often in PCEBs, and thought to be rdladehe presence of star spots
[e.g. Kawka & Vennes, 2003; Tappert et al., 2007]. We corelimht the strongest period-
icity detected in the photometry of SDSS J0314-0111 is stersi with the spectroscopic
orbital period (Table 8.2). As the RVs span a longer tempgoaakline than the photometry,
they provide the more accurate period measurement, and oy Bgh, = 6.3194+0.015 h
for SDSS J0314-0111.

For the analysis of SDSS J1724+5620 we separately mergethtador theR and
| band (see Table 4.2), normalised both data sets to theectap mean values, and finally
combined all data into a single data set. TRT periodogram calculated from the full light
curve displays a strong signal at 3% with weak aliases related to the sampling pattern
inherent to the data (Fig. 8.3, top right panel). Given thgdajuasi-sinusoidal shape of the
modulation, and the high effective temperature of the witarf (Table 8.3), we identify
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Table 8.1: RVs measured from the Na\ 8183.27,8194.81 doublet, except for SDSS J1724+5620, eMREs measured from thecH
emission line in the 15 min SDSS sub-spectra are given. Matehe provided HID is the resulted from HID-2400000.

HJD RV [kms?1] HJID RV[kms1 HJID RV[kms1 HJID RV[kms1 HJID RV [kms]
SDSSJ0052-0053  54379.8169 106.6- 7.4 SDSSJ1138-0011  54238.7778 59.#11.3  51993.9263 -81.310.7
54328.7467 42.318.7 54379.8622 425145 542055902 -12857 54238.8109 -1564 11.2  51993.9387 -1018 10.4
54328.7933 -15.8-13.6  54380.8165 -9719.9 54207.7340 -7.212.6 54238.8270 -160832.7 51993.9511 -111811.4
54328.8077 -40.#13.7 54380.8372 -92:38.2 54237.5647 -13.9211.6 54238.8372 -188:814.9 51994.9683 -1274 10.6
54328.8825 31.327.5 54380.8762 -85F7.8 542375721 5%10.3 54239.5635 15799.9 51994.9805 -130.2 10.5
54328.8969 -4.6:9.9 54380.8842 -72.98.0  54238.4936 9.9 9.6 54239.6756 -12138.0 51994.9928 -131.6 12.5
54329.6885  31.3-9.3 54381.6121 -63.%12.7 54238.5352 5485  54240.5548 2024621.2 51997.9480 -1069 10.6
54329.7028 -12.%+11.8 54381.7427 7737.6 54238.6889 23.110.6 54240.6338 -18287.8 51997.9602 -132.6 10.8
54329.7172 -50.916.4 54381.8122 12648.0 54271.3996 9.2 6.7 54240.6844 28.910.1 51997.9724 -136+411.4
54329.8269 -56.+ 14.1 54381.8958 15728.4 SDSSJ1151-0007  54240.7296  204.4 8.7 SDSS J2241+0027
54329.8412 -60.8 13.4 54382.8362 -31.28.9 54237.5904 48.414.9 54240.7357 194979 54376.5842 2.6 14.0
54329.8556 -55.3 14.8  54385.7884 -71411.5 54237.5976 129811.4 54240.7417 17549.5 54377.5637 6.6 6.6
54330.7154 29.%10.8 SDSSJ0309-0101  54238.5245 -147.6:13.0  54240.8311 -114¥8.1  54378.5290 13.29.9
54330.7298 -30.812.3  54381.6726 604 12.4 54238.5709 -81811.6 54240.8372 -874£9.9 54379.5523 39.¢13.3
54330.7441 -59.#16.0 54381.7714 31512.0 54238.7012 -160%6.9 54240.8432 -54.612.7 543825261 -20417.7
54330.8136 56.8 17.7 54381.8386 414 10.7 54239.5084 -12987.7 54240.8498 8.4 31.7 SDSS J2339-0020
54330.8279  28.2 9.3 54382.8626 51.F159 54239.6047 23348.0 54380.5088 -25.% 13.4
54330.8423 -29.312.2 54239.6602 -175:89.8 SDSSJ1724+5620  54380.5511 3.%8.2
54330.9158 32.6-14.1 SDSSJ0314-0111  54240.4793 148.411.7 51812.6531 133:813.2 54381.5526 -116:49.2
54332.7313 22.411.1 54376.7386 -54.68.2 54240.5236 -2274 125 51812.6656 114212.2 543825097 11.%10.2
54332.7457 59.323.5 54376.7862 -15188.5 54240.5291 -207411.5 51813.5993 60825.2 543825869 942 9.2
54332.8433  23.%9.6 54376.8051 -116411.4 54240.5346 -198285 51813.6161 77.217.1 54382.6866 861 10.0
54376.8581 64.310.8  54240.5400 -16389.5 51813.6284 1328#11.4 54382.7587 2429.1
SDSSJ0246+0041  54376.8996 174.%30.0 54240.6033 219811.4 51813.6425 118:812.3 54383.5274 -134411.2
54378.6386 -127.3-11.4  54377.6572 11988.0 54240.6088 22059.3 51813.6631 121411.1 54385.5605 -181317.0
54378.6496 -122.#13.0 54377.6830 1861+9.3 54240.6142 161210.1 51813.6768 103210.6 54385.6462 -177:89.0
54378.7955  18.3 8.8 54377.7380 16458.0 54240.6197 111%9.3 51813.6889 94.+10.7 54385.6663 -1649 23.9
54379.6704 176.911.3  54377.7782 2675 51818.5877 71.F%22.8 54385.6864 -133412.8
54379.6789 159.815.6  54377.8165 -116:19.5 SDSSJ1529+0020 51818.6178 109.613.0  54385.7065 -1048 21.6
54379.6875 177.3 9.7 54377.8672 -98.98.1 54238.6219 -3.323.9 51818.6297 122413.9 54385.7495 -498 27.1
54379.7813 132.67.9 54377.8866 -44.312.1 54238.6795 -145111.7 51818.6418 127413.2 54385.7696 -16.99.8
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the observed photometric variability as being due to hgagifect (or reflection effect as it
is often referred to in the literature). A sine fit to the condal data (dashed line) provided

the following photometric ephemeris

HJD = 245386529(1) + @x 0.333019313), (8.2)

where@ = 0 refers to the occurrence of minimum light. The photomegbeciod of 8 h is
consistent with the alias pattern in the periodogram catedl from the ld RV variations
(Fig. 8.1). The phase-folded light curve using the photeimederiod is shown on the
middle right hand panel of Fig. 8.3. Based on the above ephgntiee accumulated phase
error for the first SDSS sub-spectrum (Table 8.1) is 0.024esyevhich is sufficiently good
to phase the RVs obtained from the SDSS spectra with Eq. 8tz phase-folded light
curve and RV curve are shown in Fig.8.4. The phase offsetdmtvthe two curves is
0.226+ 0.005, which is close te= 0.25. A 0.25 phase offset is what is expected from the
assumption that the photometric modulation is related teatihg effect, i.e. maximum
light and red-to-blue crossing of the RV corresponds to tifgegor conjunction of the
secondary star, whereas minimum light and blue-to-redsargsof the RV corresponds to
its inferior conjunction.

Finally, we show in the bottom panel of Fig. 8.3 a 3.5 hourgtligurve of SDSS
J0820+4314. We monitored the system through a total of 8ugshan three different nights
(see Table 4.2), and found no significant photometric mdiuia This implies that the
companion star is significantly under-filling its Roche l@wel/or that the binary inclination
is very low. The orbital period of the system will hence needé measured from a RV

study.

8.3 Binary parameters

In Chapter7 we developed a spectral decomposing/fittingnigae for the analysis of
WDMS binaries with SDSS spectroscopy. In brief, this analgetermines the white dwarf
effective temperature, surface gravity, mass and radigsspectral type and radius of the

MS companion, as well as two independent distance estirbatesl on the properties of the
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Table 8.2: Orbital periods, semi-amplitudéss, Systemic velocitiegses and reducecg?
from sine fits to the Nadoublet RV data for the strongest two to three aliases in ¢he p
riodograms shown in Fig.8.1. The best-fit values are set Id.bdhe SDSS ld RVs

of SDSS J1724+5620 are folded on the photometric orbitabgesbtained in Sect. 8.2.2
(which is more accurate than the spectroscopically detexdchivalue of the orbital pe-
riod). Note also that the semi-amplitude measurement sfgistem is underestimated,
as it comes from RV measurements af Emission from the irradiated face of the compan-
ion (see Sect. 8.4.2).

System Porb Ksec Ysec X?
[h] [kms]  [kms]
SDSSJ0052-0053 3.0850+0.0090 47.26.6 -2.9£5.8 3.74
2.735Gt0.0023 57.6¢3.1 -7.2£2.6 0.50
2.4513t0.0035 54.85.8 -9.1H4.6 1.96
SDSS J0246+0041 61.1+2.7 124+17 1612 20.3
17.432+0.036 140.4£3.5 24.9:2.7 1.25
10.1306+0.031 16316 34-10 21.6
SDSSJ0314-0111 8.66+0.17 154-19 4416 27.1
6.319-0.015 174.94.8 31.0:t3.4 1.15
SDSSJ1151-0007 3.979+0.013 202:20 -2+16 34.4
3.3987:0.0027 233.88.1 9.0£t5.9 3.55
2.9849+0.0092 21322 -22+23 64.7
SDSSJ1529+0020 4.759+-0.028 173118 1114 26.9
3.9624+0.0033 193.%5.2 6.0:4.1 1.91
1.5558:0.0024 18221 6+15 36.7
SDSS J1724+5620 7.992463(31) 129B9 -3.5:1.8 041
SDSSJ2339-0020  43.18t0.78 121418 -50+15 13.5
15.744+0.016 149.84.0 -40.9:2.6 0.69
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two stellar components. Given that the SDSS spectra restupipeline has been improved
with DR6 [Adelman-McCarthy et al., 2008], we have re-anaty$ere the seven PCEBs
for which we were able to determine orbital periods. Congmariwith the results from
DR5 reported in Chapter 7 shows that the fit parameters diffigintly, but agree in the vast
majority of cases within the errors. We report the averag#astparameters determined
from fits to the multiple SDSS spectra in Table 8.3. Rewriti@gpler’s third law (assuming

common notation),

- 8.3
(de + Msec)2 2nG ( )
as 13
.. K P
sini = Msedc (21(-)[2) (Mwd +Msed?3, (8.4)
Wi

and adopting the orbital period determined from the anglysihe RVs and the photometry,
as well as the masses from the analysis of the SDSS specteagwew able to estimate the
orbital inclinations for the seven systems in Table 8.3. Sy&tems require some additional
notes: SDSS J0314-0111 contains a DC white dwarf, and henahite dwarf parameters
could be determined from the spectral analysis, and we ass$ligg = 0.65M, for the
estimate of the inclination. In SDSSJ1724+5620 the hotevtivarf is irradiating the
companion star, and the implications are discussed in netegl ¢h Sect. 8.4.2.

Inspecting Eq.(8.4), it is clear that the dominant unceti@s in the inclination es-
timates are onlyWl,,q andMseo as the orbital periods ariLe velocities are accurately de-
termined. The primary uncertainty in the inclination esttas isMge as it is based on the
spectral type of the companion star, adopting $;e- M — R relation given in Chapter 7.
Mg is determined from fitting the Balmer line profiles, and rieklyy well constrained.
Given that sin O M§é§ but sin 0 Mg, the relative weight of the uncertainty Mggc is
alleviated. We estimate the uncertainties on the binaryniations in Table 8.3 by assum-
ing in Eq.8.4 the range iMgec implied by a spectral type uncertainty af0.5 spectral
classes plus the associated errors in$ipe- M relation, as well as the range My,q re-
sulting from the Balmer line profile fits. Given the high estiim for the binary inclination,
SDSS J1529+0020 is a good candidate for photometric follpwabservations probing for

eclipses in its light curve.
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Figure 8.4: Top panel: The IAC 80 and AIP 70 cm photometry 06S31724+5620 folded
over the photometric period of. 9924632+ 0.0000312 h. Middle panel: the equiva-
lent width variation of the Ig emission line measured from the SDSS spectra of SDSS
J1724+5620 (Table 8.1) folded over the photometric periddximum equivalent width
occur roughly in phase with the maximum in the light curvee(Sect. 8.4.2 for details).
Bottom panel: the RV variation of thedHemission line folded over the photometric orbital
period. The relative phasing with respect to the photomistigonsistent with the photo-
metric modulation being caused by irradiation of the seaopdtar by the hot white dwarf.
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Table 8.3: Average binary parameters obtained for the sBX&EBs which have orbital period afdec measurementsMyg, Mseo Rseo
spectral typeTes and logg are obtained following Chapter 7, except for SDSS J0314+0d/here we assume a white dwarf mass of 065
0.1 M., (see text for details)Pyn andKgecare measured in Sect. 8.2 of this Chapter. Estimates ofabsdsparations, g, Kyg, secondary
Roche lobe radiu® ., and inclinations are obtained from the equations given itt.8e3. SDSS J1724+5620 is a particular case, as the
inner hemisphere of the companion is heated. Constrainits orbital parameters are obtained assuming a spectralbgpveen M3-5, and

considering different Keccorr Values for each mass and radius (see Sect. 8.4.2). An awditonstraint for its inclination comes from the
fact that SDSS J1724+5620 is not eclipsing.

SDSS J0052-0053 SDSS J0246+0041 SDSS J0314-0111 SDSSUAABBDSS J1529+0020 SDSSJ1724+5620 SDSS J2339-0020

Mwa[Mo] 12+04 09+ 02  065%01 0.6+ 0.1 0.40+ 0.04 0.42+ 0.01 08+ 04
MsedMs]  0.324 0.09 0.38+£ 0.07  0.32+ 0.09 0.19+ 0.08 0.25+£ 0.12  ~0.25 - 0.38  0.32t 0.09
q 0.3+ 0.1 0.4+ 0.1 0.5+ 0.2 0.3+ 0.2 0.6+ 0.3 ~0.6 - 0.9 0.4+ 0.2
alR.) 114 0.1 3.7+ 0.2 1.7+ 0.1 1.0+ 0.1 1.1+ 0.1 ~1.8 - 1.9 3.3+ 0.4
Porb [h] 2.735+ 0.002 1743 0.04  6.32+ 0.02 3.399+ 0.003  3.962+ 0.003 7.992463(3)  15.74 0.02
Ksedkms™] 5743 141+ 4 175+ 5 234+ 8 193+ 5 ~129 - 214 150+ 4
Kagkms?] 1546 59 + 15 86+ 28 79+ 38 1234 61 ~78 - 194 574 29
Spsec 4+05 3+ 05 4405 6+ 0.5 5+ 0.5 3-5 4+ 05
RsedRo] 0.334 0.10 0.39+ 0.08  0.33+ 0.10 0.19+ 0.10 0.26+ 013  ~0.26 - 0.39  0.33: 0.10
Ree/Risec 1.0+ 0.6 0.3+ 0.1 0.6+ 0.2 06+ 0.5 0.7+ 0.5 ~0.4 - 0.6 0.3+ 0.1
i[°] 8+1 51+ 7 53+ 8 56 + 11 70+ 22 >~50° , <~75 53+ 18

Teri[K] 16100 + 4400 16600+ 1600 —+ — 10400+ 200 14100+ 500 35800+ 300 13300+ 2800
logg 9.0+ 0.7 8.5+ 0.3 —+ — 8.0+ 0.2 7.6+ 0.1 7.40+ 0.05 8.4+ 0.7




In addition, knowing thatMse/Mwg = Kwd/Ksec = 9, We can also estimate the
expected orbital velocity of the white dwakg,q (Table 8.3). The predictetl,,qy ampli-
tudes could easily be measured, e.g. usigy/COSbservations, and such measurements
would be very valuable to improve the overall constraintshensystem parameters of these
PCEBs. Finally, we can estimate the orbital separationsRoahe-lobe radii of the sec-

ondary stars from Kepler’s third law and Eggleton’s (1988)ression

a0.49¢%/3
0.60%/3 +In(1+¢/3)

Risec= (8.5)

8.4 Notes on individual systems

8.4.1 SDSSJ0052-0053, a detached CV in the period gap?

SDSS J0052-0053 has the shortest orbital period, the shBRNeamplitude, and the low-
est inclination in our sample (Fig. 8.2, Table 8.3). Anotimriguing feature of SDSS
J0052-0053 is that the Roche-lobe secondary radius aneétbedary star radius overlap
within the errors (see Table 8.3). The SDSS (see Fig. 4.1 ap@&4) and Magellan spec-
tra certainly rule out ongoing mass transfer, i.e. that SD@¥%2-0053 is a disguised CV.
Two possible scenarios could apply to the system. SDSS J0053 could be either be a
pre-CV that is close to develop in a semi-detached configuratr it could be a detached
CVin the 2-3 h period gap. Standard evolution models basdkeodisrupted MB scenario
[e.g. Rappaport et al., 1983; Kolb, 1993; Howell et al., 06rkedict that CVs stop mass
transfer and the secondary star shrinks below its Roche#atlius once they evolve down
to Porp ~ 3 h (see Chapter 1). Subsequently, these detached CVs ehiobugh the period
gap, until the companion star fills its Roche-lobe agaiRat~ 2h. Population models
based on the disrupted MB hypothesis predict that the rdtadetached CVs to pre-CVs
(with appropriate companion star masses to (re-)initiadssiiransfer &, ~ 2 h) should
be = 4 [Davis et al., 2008], hence a substantial number of sudesssis expected to exist.
So far, only one other system with similar properties is knpitS 2237+8154 [Gansicke
et al., 2004].

The white dwarfTe; in a typical CV about to enter the period gap is approximately

40000 K [Townsley & Gaensicke, 2008], and a rapid cool dowexigected once the CV
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becomes detached. SDSS J0052-0053 is located close topgeeagye of the period gap
(2.75 hours), and contains~al6000 K white dwarf, which supports the idea of this object
being a detached CV, in which the white dwagf has started (and might have finished) to
cool down. Inspecting the secondary mass and the mass fdkis gystem we found that
both are also in agreement with the above hypothesis [Hawall, 2001, see their Figures 5
and 6]. White dwarfs in CVs are expected to be rapid-rotatmgl the measurement of the
white dwarf rotational velocity in SDSS J0052—-0053 (e.grotigh HST spectra) hence

would help in confirming whether this system is indeed a detddCV.

8.4.2 SDSSJ1724+5620, a PCEB with a strong heating effect

SDSS J1724+5620 contains the hottest white dwarf amongasuple of PCEBs, which
affects the determination of its system parameters in abvweys. Firstly, irradiation heat-
ing the inner hemisphere of the companion will cause it tceappf earlier spectral type
than an unheated star of same mass. This effect is observbed snalysis of the three
SDSS spectra available in DR6. The spectral decomposiioestthe companion star as
M3-4, and combining the flux scaling factor of the M star teat@land the&S p— R relation
(see Chapter 7 for details) indicates an average distandg.©f 633+ 144 pc. This is
roughly twice the distance implied from the model fit to theideal white dwarf spectrum,
dwg = 354+ 15 pc, indicating that the spectral type of the companionds#termined from
the SDSS spectrum is too early for its actual mass and raasusxpected for being heated
by the white dwarf. Fixing the spectral type of the comparmhi5, the spectral decompo-
sition results imdsec= 330+ 150 pc, consistent with the distance based on the white dwarf
fit.

An additional complication is that the RV of the companioarstvas measured
from the Hx emission line, as the Naabsorption doublet was too weak in the individual
900 s SDSS spectra. The equivalent width of tleedthission shows a noticeable variation
as a function of binary phase, with maximum equivalent wigamthe maximum in the
light curve, indicating that the & emission is concentrated on the inner hemisphere of
the companion star (Fig.8.4). A phase offset d4®+ 0.008 is observed between the

photometry and the & equivalent width, which we attribute to systematic proldeim
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measuring the equivalent width of thexHembedded in the photospheric absorption line
from the white dwarf, given the poor quality of the individuBDSS sub-spectra. As a
conseqguence of ¢d predominantly originating on the inner hemisphere of theganion
star, the observelsecis an underestimate of the true RV amplitude [e.g. Wade & Hprn
1988; Orosz et al., 1999; Vennes et al., 1999; Aungwerojirat.e2007]. The RV amplitude
of the secondary star’s centre of mass can be written as [\&/adlerne, 1988]:

KSEC

Kseqcorr = 1_ (1+q)(AR/a)’ (8-6)

whereARis the displacement of the centre of light from the centre a§sAR = 0 implies
that the centre of light and the centre of mass coincide st = Rsecgives the maximum
possible displacement. If one assumes that the irradiatégsmn on the secondary is
distributed uniformly over the inner hemisphere, and thatdontribution of the irradiation
is zero on its un-irradiated face, thAR = (4/31m)Rsec[Wade & Horne, 1988; Orosz et al.,
1999; Vennes et al., 1999]. Assuming that the spectral tyjre the range M3-5, different
combinations of secondary mass and radius, and RV amplikidg-orr, can then constrain

the orbital parameters of SDSS J1724+5620 (Table 8.3).

8.4.3 SDSSJ0309-0101, SDSS J1138-0011 and SDSS J2241+00@€ WDMS

binaries?

SDSS J0309-0101, SDSS J1138-0011 and SDSS J2241+0027 aggedlas PCEB can-
didates in Chapter 7 on the basis of @ BV variation in between their different SDSS
spectra, as measured from either the éfnission line or the Nieabsorption doublet from
the companion star. However, the additional intermedieselution spectra taken for these
three objects (Table 4.2) do not show a significant RV vanea(iTable 8.1, Fig. 8.5). Itis
therefore important to review the criterion that we usedfiag@ter 7 to identify PCEBs from
repeated SDSS spectroscopy in the light of two subtle clgange
On the one hand, we have slightly modified the procedure thditNa absorption

doublet, as outlined in Sect. 8.2.1. By comparing the NR5 RVs in Chapter 7 with those
obtained with the new procedure for the same spectra, we firavarage difference of

5kms with a maximum difference of 10.5km&. In all cases the measurements agree
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within the errors.

On the other hand, we were using DR5 spectra in Chapter Théuatrtalysis carried
out here was done using DR6 spectra, which were processédavdifferent reduction
pipeline [Adelman-McCarthy et al., 2008]. A comparisonvbetn the DR5 and DR6 RV
values obtained in Chapter 7 and in this Chapter respegtfipeth measured following our
new procedure) provides in this case an average differeh@& &ms*, with a maximum
of 22 kms L. Again, the RV measurements agree, with the exception afglesspectrum,

within the errors.

The conclusion from comparing our two methods, and the tw8SData releases,
is that the RV measurements obtained are in general comsigithin their errors. How-
ever, the offsets can be sufficient to move a given systenereitlay across our criterion
to identify PCEB candidates, being defined@RV between their SDSS spectra. This is
specifically the case for systems with either low-ampliti¥evariations, or faint systems
with noisy spectra. An additional note concerns the use ®fHh line as probe for RV
variations. In Chapter 7 we identified SDSS J0309-0101 an8I2241+0027 as PCEB
candidates on the basis of a change in tlee RYs between the available SDSS spectra.
However, the velocities obtained from the Ndoublet did not differ significantly. Inspect-
ing the spectra again confirms the results obtained in Chapt&his suggests that the

absorption lines from the secondary star are a more robabepf its RV.

A somewhat speculative explanation for the shifts founthfido RV measurements
is that the MS star is relatively rapidly rotating, and thed Ho emission is patchy over its
surface. A nice example of this effect is the rapidly ro@tfR.; = 0.459 d) active M-dwarf
EY Dra, which displays ke RV variations with a peak-to-peak amplitude~ofl00kms*
[Eibe, 1998]. In order to explain thedHRV shifts of a few 10kms! observed in e.g.
SDSS J2241+0027, the companion star should be rotatingaveigiod of~ 1 d. According
to Cardini & Cassatella [2007], low-mass stars such as thepemions in our PCEBs that
are a few Gyr old are expected to have rotational periodseobttler of tens of days, which
is far too long to cause a significantbHRV variation at the spectral resolution of the SDSS
spectra. However, sufficient angular momentum can be weamesf to the secondary through

the action of stellar wind from the primary once it evolvedotigh the AGB, and produce
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Figure 8.5: Na SDSS RVSs (triangles) along with the NRVs measured in this Chapter
(solid dots) of SDSS J0309-0101, SDSSJ1138-0011 and S24%48Q027. The data at
hand suggest that these three systems are wide WDMS biivestead of PCEBs.

(wind-induced) rapid rotating secondaries [Jeffries &/8tes, 1996]. In addition Cardini
& Cassatella’s study was based on single stars, and théorotates of the companion stars

in (wide) WDMS binaries is not well established.

8.5 PCEB evolution

Following Schreiber & Gansicke [2003] we determine thelicgpage and the future evo-
lution of the new PCEBs. The numbers we obtained from therétigal analysis are sum-
marised in Table 8.4. We used the cooling tracks of Wood [1.888 find that most of the
PCEB:s left the CE about-15 x 10 years ago, the only exception being SDSS J1724+5620
which appears to be much younger. The estimated secondayemare generally very
close to the fully convective boundary (for which we assivihe= 0.3M,), and the uncer-
tainties involved in the secondary mass determination aite ¢arge (see Table 8.3). The
predicted evolution of all systems should therefore be idaned highly uncertain as it is
not clear whether MB applies or not. We therefore give in @&b#l the values obtained for
two possible scenarios, disrupted MB [CMB, e.g. Verbunt &aan, 1981], and AML given
only by GR. The effect of not knowing whether MB or only GR wdllive the evolution
of the systems is illustrated in Fig. 8.6, which shows theeeigd post-CE evolution for
SDSS J1152-0007 and SDSS J0246+0041 for both cases. Thetitimeeded to enter the
semi-detached CV configuration in the CMB scenario is shdhizn the Hubble time for

all the systems (see Table 8.4), qualifying them as stropgesentatives for the progenitors
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Table 8.4: Parameters of the PCEBSs derived from calculdlieg post-CE evolution ac-
cording to Schreiber & Gansicke [2003}, andtsq are the cooling age and the predicted
time until the system enters the semi-detached CV phasectsgly. Psq denotes the zero-
age CV orbital period whild’-¢ is the orbital period the system had when it left the CE
phase. As discussed in the text and displayed in Fig 8.6, kdigted evolution depends
sensitively on the mass and the radius of the secondaryirstzrticular as the errors of all
estimated secondary masses overlap with the value assumtge ffully convective mass
limit. We therefore give values for the both scenarios.

CMB GR
Name Porb teool Psa  Pce tsd Psg  Pce tsd
SDSSJ [days] [years] [days] [days] [years] [days] [days]edss]
0052-0053 0.114 4:210° 0.125 0.46 0.0 0.114 0.145 0.0
0246+0041 0.726 3:10° 0.146 0.78 1.¥10° 0.113 0.73 8.x¥10%
0314-0111 0.263 — 012 — 370 011 — 6.%10°
1151-0007 0.142 50108 0.12 0.55 2.%10° 0.07 0.15 1.&10°
1529+0020 0.165 1:310° 0.11 0.41 4.%10° 0.10 0.17 2.5%10°
1724+5620 0.333 3:210° 0.12 0.34 6.%x10° 0.11 0.33 1.%109
2339-0020 0.656 5:310° 0.12 0.74 1.&10° 0.11 0.66 6.%10%

of the current CV population.

Inspecting Table 8.4, the case of SDSS J0052—-0053 is particinteresting. The
estimated secondary radius is consistent with its Roche-tadius and the system is sup-
posed to be very close to the onset of mass transfer, whidaflected bytsq = 0 within
the accuracy of our calculations. Clearly, SDSS J0052—-00&8 be a detached CV in the
period gap, or a pre-CV that has almost completed its PCEBtiEe. According to CV pop-
ulation studies [Kolb, 1993], the number of detached CV$adap is approximately five
times higher than the number of CVs in the gap and the prabafol SDSS J0052-0053
being a detached CV in the gap rather than a PCEB 8)%. This result is a simple con-
sequence of the fact that all CVs with donor stars earliem thi13 will become detached
CVs in the gap while only a rather small fraction of PCEBSs, it@se with secondary stars
of spectral type-M3.5-M4.5, produces CVs starting mass transfer in the gdegap. This
is obviously only a rough estimate. A detailed populatiardgtby Davis et al. [2008, see
also Chapter 1] confirms that the ratio of detached CVs toQd/e-within the CV period
gap is~ 4 — 13, depending on different assumptions of the CE ejectibnierfcy, initial

mass ratio distributions, and MB laws.
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8.6 Discussion

As outlined in Chapter 1, despite some recent progress algrstanding of the CE phase
is still very limited. The classicah-formalism that is based on a simple energy equation
seems to be unable to explain the observed existence of Dibssteilar components of
comparable masses and rather long orbital periods. Thagisment motivated Nelemans
et al. [2000] to develop an alternative prescription basedhe conservation of angular
momentum, the so-callegformalism. Binary population synthesis codes based omthe
formalism as well as those assuming tprmalism predict the existence of a significant
number of PCEBs with orbital periods longer than a day. Uiegi-formalism, Willems &
Kolb [2004] calculated the expected period distributiontef present-day WDMS binaries
in the Galaxy at the start of the WDMS binary phase. Their Figclearly shows that the
predicted PCEB distribution peaks arouRgh, ~ 1 day, but also has a long tail of systems
with up to~ 100 d. They-formalism, on the other hand, predicts an increase of tiheben

of PCEBSs with increasing orbital period up®g,> 100 days, i.e. thg-formalism predicts
the existence of even more long orbital peri®d{ > 1 day) PCEBs (see Chapter 1).

We have measured a total number of nine orbital periods aluaghapter and the
paper by Schreiber et al. [2008]. All of them have short ailjiieriods of less than a day.
RV variations are much easier to identify in short orbitalipg systems, so our sample is
expected to be biased towards shorter orbital periods. fumat question is whether our
observational finding, the paucity of PCEBs wRg, > 1d, is whether the result of that
bias, or whether it reflects an intrinsic feature of the PCBByfation. To answer this ques-
tion we performed the following analysis. First, we carrmtt Monte-Carlo simulations
similar to those presented in Schreiber et al. [2008] butragsy a resolution of 15km/s,
corresponding to the typical error in the RV measuremepis f8DSS spectra. Clearly, as
shown in Fig. 8.7, the bias towards short orbital periodesystis larger due to the lower
resolution of the SDSS spectra and, as a consequence, RAtioasi in multiple SDSS
spectra of systems with,, > 10 days are more difficult to detect. However, the probabilit
to detect & RV variations for systems in the orbital period rangdgf ~ 1 — 10 days still
is ~ 20— 40%. Second, we assumed a uniform orbital period distobugind integrated the

3o-detection probability (lowest dotted line) for systemshwR,, < 1 day and those with
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10 days> Py > 1day. In other words, we assume that there is no decreas® fiays

> Porp > 1 day and calculate the total detection probability for 19sda Py, > 1 day and
Porb < 1 day. We find that if there was indeed no decrease, the fractfid’CEBs with
Porb > 1day in our sample should e 84% and the number of PCEBs willy;, > 1 day
among our nine systems should be7.6 +2.8. The result of our observations, i.e. no
system withPy, > 1 day among nine PCEBSs disagrees with the hypothesis (eee th no
decrease) by.Zo. This indicates that the measured lack of PCEBs Wjth > 1 day might
indeed be a feature of the intrinsic population of PCEBs. idependent (photometric)
study carried out by De Marco et al. [2008] showed that thé&alrperiod distribution of 12
central stars of planetary nebulae is also concentratetbttabperiods shorter than 1 day,

with no observable periods longer than 3 days.

How do our results for PCEBs from SDSS compare with the samwipé! known
PCEBs? Figure 8.8 shows in gray the orbital period distioubf all 41 known PCEBs
consisting of a M or K-star plus a white dwarf from the latestsion of the Ritter & Kolb
[2003] catalogue (V7.9), including also the seven new pisrifsom this paper, and the
new recent discovery by Steinfadt et al. [2008, see alsoaByet al. [2008]]. As we are
interested in analysing the bias of the sample towards eshorbital periods in the con-
text of detection probability, we superimpose in black assuhple of ten SDSS PCEBS,
identified from RV snapshots of SDSS WDMS binaries, repr@sgra homogenous se-
lection mechanism (seven from the current Chapter, two f8mhreiber et al. 2008, one
[SDSS J112909.50+663704.4] from Raymond et al. 2003). Sdhi@ period distributions
of the two subsets seem very similar, with a steep decreatgeafumber of systems at
Porb ~ 1day. The total sample of PCEBs contains only six systemis aribital periods
larger than one day~<(15% of the entire sample). This suggests that the number BBRC
decreases foP,, > 1day, implying that thg-formalism in its present form might not be
an adequate description of the CE phase, and that the CEesfficin the energy equation
used in thex-formalism is perhaps smaller than assumed previouslygii@fficiencies lead
to stronger shrinkage of binary separations). Howeve > 1 day PCEB can be a con-
sequence not only of efficient AML during the CE phase, but alsonsequence of a fairly

large initial MS binary separation. Hence we can not exchind¢ the lack o, > 1 day
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Figure 8.6: The predicted evolution of two PCEBs. The othieriod gap observed in
the orbital period distribution of CVs is shaded. As the selaoy masses of SDSSJ1151—
0007 and SDSS J0246+0041 are close to the fully convectivadary, we calculated the
evolution assuming classical MB and assuming only GR. Qisho the calculated orbital
periods at the end of the CE phad&), the evolutionary time scale, and the expected
zero-age CV orbital periodPly) differ significantly.
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Figure 8.7: Monte-Carlo simulations of the detection philitg of significant RV
variations assuming measurement accuracy of 6kmeorresponding to our previous
VLT/FORS observations [Schreiber et al., 2008] and 15kesappropriate for the SDSS
spectra (Chapter 7). The three lines correspond to 1, 2g aighificance of the RV vari-
ation. Clearly, even the PCEB identification based on meltfDSS spectra should be
sensitive to PCEBs with orbital periods f 1 — 10 days.

systems is simply reflecting that there are few progenitémnsaddition, one should bear
in mind that the previously known PCEBs have been discovbyedarious methods, and
therefore do not form a representative sample [see Schré&iligansicke, 2003, for de-
tails]. The sample of PCEBSs selected in a homogeneous waytfie SDSS is still small,
and the current sample of WDMS binaries from SDSS involvesesselection effects, too
[Schreiber et al., 2007], impeding a definite conclusiom@tpoint (see Chapter 10 though).
However, work is underway to enlarge the parameter spadeec6DSS WDMS binaries
in terms of ages and secondary star masses [Schreiber 20@f], to increase the number
of PCEBs with orbital period measurements, and to modelghwiming selection effects,

paving the way for a more quantitative assessment of CE astEQI6 evolution.

8.7 Conclusions

We have presented a study of 11 PCEB previously identifiedidates, and measured the

orbital periods of six and one of them from their Ndoublet RV variations and its differ-
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Figure 8.8: The period distribution of 41 PCEBs from the &it& Kolb [2003] (V7.9)
catalogue containing a white dwarf plus M or K companion §tgay). The 7 systems
studied in this work and the recent PCEB discovery SDSS MA83+373338.5 [Steinfadt
et al., 2008] are also included. In black is shown a subsawip&DSS PCEBs obtained
from RV variation studies. Both subsamples illustrate arclack of systems at orbital
periods greater than 1 day. The 7 new systems from this watklathe two systems in
Schreiber et al. [2008] are indicated as tick marks in theofdhe figure.

ential photometry, respectively. Combining tKe.. velocity amplitudes with the results
from spectroscopic decomposition/fitting of their SDSScéf@e we constrained the binary
parameters of the seven systems for which we could deteronfiial periods. No RV vari-
ations were detected for three PCEB candidates, suggdkahthey may be wide WDMS
binaries. We revisited the PCEB candidate selection of €hdp and concluded that can-
didates with low amplitude velocity variations, noisy SD§fctra, and RV shifts that only
show up in the ld emission line definitely need additional follow-up spestapy for the
confirmation/rejection of their PCEB nature. Finally, wevddad a first look at the period
distribution of PCEBs from SDSS identified from RV snapstaitSDSS WDMS binaries,
and noted that none of the ten systems published so far hasso#@al period> 1 d. Using

a Monte-Carlo simulation, we demonstrated that our mettdthding PCEBs should be
efficient also for systems with periods1d, and that, subject to small number statistics, it
appears that the PCEB period distribution peal®at< 1d. This is in agreement with the
period distribution of the previously known PCEBs, whiclpnesents a heterogenous mix

of systems identified by various different methods. In castircurrent binary population
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models predict a large number of PCEBs with orbital perisdisday in clear disagreement
with the currently observed sample. Additional effort i®ded to improve the size of the
sample of known PCEBSs, as well as to fully model its selectffacts, but with~ 1600

SDSS WDMS binaries to draw from (see Chapter 9), the outlookiore quantitative tests

of CE evolution seems promising.
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Chapter 9

A catalogue of WDMS binaries from
SDSS

9.1 Introduction

The theoretical understanding of both CE evolution and MBuisently very poorly con-
strained by observations (Chapter 1), and progress onrtiisis most likely to arise from
the analysis of a large sample of PCEBs that are well-urotadsin terms of their stellar
components. WDMS binaries appear most promising in thaeesas their stellar compo-
nents are relatively simple, and the SDSS (Chapter 6) dfferpossibility to dramatically

increase the number of WDMS binaries available for detdidédw-up studies (Chapter 8).

Here | make use of the SDSS spectroscopic DR 6 data base te areatalogue of
1591 WDMS binaries and candidates that were serendipjtamiserved. The structure of
the Chapter is as follows. In Sect. 9.2 | present our methadeitifying WDMS binaries.
In Sect. 9.3 | estimate the completeness of the sample, aBdan9.4 | provide our final
catalogue. Using the spectral decomposition/model atheyspdeveloped in Chapter 7, |
derive white dwarf effective temperatures, surface giesjtmasses, and companion star
spectral types and distances in Sect.9.5. | also measundathe\ 8183.27,8194.81 ab-
sorption doublet and/or thedHemission RVs for 1062 objects. Finally in Sect. 9.6 | discuss

our results, and conclude the Chapter in Sect. 9.7.
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9.2 Identifying WDMS binaries in SDSS

9.2.1 Computational method

We have developed a procedure basegotemplate fitting in order to automatically iden-
tify WDMS binary candidates from the SDSS DR6 spectroscajzsita base [Adelman-
McCarthy et al., 2008]. Our initial template set consistédaveral dozen SDSS spectra of
confirmed WDMS binaries from Eisenstein et al. [2006] and€Sitri et al. [2007]. These
spectra were chosen to sample a wide variety of white dwardscampanion stars, and
to be of high S/N. A set of representative templates is shawiig. 9.1. In addition, we
compiled a set of 17 single DA white dwarf template specwanfEisenstein et al.’s (2006)
list, covering the entire observed rangeTlgf and logy, as well as the M0-M9 Bochanski
et al. [2007] M-dwarf templates.

Each of these WDMS binary, white dwarf, and M-dwarf tempdakesre then fitted
to the full 1.27 million spectra in DR6. In this process, tkeplate spectrum was nor-
malised to the SDSS spectrum under scrutiny, and a redxfcegs calculated using the
errors of the two spectra added in quadrature. In practiogfjtting procedure produced for
each of the WDMS binary, white dwarf, and M-dwarf templatdisteof spectrum identifier
(MJID-PLT-FIB), S/N of the spectrum, angf for all SDSS DR6 spectra. For each of the
templates, we plotteg? as a function of S/N (see Fig 9.2), and defined a minimum value

of SIN, §/Nmin, and a linear relatiog?,,, = a x S/N. We considered any spectrum with

Xgpec< Xﬁwax and S/NSDGC> S/Nmin (9.1)

as a WDMS binary, white dwarf, or M-dwarf (depending on therent template). SNmin
had to be set to avoid being swamped by spectra that are teg fuiany definite iden-
tification, and the S/N-dependent form x#,,, accounts for the increase gf for higher
values of S/N. Both constraints were defined individuallydach of the templates, as the
different spectral shapes resulted in a large spread dfstributions. Thex?, S/N) planes
obtained from fitting the spectra of a single spectral pla#O(spectra) is shown for two
different WDMS binary templates in Fig. 9.2.

After a first run through the DR6 spectra, we complementeddhwlate set with

the spectra of a number of newly identified WDMS binaries, @din the fitting for those
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Figure 9.1: Six examples of previously known WDMS binariegdiin this Chapter as
WDMS binary templates. SDSS names and MJD-PLT-FIB idergifare indicated for
each of them.
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Figure 9.2: x?> — S/N plane obtained fitting two of our WDMS binary templates
(SDSSJ103121.97+202315.1, left and SDSS J204431.44062 4right) to the 640 ob-
jects contained in the SDSS spectral plate PLT = 2295. OQbjatling in the area defined
by xgpec< ax S/N and §Ngpec> S/Nmin Were considered WDMS binary candidates. Left
panel: $Nmin = 10 andy?,,, = 0.7 x S/N, no WDMS binary candidate is identified. Right
panel: $Nmin = 20 andy?,.,= 0.6 x S/N, one WDMS binary candidate is found.

new templates again. That process was repeated until no nreMS$\binary candidates
were found — at which point we had used a total of 163 diffeWmIMS binary template
spectra.

Even though the above method efficiently identifies WDMS himandidates among
the spectra in DR6, the choice xf,., and §Nmin alone does not avoid completely the fil-
tering of other astronomical objects, such as quasars, BIS,sind galaxies. In addition,
for templates that are dominated by the white dwarf (M-dyydhe list of candidates will
unavoidably contain a substantial number of single whiteudsv(M-dwarfs). Hence we
first visually inspected all WDMS binary candidates, as w&slthe white dwarf and M-type
star subsamples (a total ©f70000 spectra), and removed those objects that were not of ou
interest, i.e. neither WDMS binary, white dwarf, or M-dwadndidates. The final result of
the template fitting were a list of 1484 WDMS binary candida&368 single white dwarf

candidates, and 15379 single M-dwarf candidates.

9.2.2 Red and blue excess in SDSS spectra: help from GALEX ardKIDSS

While the template fitting proved to be a robust method to findM& binaries in which

both stellar components contribute clearly visible amswitflux, the procedure is prone

123



to mis-classify white-dwarf dominated WDMS binaries asgnwhite dwarfs, and M-
dwarf dominated WDMS binaries as single M-dwarfs. We theeeflecided to probe more
specifically for the presence of excess flux at the red (blu€d)af the SDSS spectra in

objects classified initially as single white dwarfs (M-df&r

For the search of red flux excess in single white dwarf caneglave fitted synthetic
white dwarf spectra computed with the code described by t€éoes al. [2005] to the SDSS
spectra, and then calculated the reduggdver the wavelength ranges 40000004 (x?)
and 7000- 9000A (x?). Objects withx?/x2 > 1.5 were “promoted” from single white
dwarf candidates to WDMS binary candidates.

The search for blue flux excess proceeded in an analogoustidsin the single M-
dwarf candidates, only that we used the set of high S/N M-titeanplates from Chapter 7
instead of model spectra, and calculated the redyéewer the wavelength ranges 4000
5000A and 7000- 9000A. Objects withx?/x? > 1.5 were “promoted” from single M-
dwarf candidates to WDMS binary candidates.

On the left and right top panels of Fig. 9.3 we show the SDSS8tepéblack line)
and SDSS magnitudes (red dots) of SDSSJ 132925.21+ 123828.SDSSJ 131928.80+
580634.2, along with the best-fit white dwarf model and M-dwemplate (red lines, mid-
dle panels). The two objects were initially classified by tamplate fitting procedure as
single white dwarf and single M star candidates, respdgtieit “promoted” to WDMS
binary candidates by the flux excess measurement as debatiloee. The flux excess is
more obvious when plotting, (middle left panel) instead d%, (top left panel). However,

in several cases, the detection of blue or red flux excesshisrrenarginal.

As a final step in our search for WDMS binaries, we have crosefated our
entire list of above identified WDMS binary candidates whie GALEX [Galaxy Evolu-
tion Explorer, Martin et al., 2005; Morrissey et al., 200%tal release 4, providing near-
and far-ultraviolet magnitudes, and with the data releasé UKIDSS [UKIRT Infrared
Sky Survey, Dye et al., 2006; Hewett et al., 2006; Lawrencal.et2007], providing in-
fraredy,J,H,K magnitudes. We then inspected the observed ultraviolitalpsspectral
energy distribution of all secondary star dominated WDM&ahy candidates with avail-

able GALEX magnitudes, and the optical-infrared spectnargy distribution of all white
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Figure 9.3. Top left: SDSS spectrum of SDSSJ132925.21+2230 a WDMS candi-
date initially catalogued as single DA white dwarf. The remtsdrepresent the SDSS
magnitudes. Middle left panel: the best white dwarf modelsfisuperimposed in red,
unambiguously identifying the red excess of the binary. t@&uotleft panel: SDSS and
UKIDSS magnitudes superimposed to the SDSS spectrum. Ag@nUKIDSS magni-
tudes clearly show the presence of a low mass companion. iJoppanel: the same for
SDSSJ131928.80+580634.2, an initially catalogued earlypé star. Middle and bottom
panels: the best M-type fit and the near- and far-ultraviGléi_.EX magnitudes clearly
confirm the presence of a white dwarf primary, respectivéljne red and blue straight
lines represent the white dwarf solutions (red for the hhie hor the cold) obtained from
decomposing/fitting the spectrum (see Sect 9.5).
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dwarf dominated WDMS binary candidates with available UREBmagnitudes. Objects
where a clear ultraviolet or infrared excess was detected then included in our WDMS
binary sample.

For SDSSJ132925.21+123025.5, the UKIDSS magnitudes ugaously confirm
the existence of a low-mass companion (bottom left paneligf93). Similarly, the
GALEX near- and far-ultraviolet magnitudes clearly confitme presence of a white dwarf

companion in SDSSJ131928.80+580634.2 (bottom right pafrfel. 9.3).

9.2.3 SDSS images

As a final check on the nature of the WDMS binary candidatesinagected their SDSS
DR6 images for morphological problems, and found primatuilg types of issues.

Occasionally, single white dwarfs (M-dwarfs) may be lodatéose to very bright
M-dwarfs (white dwarfs or A-stars), which will cause scegtt light to enter the spectro-
scopic fibre, and result in an (apparent) two-componenttggac A spectacular example
is SDSSJ073531.86+315015.2 (left panels of Fig. 9.4), vhiee SDSS spectrum clearly
exhibits an M-dwarf at red wavelengths, and a blue componéhtstrong Balmer lines in
the blue — the SDSS image reveals that this is a single M-datafdistance of 12 arcmin
of Castor A/B —twdv = 2— 3 A-stars. The SDSS magnitudes (red dots) are superimposed
to the SDSS spectrum (black) and are consistent with thoaesioigle red star. In addition,
single M-dwarfs are also likely to be found superimposedhsihgle early-type stars in the
same image. An example is SDSSJ162517.58+140134.6 (sdeertog panel of Fig. 9.4).
At first glance one could be tempted to consider a resolved \8ary pair. Neverthe-
less, the SDSS spectrum (middle bottom panel of the sameJighows the typical Balmer
lines of an A star in the blue, while at redder wavelengthstypeal spectral features of a
low-mass star can be detected. This implies that these tatersg are superimposed stars
in the same image rather than being a resolved WDMS binary(geé below).

SDSS images can also help identifying WDMS binaries amorrgsample that
are spatially-resolved in the SDSS images, but close enthagtilux from both stars will
enter into the spectroscopic fibre. In such cases, the SDg8itudes are often discrepant

with the flux-calibrated SDSS spectrum, and/or have largg®as consequence from the
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Figure 9.4: Top left panel: SDSS image of SDSSJ073531.883.2 (5 arcmin scale), a single red star initially congdeas a WDMS
binary candidate. Bottom left panel: SDSS magnitudes (otsl) dnd spectrum (black line) of the same system. The ligint the saturated
bright star (Castor A/B) is also dispersed in the spectruhe magnitudes are consistent with a single red star. Toplenidahel: SDSS image
of SDSSJ162517.58+140134.6 (5 arcsec scale). The imagestsa resolved WDMS binary pair. Middle bottom panel: teiction of
the Balmer lines typical of an A star in the blue, togetherhwtite typical spectral features of a low-mass MS star in tkde(lbéack solid
line), indicate that these are two single stars superinhoséhe same image rather than a resolved WDMS binary pai6SsDagnitudes
are indicated with red dots, and are consistent with thoselofv-mass star. Top right panel: SDSS image of SDSSJ02536801329.2
(5 arcsec scale), a resolved WDMS binary in our sample. Botight panel: SDSS magnitudes (red dots) and spectrumk(litze) of
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deblending applied by the photometric pipeline. Figuré.@op right panel) shows the
SDSS image of SDSSJ025306.37+001329.2, which clearlplsaespatially-resolved pair
of red and blue stars. The SDSS spectrum of SDSSJ02530®38329.2 contains the
typical signatures of a WDMS binary, i.e. broad Balmer lifigsn the white dwarf and

TiO absorption bands from the M-dwarf, however, the errordshe SDSS magnitudes are

untypically large, and do not match well the flux calibratddlSS spectrum.

9.2.4 Cross-checks with previous WDMS binary catalogues

A total number of 1484 WDMS binary candidates were identifire&ect. 9.2.1. From the
analysis carried out in Sec.9.2.2 and Sec. 9.2.3 we havedsed the nhumber of systems
to 1552 WDMS candidates among the spectroscopic SDSS DR6bdae. In order to
evaluate the effectiveness of our procedure we comparedesults to those presented in
four previously published lists of WDMS binaries from SD®&mely van den Besselaar
et al. [2005], Eisenstein et al. [2006], Silvestri et al.ZD(which includes Raymond et al.
[2003] as a subset), and Augusteijn et al. [2008].

A comparison to the 13 WDMS binaries containing DB white deand the 2
WDMS binaries containing DC white dwarfs presented in vam Besselaar et al. [2005]
revealed that our routine has successfully identified alt¢hsystems.

The WDMS binary sample presented in Eisenstein et al. [2006}laps almost
completely with the WDMS binary catalogue provided in Sslireet al. [2007] (see below),
except for only ten objects. A comparison between the WDMayi sample presented
in this Chapter and these ten systems showed that we havessfudty identified these
objects.

We inspected the catalogue of Silvestri et al. [2007], anchdbthat 995 systems
are in common between the two works. We carefully inspediedemaining 230 systems
from Silvestri et al. [2007] and concluded that 208 of them, i.e:17% of the total sys-

tems, were inconsistent with the acclaimed WDMS binary regataither because of their

194 and 89 WDMS binary candidates were identified to show bheerad excess respectively in their
spectra. 115 WDMS binary candidates were removed afteeatsy their SDSS images.

25jlvestri et al. [2007] claim that their catalogue contai@§3 objects. Note though that only 1228 spectra
(i.e. 1225 objects) are listed in their electronic editidthe paper.
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spectra, or because of their morphology in the SDSS images ekamples are SDSSJ
032428.78-004613.8 (QSO) and SDSSJ J114334.70+4551@dlZXy). 22 objects were
WDMS binaries in which one of the two components dominatessghectrum, and that
were missed by our search algorithm. Those 22 WDMS binar&rg wonsequently added

to our sample.

Recently Augusteijn et al. [2008] provided a sample of 651 M®binary can-
didates obtained from combined colour and proper motioacteh criteria in SDSS, of
which they inspected 95 spectra from DR5. We cross-coe@l#teir full list of 651 ob-
jects against the DR6 spectroscopic data base, and founttafe 130 of them (176 SDSS
spectra). We compared this sample with our systems and fihatdall but 20 objects in
Augusteijn et al. [2008] were in our list. Four of them were WB binaries containing
cold white dwarfs, and were consequently missed by our piimee These four systems
were added to our sample. The remaining 16 systems were 18@shree CVs, one F
star, one M-dwarf, one DA white dwarf, and one DC white dwadidusteijn et al., 2008].

In summary, the comparison with previous works shows thatVBDMS binary
selection method is robust and efficient in recovering WDNtalkes identified both from
their spectra [Silvestri et al., 2007], as well as from tlpdiotometric/astrometric properties

[Augusteijn et al., 2008].

9.3 Completeness of the sample

In this section, we will briefly investigate both the intimgompleteness of our catalogue
(i.e. what fraction of the WDMS binaries that are containethie DR6 spectroscopic data
base were found by our algorithm), as well as the extrinsiopieteness (i.e. what fraction
of WDMS binaries were spectroscopically observed by SDSS).

Figure. 9.5 shows the distribution of our WDMS binaries (aaing the systems
classified only as WDMS binary candidates) as black dotsariuh-g,g—r), (g—r,r —i),
and(r —i,i — z) colour-colour planes. Stellar sources are shown as gray dotd QSOs
in light gray. Highlighted in light blue are the white dwaw-star and WDMS binary

exclusion regions that were defined by Richards et al. [28@2fhe QSO fibre allocation
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algorithm with the aim to maximise the return of the QSO symwéthin SDSS. For the
analysis below, we adopted the WDMS binary exclusion regidrichards et al. [2002] in
the @—r,r—i)and ¢ —i,i — 2) planes. In addition, we defined two small rectangular boxes
in the (g—r,r —i) plane, one in the A-star exclusion region (BoxX.5 < g—r < —0.2,
0<r—i<0.2), and one located in between the A-star exclusion regiantiae WDMS
binary exclusion region (Box2:0.3<g—r < 0.1, 03 <r —i < 0.5). We then visually
classified all SDSS point-source spectra of objects gith20 with colours in the WDMS
binary exclusion region, Box 1, and Box 2. We also used thplasnterface to the SDSS
data base to determine the number of photometric SDSS pmintess withg < 20 located
within each of these boxes, as well as the fraction of thoset gources that have SDSS

spectra.

The Richards et al. [2002] WDMS binary exclusion bowe found 7099 SDSS point
sources objects inside this area, of which 572 with aval&iDSS spectra. Of those 572,
we identified 386 as WDMS binaries. The large number of WDMfabes is not surprising
since this area was defined by Richards et al. [2002] as arcolmdor this kind of system.
The population of the remaining objects was dominated hylail stars. We also detected
four CVs and eight QSOs. Cross-checking the 386 WDMS biaddend here against the
list of systems identified in Sect. 9.2 showed that only nineM& binaries were missed
by our template matching algorithm. Among these nine objemte contains a DA white
dwarf, one a DC white dwarf, the rest contain cool (probaby) White dwarfs, and in all
cases the spectra are dominated by the emission of theiraroomstars. Being close to the
MS locus in colour space, these systems are a challengedor @WDMS binary selection,

including our method.

Analysis in box 1 708 SDSS point sources were found inside this area, 247ewh th
with available spectra. Among these 247 objects, 67 were V8Oiiharies, the rest of
them mainly QSOs, with a few single white dwarfs, early-tyy8 stars, and two CVs.
All 67 WDMS binaries found in this box were already identified our search algorithm

(Sect. 9.2).

Analysis in box 2 This area contained 6689 SDSS point sources. SDSS sp=ijiyos
available for 2280 of them, of which 135 are WDMS binaries.eXpected from the stud-
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ied colour space area, the vast majority of the remainingatbjwere again QSOs, with the
exception of a few single MS stars, and one CV. Only four of\WiBMS binaries identi-
fied here were not included in our catalogue: SDSS J11058250628.6, which is in fact
the semi-detached magnetic cataclysmic variable ST LMéntesl during a deep low state;
SDSS J124959.76+035726.6, a typical WDMS binary prewolisted as a cataclysmic
variable candidate by Szkody et al. [2004]; SDSS J15095248449.3, which has a bro-
ken SDSS spectrum; and SDSS J204218.52-065638.4, a kpagsdlved MS dominated
WDMS binary.

The WDMS binaries found in the above exercise were addedrteamaple.

From the above study two main conclusions arise. Firstlgxaected, the spectro-
scopic completeness in SDSS is dramatically larger in QS@inkted colour space areas,
27%, 34% in Box 1 and Box 2, respectively, compared to only 8%he WDMS binary
exclusion box of Richards et al. [2002]. The low completsriagshe WDMS binary exclu-
sion box, coupled with the high fraction of WDMS binaries arg@ll objects in this region
in colour space (65%), implies that the number of SDSS WDMS binaries coulditze
maticallyincreased te- 4800 binaries by additional identification spectroscopthimithis
region in colour-colour space. Secondly, only 13 new WDM&bies have been identified,
four in Box 2 and nine in the WDMS binary exclusion box, whiahmplies a completeness
of our search algorithm of 100% in Box 1, 97% in Box 2, and 97i6%e WDMS binary
exclusion region, and we conclude that we have identiie2B% of the WDMS binaries

contained in the SDSS DR6 spectroscopic data base.

9.4 The final catalogue

From the analysis provided in Sec. 9.2 and Sec. 9.3 a totabauof 1591 WDMS binaries
have been identified. We refer to this list as our catalogu&/bBiMS binaries and can-
didates. The 1591 WDMS binaries are listed in Table 9.1,ttagewith their coordinates
and GALEX DR4, SDSS DR6 and UKIDSS DR4 magnitutle SALEX and UKIDSS

magnitudes are available for a total number of 1320 and 46BA8Dinaries respectively.

30n occasions multiple SDSS and GALEX magnitudes are avaif@ the same system. In these cases
we have averaged the magnitudes and obtained a single walaadh magnitude.
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Table 9.1: The complete catalogue. Coordinates, near-anadtfaviolet,ugrizandyJHK GALEX, SDSS and UKIDSS magnitudes for the
1591 WDMS binaries and candidates are also included. Dueettatge number of systems and due to space limitation othbiss, the
entire table (including also the photometric errors) is praisented here, and will be provided in the forthcoming dabion of the paper.
We use “-" to indicate that no magnitude is available.

SDSSJ re] dec[’] nuv fuv u g r i z y J H K
000152.09+000644.7 0.467040  0.112420 1845 17.90 19.03.611817.94 1750 17.25 16.51 16.05 1540 15.28
000442.00-002011.6 1.175000 -0.336560 - - 23.72 20.38 319.18.65 18.28 - - - -
000611.94+003446.5 1.549750  0.579580  21.78 - 21.38 20.90.122 19.00 1838 17.53 17.05 16.58 16.20

001029.87+003126.2 2.624460 0.523940 20.17 19.96 21.92.852019.97 19.00 1842 17.65 17.14 16.52 16.36
001247.18+001048.7 3.196580 0.180190 20.50 20.71 20.73.212019.66 18.63 1796 17.09 16.60 16.13 -
001339.20+001924.3  3.413330 0.323420 16.41 19.73 159456151555 15.63 15.89 - - - -
001359.39-110838.6  3.497493 -11.144057 17.77 17.42 18.38.43 1831 20.75 22.82 - -
001549.02+010937.3  3.954250 1.160360 20.97 20.68 21.23.862020.60 19.85 19.27 18.46 1786 17.45 17.12
001726.63-002451.1 4.360960 -0.414190 19.71 20.30 19.69.281 19.02 18.18 17.54 16.60 16.07 15.56 -
001733.59+004030.4 4.389960 0.675110 20.83 2243 22.09.792019.58 18.17 17.38 16.37 15.84 15.27 1497
001749.24-000955.3 4.455170 -0.165360 15.87 1540 16.56.861 17.03 16.78 16.47 15.75 1533 14.76 14.56
001853.79+005021.5 4.724120 0.839310 20.46 20.27 21.00.382019.64 1880 1835 17.52 17.09 16.51 16.27
001855.19+002134.5 4.729960 0.359580 2242 2212 21.60.602019.87 1897 18.38 17.54 17.09 - -
002143.78-001507.9 5.432420 -0.252190 22.20 - 22,58 19.68.39 17.02 16.30 1540 1487 1431 14.05




Table 9.2: The catalogue divided into the different WDM$elasses defined in Sec. 9.4.

type number type number
DA/M 1172 DA/M: 43
DB/M 45 DB/M: 1
DC/M 34 DA:/K 5
DA/K 48 DA/K: 8
DB/K 3 Mag/M 1
WD/M 133 (WDIM) 32
WD/K 26 (WD/K) 2
WD/M: 1 (DA/M) 4
DA:/M 27 (DCI/M) 1
DB:/M 1 (DAJK) 1
DC:/M 3

In Table 9.2 we divide the classification of our systems atiogr to their binary
components. For the white dwarfs we use the flags DA, DB, DC,WwHBn the white dwarf
type is unknown, and Mag when the white dwarf is magnetic tk@secondary stars we use
the flags M or K to refer to M-dwarf and K-dwarf companions edjvely. In cases where
the S/N of the spectra are relatively low it might become dliffi to distinguish between
the different types of white dwarfs and/or low-mass star panions outlined above. In
these cases we quote the flag followed by a colon. Finally,epeesent in brackets our
WDMS binary candidates. On the one hand we consider WDMSidates those systems
which are faint and are associated to very low S/N in their SBBectra. On the other
hand, in some cases the detection of blue or red excess irfSe2tis rather marginal, and
no GALEX (UKIDSS) magnitudes are available to confirm thestetice of a white dwarf
(low-mass star). As we are not entirely sure of the existafithe two binary components
in these cases, however thé analysis (Sec. 9.2.2) is in favour of this hypothesis and the
SDSS images (Sec. 9.2.3) do not show any particular morgtoaloproblems, we consider

these systems as WDMS binary candidates.

9.5 Stellar parameters, Distances and Radial Velocities

In Chapter 7 we developed a spectral decomposing/fittingnigoe for the analysis of

WDMS binaries with SDSS spectroscopy. This procedure 3 af®d in this Chapter to

134



determine the stellar parameters of the systems in ourocatel However two new modifi-

cations are included.

On the one hand we have additionally used as DB templates pileghlibrary of
222 high S/N DB white dwarfs from SDSS DR 4 covering the entibserved range of
Teit, and have consequently estimated effective temperatoréisef DB white dwarfs in our
catalogue. In this case, the fitting procedure follows just etep, in which the WDMS
binary spectrum is decomposed and fitted in a same fashion@sdpter 7, but using the
above DB templates instead of DA templates. The estimafedt®® temperature and the
associated error of the white dwarf component correspoan tih those of the best fit DB
template. The temperatures of the DB templates are takem Higenstein et al. [2006]'s

table.

On the other hand we have used the near- and far-ultravigdeiEX magnitudes,
when available, to constrain the effective temperaturesunfDA white dwarfs. A clear
example of this is SDSSJ082609.72+194126.3. In Fig. 9.6hee she spectral decompo-
sition of this system into its white dwarf and MS componemsdig. 9.7 the white dwarf
model fit to its white dwarf residual spectrum. This is a clegample where the fit to the
whole spectrum falls exactly on the line of maximum equimtleidth (Eq. 7.1), and con-
sequently the solution given by the line profile fit is not wadhstrained. In the top panel
of Fig. 9.8 we superimpose the cold (blue) and hot (red) wiitarf solutions from the
fitting routine, as well as the best white dwarf models and & ®tmplate fits (black) to the
spectrum of SDSSJ082609.72+194126.3 (gray). In the bagttomel of the same figure the
GALEX magnitudes (red dots), clearly constrain the whiteadvgolution (the cold in this

case) and solve the ambiguity found in our fitting procedordtis system.

Distances to the WDMS binaries were also estimated here fharbest-fit flux
scaling factors of the two spectral components, the whitarfland the MS, respectively
providing two independent estimates of the distances foh egstem (see Chapter 7 for
details). The stellar parameters and distances of the 1991 ®/binaries in our catalogue

are presented in Table 9.3.

We have also measured the RVs of 1062 systems with cleanhopreed H emis-

sion and/or NaAA 8183.27,8194.81 absorption doublet in their SDSS spetnathis, we
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Table 9.3: White dwarf masses, effective temperaturesacigravities, spectral types and distances of the 1591 \WbMaries in our
catalogue, as determined from spectral modelling. Duedoespmitations the stellar parameters for the remaining\M@binaries, as well
as notes for individual systems will be provided in the fodiming submission of the paper. We use the flggsanda, and “re” for those
systems which have been studied previously by Eisensteah ft006], Silvestri et al. [2007] and Augusteijn et al. (@), and which are

resolved WDMS binary pairs, respectively. Again, we intécidat no stellar parameters are measured with “-”.

SDSSJ type

001359.39-110838.6 DA/M
001359.39-110838.6 DA/M
001549.02+010937.3 DA/M
001549.02+010937.3 DA/M
001726.63-002451.1 DA/M
001726.63-002451.1 DA/M
001726.63-002451.2 DA/M
001726.63-002451.2 DA/M
001733.59+004030.4 DA/M
001733.59+004030.4 DA/M
001749.24-000955.3 DA/M
001749.24-000955.3 DA/M
001749.24-000955.3 DA/M
001749.24-000955.3 DA/M

MID PLT FIBTes[k] err logg err Mu[Mp] err dudlpc] err Sp dedpc] err flag

52138 652 203 17707 1294 7.83 0.29.53 0 0.16 349 61 - 354 48 re

52138 652 203 11302 59 8.67 0.27 02 1. 0.15 114 24 - 354 48 re
52518 687 455 - - - - - - - - 3 1590 313e s/

- - - 3 1590 313e s/
033 371 116 477 141 sle
477 141 sle

52518 687 455 - - -
52559 1118 280 12828 2911 7.95 0.53.58 4
52559 1118 280 15246 1139 7.76 0.2®.48 0.14 486 76 4
52518 687 153 13588 2300 8.11 0.43.68 0 0.27 374 104 4 503 148 sle
52518 687 153 15246 1585 8.02 0.30.63 0 0.19 427 83 4 503 148 sle
51795 389 614 10793 2980 7.26 1.12.29 0 0.56 673 356 4 469 138 s/re
4
2
2
2

51795 389 614 13432 3261 6.96 1.24.230 051 1013 580 469 138 s
52518 687 109 60000 3121 7.42 0.17.500 0.05 748 105 624 149 alsle
52518 687 109 6969 223 9.50 0.29 61.40.11 9 7 624 149 alsle
51795 389 112 65789 4192 8.12 0.18.78 0 0.10 419 59 570 136 alsle
51795 389 112 6000 56 9.50 0.06 1.46 - 6 1 2 570 136 alsle
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Figure 9.6: Two-component fits to SDSSJ082609.72+194126M¥DMS binary in our
sample. The top panel shows the WDMS binary spectrum as btaskand the two tem-
plates, white dwarf and M-dwarf, as dotted lines. The botmanel shows the residuals
from the fit. The SDSS spectrum identifiers MJD, PLT and FIBgiven in the plots below
the object names.

have followed the method described in Chapter 8 for the déaublet, and in Chapter 7 for

Ha. The results are provided in Table 9.4.

9.6 Discussion

9.6.1 Identification of four new PCEB candidates

The detection of RV variations identifies the object as aeld&MS binary, or PCEB
candidate (Chapter 7). In Figures 9.9 and 9.10 we show thedidiablet and td emission

RV variations measured in Sect. 9.5 for nine and 16 systegspectively displaying more
than 3 RV variations. A comparison with Figures 7.2 and 7.3 in Chaptdrives the
attention to two different issues.

On the one hand, four Naloublet close binary candidates identified in Chapter 7

do not show more thandBRV variation in this Chapter: SDSS J113800.35-001144.5%5SD
J115156.94-000725.5, SDSS J173727.27+540352.2, and $I33534.50- 001453.7. We

used here the method described in Chapter 8 to measure théoNblet RVs, and conse-
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Figure 9.7: Spectral model fit to the white dwarf componer@805SJ 082609.72+194126.3
obtained after subtracting the best-fit M-dwarf templatep Teft panel: best-fit (black
lines) to the normalised Bito He (gray lines, top to bottom) line profiles. Top right panels:
3, 5, and 16 x2 contour plots in theTes — logg plane. The black contours refer to the
best line profile fit, the red contours to the fit of the wholectpen. The dashed line
indicates the occurrence of maximunfs Hquivalent width. The best “hot” and “cold” line
profile solutions are indicated by black dots, the best fihtowhole spectrum is indicated
by a red dot. Bottom panel: the residual white dwarf speasailting from the spectral
decomposition and their flux errors (gray lines) along wite best-fit white dwarf model
(black line) and the residuals of the fit (gray line, bottom).
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Table 9.4: RVs measured from the N\ 8183.27,8194.81 doublet and the leémission
for the systems in our catalogue. Due to space limitatiorikisfthesis the complete table
will be included in the forthcoming submission of the paderthe last column we quote
with “y” and “n” those RV values obtained from spectra thatdnédeen, and have not been
combined from different sub-spectra (see Chapter 6), otisply. We use “-” to indicate
that no RV is available.

SDSSJ HJD RV(Na) err RV (&) sub.?
245 [kms] [kms1]

000152.09+000644.7 1791.8092 0.7 18.0 24.2 13.4 n
001247.18+001048.7 2519.8962 - - 12.3 15.6 n
001247.18+001048.7 2518.9219 -143 284 30.6 10.3 n
001359.39-110838.6 2138.3933 28.9 16.9 - - y
001726.64-002451.2 2559.7852  -33.7 119 -30.1 55 n
001726.64-002451.2 2518.9219 -19.8 147 -26.5 6.2 n
001733.59+004030.4 1794.7737 -3.7 12.2 - - n
001749.25-000955.4 2518.9218 -18.3 14.2 -3.2 5.9 n
001749.25-000955.4 1794.7737 -36.6 11.8 -22.8 1.6 n
001855.20+002134.5 1816.8000 41.4 255 - - n
001855.20+002134.5 1893.0883 15.0 19.8 - - y
002143.78-001507.9 2581.7411 15 10.8 - - n
002143.78-001507.9 2581.7411 15 10.8 - - n
002157.91-110331.6 3318.6951 1484 12.2 -9.1 8.8 y

Table 9.5: Upper limits to the orbital periods of the four FECEandidates found in
Sect. 9.6.1. White dwarf masses are taken from Table 9.3pexXoe SDSS J2346+4340,
where we assume of mass of 0.5Msee Fig.9.11). Secondary star masses are estimated
from Table 7.2. Kec values are obtained from Table 9.4, where we use the RN& for
SDSS J2346+4340.

SDSSJ 074329.62 081942.67 231814.73 234638.76
+283528.0 +542608.1 +003430.3 +434041.7
Porbld] 121 19 5 2
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Figure 9.8: Top: in blue the cold white dwarf solution obtadrin Fig. 9.7 plus the best-fit
M-dwarf template obtained in Fig. 9.6; in red the same butlierhot solution; in gray the
SDSS spectrum of SDSSJ082609.72+194126.3; in black datiedhe best-fit M-dwarf
template, and the white dwarf models that satisfy the coldl lamt solutions in Fig.9.7.
Bottom: the same but including the near- and far-ultrati@&ALEX magnitudes of this

object (red dots).

guently some RV offsets are expected when comparing the Rsd0 those measured in
Chapter 7. As outlined in Chapter 8, the offsets can be seiffitd move a given system ei-
ther way across our criterion to identify PCEB candidates Worth mentioning that SDSS
J113800.35-001144.5 has been studied in detail in Chapé@dBindeed no significant RV
variation has been detected for this system. In addition SD&3727.27+540352.2 and
SDSSJ 234534.50-001453.7 were flagged as PCEB candid&@@&sjter 7 due to the very
low S/N in their spectra.

On the other hand, we have identified four new systems whiokw shore than
30 RV variation: SDSS J0743+2835, SDSS J0819+5426, SDSS 302038, and SDSS
J2346+4340 (see complete coordinates in Table 9.5). SDBE&3#2835 and SDSS J2318
+0034 display significant RV movement only iroH As discussed in Chapter 8 the Na
absorption lines from the secondary star are a more robosepior RV variations, and
we consequently consider that additional follow-up spEstiopy is necessary to confirm
the post-CE nature of these two systems.N&ai doublet RV variation is detected in both

SDSS J0819+5426 and SDSS J2346+4340, which also displaysde@ment in ki, and
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Figure 9.9: Na doublet RVs for nine close binary candidates identified iot326.1.
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Figure 9.10: Same as Fig. 9.9 but for 16 systems that show thaney Ha RV variation.
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we consider these two systems to be strong PCEB candidates.
Upper limits to the orbital periods for the four new PCEB ddates have been

estimated in the same way as described in Chapter 7. Thasssvale given in Table 9.5.

9.6.2 Distribution of the stellar parameters

We present in this section distributions of surface gravitass and effective temperature
of the white dwarfs, and spectral types of the companionghieWDMS binaries in our
catalogue. We considered average values for those obj@btewiltiple SDSS spectra, and
only systems with relative errors in the white dwarf parametmaller than 25%. This
resulted in a number of 1339, 1196, 1126, and 558 WDMS bisdoiethe spectral type,
logg, Tesr, and Myq histograms, respectively (see Fig.9.11). The most stikeatures
of the distributions are similar to those provided in Chaptenvhich contain a consider-
ably lower number of systems: the most frequent white dvearfteratures range between
10000-20000 K, white dwarf masses cluster aroMigd ~ 0.5 M, the spectral type of the
companion stars are typically M3—4, and tpg 7.8 for the vast majority of white dwarfs.
In Fig. 9.12 we show thé.s, Myq, 10gg, and spectral type cumulative distributions
obtained both from the WDMS binaries studied in this Chafiikre lines), and the systems
analysed in Chapter 7 (red lines). Kolmogorov-Smirnov (KSj}s were applied to compare
both sets of stellar parameters, giving a 40%, 50%, 2% andré®apility that both WDMS
samples are drawn from the same parent population. Fronbiheasalues, thdes and
Mg distributions seem to be consistent between both subsample 2% obtained from
the logg KS test is due to the scarcity of systems belowdeg7.5 (i.e. less low-mass sys-
tems) in the WDMS binary log distribution obtained from the systems studied in Chapter 7
(see Fig. 7.9). This could be an effect of our improved meshiaddetermining the white
dwarf solutions in this Chapter, as we have the advantageAddEX UV fluxes for many
systems. Inspecting the spectral type cumulative digtdba in Fig. 9.12, the low proba-
bility obtained from the KS test is intriguing, as both distitions look like very similar.
This is probably related to the fact that the spectral typeslscrete values, and the KS test
might not be a good prescription in this case. To completeeigecise we also compared

the cumulative distributions obtained from the stellarapagters presented in this Chap-
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ter to those obtained from a volume-limited sample of singhite dwarfs [Holberg et al.,

2008, green lines in Fig.9.12]. As before, we run KS testsotmmare both subsamples,
and found probability zero in all casek, Mwg, and logg). Such result is not surprising
given the fact that a large number of white dwarfs in the WDM$aky subsample have
undergone a CE, and their properties have been modified és¢@aragraph). In addition
selection effects play an important role too (see Sec#4®.6.

The large number of white dwarfs Mg ~ 0.4 M, detected in the white dwarf
mass distribution of Fig. 9.11 is thought to be the consecgi¢inat a significant amount of
WDMS binaries have undergone a CE phase. This population¥\& binaries will pre-
dominantly contain He-core, less massive white dwarfs. maes distribution of WDMS
binaries in which the initial MS binary separation was laeg@ugh to avoid the CE phase,
will be similar to those mass distributions obtained fromgte white dwarfs, clustering at
Mwd ~ 0.6 M, [Koester et al., 1979]. An independent analysis of the whitarf mass
distribution in PCEBs and wide WDMS binaries appears tloeech worthwhile exercise,
and will be presented in Chapter 10.

The cut-off at early spectral types is a consequence of tsateeffects of WDMS
binaries in SDSS, and is discussed in more detail in Sect.9The cut-off seen for low-
mass companions might also be related to selection effestmte-type stars are dim and
will be harder to detect against a moderately hot white dwatévertheless, as already
mention in Chapter 7, SDSS samples a much broader coloue $pan previous surveys
and, in principle, should be able to identify more WDMS biearcontaining cool white
dwarfs plus very late-type companions. The relatively losgfiency of such systems in the
SDSS spectroscopic data base suggests that either SDSGeifficiently targeting those
systems for spectroscopic follow-up, or that they are natbe first place, or a combination

of both.

9.6.3 Distances and secondary star magnetic activity

In Sect. 9.5 we measured two independent distance estirftatdse WDMS binaries in
our catalogue. We compare these results in Fig. 9.13. Wadmresl average white dwarf

distances for objects with multiple sub-spectra, and dmbgé systems with relative errors
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in the white dwarf distance less than 26%This resulted in a sample of 703 WDMS
binaries.

In the top panel of Fig.9.13 we represent in black systemshichwthe distances
overlap at 1.6 level, in red objects where the distance disagreement is than 1.5. In
the majority of cases~{80%) the distances agree witlh..= dnq. The same tendency for
outliers found in Chapter 7 in whiathe. > dyg remains for~ 20% of the sample. The per-
centage of 1.6 outliers above and belods..= dyg should be~ 7%, respectively expected
for normally distributed errors. In contrast to this, theqamtage of systems withec > dyqg
is ~ 15%, and only~ 5% for the systems withsec < dyg. We adjusted the spectral type of
the secondaries to achieve the same distances, and fouragtia a change of 1-2 spec-
tral subclasses was enough for the majority of the cases.ovwsequently suggest that the
possibility that magnetic activity raises the temperamfr¢ghe inter-spot regions in active
stars that are heavily covered by cool spots, leading to er ldptical colour compared to
inactive stars, remains the best explanation for this bebav

16 systems (2.3% of the sample) in the bottom panel of Fi@. 8ekd a change of
more than two spectral subclasses to redgh= d,g. We have investigated these cases,
and found that six of these objects contain hot white dwarfere some irradiation on the
secondary is expected (SDSSJ 003221.86 +073934.4, SD350M84 -011114.1, SDSSJ
080229.99 +072858.1, SDSSJ 095719.25+ 234240.8, SDS323.00+ 043946.1, SDSSJ
141536.40 +011718.2). These WDMS binaries are consegquearitiidates to probe for RV
movemerit. Seven systems (SDSSJ 025306.37 +001329.2, SDSSJ 1085102222.7,
SDSSJ131156.69 +544455.8, SDSS J153329.88 +033301.X1I88132.21 +063901.7,
SDSSJ 204729.04 -064536.7, SDSSJ 210624.12 +004030.2¢seed in their SDSS
images, and consequently the amount of flux received fromobiiee stars is likely un-
derestimated. This translates to an underestimated fllixngdactor and distance. In one
object, SDSSJ 232624.72 -011327.2, the SIN of its SDSSrspeds low (S/N = 4.2),
and we blame this for the discrepancy found in the distanEgzally, SDSSJ 111424.65

“Note that the relative error itkecis dominated by the scatter in tS@— R relation provided in Chapter 7,
which represents an intrinsic uncertainty rather thantissitzaal error in the fit, and we therefore did not apply
any cut indseg

50nly SDSS 032510.84-011114.1 has two SDSS RV measurenreifable 9.4. No RV movement is
detected. Note though the probability of sampling the sarbitad phase is certainly present.
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+334123.7 contains a cold white dwait¢ = 8300 K), and a M9 companion. Due to the
upturn for Sp>M8.5 in the empiricalS p— R relation provided in Chapter 7 (see Fig. 7.6)
the distance measured to the secondary star is overediiflgte= 94 + 3, dyg = 73+ 7),

causing the discrepanciec > dyg.

9.6.4 Selection effects among WDMS binaries in SDSS

The large amount of data presented in this Chapter is oftguadbugh to study the selection
effects of WDMS binaries in SDSS in a more complete way thaawdised in Chapter 7. For
this purpose we have collected the stellar parameters atahdes provided in Table 9.3,
and obtained in the top, middle and bottom panels of Fig. th&4log Tes,dwd), (SP,Gvd)
and (logTe,Sp) density maps, respectively for the systems in our@giti@. Only objects
in which the relative errors in their (average) white dwafgmeters are less than 25% were
selected for this purpo8gresulting in a sample of 597, 692, and 1052 systems resphcti
in the top, middle and bottom panels of Fig. 9.14.

The top panel in Fig. 9.14 shows the (Idg,dwg) density map. It becomes clear
that whilst binaries in which the white dwarf primaries aoelker than 10000 K are detected
at shorter distances, systems with hotter white dwarf corapts can be observed at a wider
range of (longer) distances, the hottest among them theefstrt Cooler white dwarfs are
then too faint to be detected at relatively long distanced, moderately hot white dwarfs
saturate the lower magnitude limit of SDSS at shorter dégtan The majority of objects
are hence concentrated a800-500 pc, with white dwarf effective temperatures betwee
~15000-25000 K. This is in agreement with the effective terapge distribution provided
in Fig. 9.11.

Having analysed how distance effects affect the detectiamupwhite dwarf pri-
maries in SDSS, we study in the middle panel of Fig. 9.14 theesaffect for our secondary
stars. Early-type M-dwarfs are hotter, and consequentiyai the SDSS lower magnitude

limit at relatively short distances. On the contrary, latgre secondaries are cold enough

e could, in principle, have also used the distances medswithe secondaries. Note though that magnetic
activity is expected to affect the spectral type (and consptly the radii and the distances) of a large fraction
of secondary stars (Sect. 9.6.3). We consequently corsid@re the distances measured to the white dwarfs,
and quote them simply as distances in what follows.
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to be detected at shorter distances, but too dim to be olzbatVeng distances. Thus hotter
(earlier) companions are generally detected at3D0pc, and cooler (later) secondaries are

concentrated at 100— 200pc.

In the bottom panel of Fig. 9.14 we show thRg,Sp) density map. A clear trend
of decreasing thd@g; of the white dwarfs for later-type companions can clearlysben.
In other words, high white dwarf temperatures are too hoaftate-type companion to be
detected (in the optical). In the same way early spectra sgrondaries are too hot for
a cool white dwarf primary to be detected. With the above y@iglthe cut-off at early
spectral types in Fig. 9.11 can be easily explained in a abway. Selection effects then
dominate the bottom left region of th&§,Sp) density map. The scarcity of systems with
later-type (~M6) secondaries can also be seen here, and has been alresadgsed in
Sect.9.6.2. This feature might be also related to the abeieettons effects. Nevertheless,
as discussed in Chapter 7, spectral type distributions lof fdgv-mass and ultracool stars
[e.g. Reid et al., 2007, 2008] peak at SgVi4-5, and decline towards later spectral types.
Hence we suggest that the lack of WDMS binaries with latetypmpanions is probably
both an intrinsic property of the WDMS binary population andonsequence of selection
effects. Distance effects play also an important role. Tlausexample, those WDMS
binaries which contain both a hot primary and secondary corapts can not be observed
at short distances, since they saturate the SDSS magnitoile®n the contrary, WDMS

binaries containing faint stars can only be observed at slistances.

From the analysis of Fig. 9.14 we conclude that a “typical’SSEDWDMS binary
contains a M3—4 companion, 210000-20000 K primary, and is observed at a distance
~400-500 pc. Note though that the distributions presentdeidn9.14 are a combination
of the real distribution of WDMS binary properties and thieston effects in the sample.
Consequently a typical SDSS WDMS binary is unlikely to berespntative of the “real”

(corrected for selection effects) WDMS binary population.

The top and middle panels of Fig.9.14 help in understandimghtmess limited
selection effects of WDMS binaries in SDSS. In order to athid it becomes necessary to
use different magnitude limited surveys from SDSS, withdowand larger magnitude cuts

respectively. The bottom panel of Fig. 9.14 helps to undadselection effects related to
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the spectral appearance of WDMS binaries. Detection oésystvith hotter white dwarfs
and later-type companions is then most likely to arise framuse of infrared magnitude
surveys such us UKIDSS or 2MASS. In the same way, to identifyl ahite dwarfs with

early-type dominated M-dwarfs it is necessary to make ubduefsurveys such as GALEX.

9.7 Conclusions

We have presented a catalogue of 1591 WDMS binaries fronpinarescopic SDSS DR6.
We have used a decomposing/fitting technique to measurdfdutive temperatures, sur-
face gravities, masses and distances to the white dwarigelagas the spectral types and
distances to the companions in our catalogue. Distribstiomd density maps obtained from
these stellar parameters have been used to study both taebproperties and the selec-
tion effects of WDMS binaries in SDSS. A comparison betwdmndistances measured to
the white dwarfs and the MS companions shalyg > dyg for ~20% of the systems, a
tendency found in previous Chapters. We suggest that theliliy that magnetic activity
raises the temperature of the inter-spot regions in actaes shat are heavily covered by
cool spots, leading to a bluer optical colour compared tatina stars, remains the best
explanation for this behaviour. We also provide RVs for 108RMS binaries measured
from the Na AA 8183.27,8194.81 absorption doublet and/or tledthission line. Among
the systems with multiple SDSS spectroscopy, we find four VWM S binaries exhibiting
significant RV variations, identifying them as PCEB cantida
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Chapter 10

Discussion and Conclusions

I conclude my thesis with this Chapter, in which | discussrémults obtained by our on-
going project at the present date, e.g. November 2008. irtimake use of the analysis
provided in Chapters 7, 8 and,%nd also use data that have not been published yet, but
will be in the near future. The inclusion of these data presid more complete and robust

analysis. | will also outline my future research plan.

10.1 The orbital period distribution of SDSS PCEBs

Currently, we have observed 244 WDMS binaries, of which 8@Hhaeen identified as
PCEBSs, and 42 had their orbital periods measured, includisg the seven orbital peri-
ods measured in Chapter 8. | show in Fig. 10.1 the orbitabgedistribution of these 42
systems. This histogram represents an homogeneous setestgple of PCEBSs, but is
still subject to selection effects. Orbital periods of salSEGUE PCEBs have also been
already measured (Nebot Gbmez-Moran, private commtioiga and it is expected that
the inclusion of these data will help in solving the obsdoral bias in SDSS. Inspecting
Fig. 10.1 it becomes clear that the number of long period P<IES increased in compari-
son with the orbital period distribution shown in Chaptef8is confirms our Monte-Carlo

simulations that showed that our survey has the potentifihnding PCEBs with orbital

1in the following sections | do not include systems identifasdPCEB candidates in Chapters 7 and 9 that
have not yet been confirmed as definite close binaries by onrfolew-up observations
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Figure 10.1: Orbital period distribution of current SDSSHES. The accumulation of
systems at periods shorter than a day suggests that the CiEreffi is less than frequently
assumed.

periods in the range-1-10 days. Nevertheless the number of long period PCEBd4llis st
rather low compared to the number of short period systenppating the hypothesis of
the PCEB orbital period distribution peaking R, < 1 day. The orbital energy of the
binary hence might be less efficiently used (lower CE efficygmo expel the envelope than
frequently assumed. In addition, the decrease of the nuailf&CEBs af,, > 1 day seems
to imply that they-formalism in its present form might not be an adequate datsmn of
the CE phase, as a more pronounced tail towards longer lopeit@ds is expected in this

formalism.
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10.2 The PCEB fraction

The analysis provided in Chapter 7 resulted in 45% fraction of PCEBs among a sample
of 101 SDSS WDMS binaries with multiple SDSS spectroscopiiade shown that this
number is likely to be a lower limit. Since 89 of the 244 systdor which we have follow-
up observations show more tham RV variations in the NaAA 8183.27,8194.81 absorption
doublet, this implies a PCEB fraction ef 1/3. This result is considerably higher than the
value estimated by population synthesis studies [Willemkatb, 2004], and more than
doubles the PCEB fraction measured in Chapter 7.

In the bottom panel of Fig. 10.2, | show the distribution of abserved systems
(WDMS binaries in white, PCEBs in gray) according to the $fadype of their secondary
components, and show the PCEB fraction for each spectralitythe middle panel of the
same figure. Making use of tt&p— M relation for M-dwarfs provided in Chapter 7, | give
also values of secondary masses in the top of the bottom pérad. 10.2. The PCEB
fraction appears to increase for later-type secondaribss i$ confirmed by a linear fit to

the solid dots in the middle panel of Fig. 10.2 (red dasheg)lin

N
GCEB — (0.07+0.03) x Sp+ (0.17+0.14) (10.1)
All

Thex? of the fit is 19.7. In addition | also fitted a constant functigneen dashed line), in
which case the? is 61. It is expected that if these two models, linear and teons/alue
fits, produce minimuny? valuesxg andxf, respectively then the quantity

(X —x3)/(mp —my)

T en-my)

9

wherem; andny, are the number of free parametens & 1, andm, = 2 in our case), and
is the number of points, follows af(m, — my;n—my) distribution. In our cas& = 12.6,
and the 95th and 99th percentiles fof1,6) give 6.6 and 13.7 respectively. This result
implies that, even though the? of the linear fit is considerably lower, a constant value fit
can not be completely ruled out.

In order to account for distance effects | represent in tpeptanel of Fig. 10.2 the
average distances of the observed systems for each spgpieal In agreement with the

density diagrams provided in Chapter 9, the average distane 500 pc. This excludes
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that we have a magnitude-distance bias against wide lownlosity WDMS binaries, and
consequently the PCEB fractions for the different specinatypes are likely real.

An increase of the PCEB fraction in the range M3-M4 has beedipted in the
context of the disrupted MB model [Politano & Weiler, 2006e<Chapter 1]. The reason is
that the evolutionary time scales on which PCEBs evolve @W¥s becomes dramatically
longer if MB ceases for fully convective secondaries. Altgb suffering from low number
of statistics, by analysing the distribution of PCEB se@gdstar masses in the bottom
panel of Fig.10.2, one may interpret this result as an inidinefor a discontinuity in the
dependence of the relative number of PCEBs on the specpal @f the secondary, as

predicted by Politano & Weiler [2006].

10.3 The white dwarf mass distribution in WDMS binaries

Our follow-up observations have led to the identification88f PCEBs, and 155 wide
WDMS binary candidatés Statistically speaking, these numbers are large enougioto
vide robust distributions of the stellar parameters in tmthsamples, PCEBs and wide
WDMS binaries, and also robust distributions of the paransefor the combined popula-
tion, PCEBsplus wide WDMS binaries. In this section | study the distributiohwhite
dwarf masses in the overall sample of our observed WDMS igisaand also in both our
PCEB and wide WDMS binary subsamples. With this | attemptdiofiem that the low
mass peak at 0.4Mq identified in the mass distribution of single white dwarfagsoci-
ated with a binary origin [Willems & Kolb, 2004; Liebert et a2005].

In Fig. 10.3, | show in black the white dwarf mass distribatiof all WDMS bi-
naries, in dark gray the white dwarf distribution of our wM#MS binaries, and in light
gray the white dwarf mass distribution of our PCEBJhe overall distribution of white
dwarf masses peaks at My, (see Chapter 9), and shows also a “high” mass peak at 0.9
Mg . This latter feature has been also identified in mass digtobs of single white dwarfs

[Liebert et al., 2005], and is supposed to be a consequentefers of low mass double

2Note that all PCEBs with periods longer thai 0 days will be considered as wide WDMS binaries, as the
detection probability for PCEBs withyi, = 10 days is low (see Chapter 8).

3The white dwarf masses, as well as the remaining stellanpeters in the following sections, are taken
from Chapter 9.
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Figure 10.2: Bottom: Distribution of PCEBs (gray) and WDM8dries (white) according
to the spectral type of their companions. Secondary stasesaare indicated in the top of
the panel. Middle: PCEB fraction among our observed WDM%uhas. There is a clear
tendency to an increased PCEB fraction for later-type PGEeBrsdaries. This is confirmed
by alinear fit to the data (red dashed line). The green dagmeddpresents a constant value
fit to the data. Top: average distances of the observed sgstem
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Figure 10.3: White dwarf mass distribution for all our ohssr WDMS binaries (black),
PCEBs (right panel, light gray), and wide WDMS binariest(jfefnel, dark gray). The peak
at 0.4Mg in the distribution of PCEB white dwarf masses confirms thpdtlgesis that
these systems have undergone a CE phase.

degenerate stars. The 0.5 and BI§, peaks are also detected in the distribution of wide
WDMS binaries (see left panel of Fig. 10.3). The fact that ee a peak at 0.Bl, in the
mass distribution of wide WDMS binaries suggests that aageftaction of these objects
might be descendents of triple systems.

A peak at 0.4Mq, is not detected in the white dwarf mass distribution of wide
WDMS binaries. Nevertheless, it is clearly evident in thatevdwarf mass distribution of
PCEBs (see right panel of Fig. 10.3). Since these systenss Unradergone a CE phase, |
can confirm from the mass distribution of PCEBs provided mrilght panel of Fig. 10.3,
that the low mass peak at QM in the global distribution of single white dwarfs is indeed
related to binary evolution, as previously suggested.

As a final exercise we obtained the wide WDMS binary (red lene) PCEB (blue

line) white dwarf mass cumulative distributions (see F@j4), and use a KS test to compare
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Figure 10.4: PCEB (blue line) and wide WDMS binary (red lind)ite dwarf mass cu-
mulative distributions. The probability obtained from a kSt for the hypothesis of both
subsamples being consistent is 10%.

both subsamples. We found a 10% probability for the distioims being drawn from the
same parent population, which supports the idea of both WIS binaries and PCEBs

white dwarf mass subsamples being independent.

10.4 The white dwarfM — Rrelation

The fitting procedure developed in Chapter 7 for determirnirggstellar parameters of the
white dwarfs in our WDMS binaries assumesMn- R relation for white dwarfs obtained
from an updated version of the Bergeron et al. [1995b]'setmblThese relations are de-
veloped for C/O-core white dwarfs, but extend also belovM:5 where white dwarfs are
expected to predominantly contain He cores. A crucial goiess obviously if these rela-
tions provide reliable values of mass and radius below thig for our white dwarfs. To
answer this | show in Fig. 10.5 thd — R relations from Panei et al. [2000] forBs =
15000 K white dwarf containing a He- (top left), a C- (top fighand an O-core (bottom

left), with or without a H/He envelope/envelopes. Panei ef2900] assume a H mass en-
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velope ofMy/Mwp = 3 10~“ in their He-core models, and a H and He mass envelope of
My /Mwp = 105 and Mue/Mwp = 102 respectively for their C- and O-core models. In
black dots are shown thd — R relation used in this thesis for the same effective temper-
ature. The C/O relations are in reasonably good agreemémtowis even below OM.
The He-core relations are also in reasonably good agreemignurs when no H envelope
is considered, but predict larger radii than oursNbgp < 0.35M when a H envelope is
included in the models. Given that we do not knb#/Mye in our white dwarfs, using
Bergeron et al. [1995b]'81 — R relations is as good as any other guess. In addition, the
number of white dwarfs with masses belew0.35M, is very low (see Fig. 7.9, Fig. 9.11,
and Fig. 10.3), and | conclude that the effect of increadimgnthite dwarf radius in the low
mass range does not dramatically affect the white dwarf madsadius distribution of our
WDMS binaries.

The fact that larger white dwarfs radii might be expecteawet 0.35M, could,
in principle, explain the distance disagreement found @visus Chapters (in whicthe. >
dwy for ~ 20% of the WDMS binaries), since a larger radius implies gdawhite dwarf
distance. In the bottom right panel of Fig. 10.5, | show thetevmass distribution of all
outliers @sec> dwd) in Fig. 9.13. As one can clearly see, very few white dwarfgehaasses

< 0.35M@, and consequently this feature can not reconcile the distproblem.

10.5 A test for magnetic activity

Recently West et al. [2008] studied the age-activity retaifor cool (M-dwarf) stars, and
concluded that young stars are, in general, more activedlun stars. In other words, the
fraction of active stars increases with decreasing the dBalleight at all spectral types.
In Chapters 7 and 9, a relatively large percentag2086) of WDMS binaries show larger
distances measured from the secondaries than those abfeame their white dwarfs. |
have shown that these objects are likely to contain magitiactive companions.

As a test for this hypothesis | provide in the bottom panel igf £0.6 the distri-
bution in Galactic height of all WDMS binaries in our cataleg(black, see Chapter9),

together with the distribution of all WDMS binaries contaip candidate active compan-

159



TT T TTT T TTT | T TTT | TT [ T T | T T T T | T T ]
6 __ He core __ i . C core + He env.]
L He core + H env.] 2 :— C core + He env.—:
® B B + H env.]
g I o ]
o 40 - ]
" N i
o B '_ .
O - C ]
T2 - -
- Panei et al. 2000 - :_ Panei et al. 2000 _:
- Teff = 15000 k .  Teff = 15000 k ]
|| | | | | | | | | | | L1 O 1 1 1 1 1 1 1 1

02 0.3 04 0.5 0.5 1

MWD/MO MWD/MO
[ T T | T T T T | T T ] _| LI | LI | T 1T 1T 1]
C . O core + He env.] 50 :_ _:
2 F 0 +H ] C ]
n core e env—: 40 d E
Qf.O - + H env.: : :
S LsE 1 30F 1
x - 1% - ]
S 1r g 20 F -
— C ] B .
0.5 :_ Panei et al. 2000 _: 10 :_ _:
T Teff = 15000 k ] C 7

O L1 IR R T O I T

0.5 1 0 0.5 1

1\/IW'D/I\/I(D MWD/MG)

Figure 10.5: Top and bottom left panels: comparison ofNhe R relation used in this
thesis (black solid dots) and those provided in Panei et280Q] (blue and red straight
lines) for aTe = 15000 K white dwarf. Bottom right: white dwarf mass distrilon for the
WDMS binaries studied in Chapter 9 in whidgs. > dyqg (relative error in the mass is 20%
or less). The low number of systems belew0.35M, indicates that an increase Rwp
can not explain the distance disagreement found in prev@itapters (see text for details).
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ions (i.e. systems in which the distance to the secondarybe larger than the distance
to the white dwarf, gray) In the top panel of the same figure | give the fraction of activ
systems to the total number of systems.

A clear tendency of increasing fraction of active systeniswéer Galactic heights
(younger secondaries) can be seen. A linear fit to the dadadé&shed line) confirms this
tendency and supports our suggestion of magnetic actigitgiog the discrepancy between

the distances found in previous Chapters.

10.6 Active secondaries as a product of close binarity?

M stars in close binaries rotate faster than single M staflgl gtars in wider binaries, in
general [Cardini & Cassatella, 2007]. Since fast rotatoesexpected to be more active
[Delfosse et al., 1998], then close binarity and activityour PCEBs may be related. In
order to check this | show in Fig. 10.7 the distances meadwédto the secondaries and
to the white dwarfs for our observed WDMS binaries. As in thevpus Chapters, | con-
sidered only those systems with relative error of less thi ih the white dwarf distance.
This resulted in a sample of 166 WDMS binaries. PCEBs areesgmited in cyan dots.
In dark gray | show systems in which the distances overlapat fevel, in red WDMS
binaries where the distance disagreement is more than THe same tendency for outliers
found in previous Chapters can be seen-il7% of the sample. If secondaries in which
dsec > dywg are active, then the same amount of close and wide WDMS camuinel among
the systems containing active secondaries. Consequeatipetic activity and close bina-
rity, i.e. fast rotation, in our M-dwarf sample seem to be medated.

Recently West & Basri [2008] showed that rotation and magragtivity in single
late-type M-dwarfs might not always be linked, in agreemeitlh the above results. Nev-
ertheless, it has to be stressed that once the primary evtiiveugh the AGB, sufficient
angular momentum might have been transferred to the segomiaducing wind-induced
rapid rotating stars [Jeffries & Stevens, 1996]. We wouldest then a fraction of (wide)

WDMS binaries containing rapid-rotating secondaries. Asrassequence these secondaries

4The Galactic heights have been obtained using the distaneasured for the white dwarfs. In addition
only systems in which the relative error in their white dwdigtances is less than 25% were considered.
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Figure 10.6: Bottom left: distribution of WDMS binaries Wwitandidate active companions
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secondary candidates increases at lower Galactic heighisder systems), supporting the
idea of these binaries containing magnetically active camyns.
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Figure 10.7: Comparison of.candd,q for our observed WDMS binaries. In dark gray are
shown systems whose distances agree & level, and in red those whose distances are
1.50 outliers. The same tendency of outliers found in previouap@érs can be seen here.
Cyan dots represent PCEBs. Roughly the same amount of aidseide WDMS binaries
can be found among the WDMS binaries that contain activergites, indicating that

magnetic activity might not be correlated with close bityaffast rotation) in our PCEB
M-dwarf sample.

would show high levels of magnetic activity, leaving our btipesis of magnetic activity and

close binarity not always being linked as inconclusive.

10.7 Colour-colour diagrams and colour-cuts of WDMS bina-

ries

A feature unexplored in Chapter9 is the use of GALEX-SDSSEBS magnitudes to
study the distribution of WDMS binaries in colour-colouragrams, and the search of
colour-cuts for this kind of system. | briefly show in this 8en that WDMS binaries can be
very efficiently separated from single MS stars when usingralined ultraviolet, optical,
and infrared colour selection. For this purpose | provid&im 10.8 the (nuwi,nuv—H),

(i—J,J—H), u—g,g—r), and (fuv-nuv,r — 2) colour-colour diagrams for the WDMS
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binaries in our catalogue (Table 9.1, excluding all WDMSdbyncandidates) and all SDSS
stellar sources. A general feature evident in all diagraatisat a certain number of systems
appear to be outliers from the apparent locus of WDMS bisalitave investigated these
cases and found that in the majority of cases these objextesanlved pairs in SDSS. In
these cases a large photometric error is expected from tilerdbng applied by the SDSS
photometric pipeline (see Chapter 9).

WDMS binaries can be efficiently separated from the maindanuMS stars by

applying the following colour-cuts to the four colour-cotadiagrams provided in Fig. 10.8,

respectively:
(nuv—i) < —0.85+0.83x (nuv— h) (10.2)
03<(j—H)<07 (10.3)
(i—-J)>12 (10.4)
(i—J)>04+1.85x% (j—H) (10.5)
(u—g) <0.93-0.27(g—r) —4.70(g—r)>+1238(g—r)3+ (10.6)

3.08(g—r)*—-2219(g—r)°+16.67(g—r)®—3.89(g—r)’

-05<(g—r)<15 (10.7)
(r—z>-03 (10.8)
(fuv —nuv) < 0.85+39x% (r —2) (10.9)

A more complete colour-cut selection analysis for WDMS hemusing different
combinations of GALEX-SDSS-UKIDSS magnitudes seems to bh@ihwhile exercise

(see next section).

10.8 Future work

10.8.1 PCEB studies

The major task of our project is to identify and follow-up #8o0WDMS binaries that have

undergone a CE phase. Future follow-up observations wilieimse both the number of
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et al. [1998].

identified SDSS PCEBs and wide WDMS binaries, and the numbeareasured PCEB
orbital periods. Hence we will be able to improve the statsdf the distributions presented
in the above sections, and constrain further the theory oluéen of compact binaries:
to confirm or disprove that MB is indeed disrupted we need émiify at least 100 new
PCEBsSs; to identify the long period end of the PCEB populatiee need at least- 50
PCEBs with long orbital periods (5-50 days); in order torastie the strength of AML we
need orbital periods of 300 PCEBs at different times of PCEB evolutiofiz{ ~ 8000-
40000 K, which translates to white dwarf cooling ages-d& x 10° to ~ 2 x 10°). To sum
up, solving the three most important problems in close pieaplution needs a sample of

~ 300— 500 systems.

10.8.2 A catalogue of WDMS binaries from SDSS DR 7

SDSS DR 7 has just been released, and it is expected that ificsighnumber of new
WDMS binaries have been observed. An analysis such as thdesoeibed in Chapter 9
is desirable to identify these new systems. This will consetly update our catalogue of

WDMS binaries, and also provide new and updated distribstiof WDMS binary stel-
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lar parameters. In addition, the number of WDMS binarieslabke for future follow-up

studies will also increase.

10.8.3 Physical properties of white dwarfs and M-dwarfs

The number of eclipsing WDMS binaries has increased in theftaw years, and more
eclipsing systems remain to be discovered. NeverthelebstheS p— R relation provided
in Chapter 7, and the theoretical Baraffe et al. [1998} Rrelation still can not match the
observational results (see Fig. 10.9). The same occurstintbeM — R relation of white
dwarfs and single M stars (see Chapter2). The identificationew eclipsing WDMS
binaries will provide new empirical values that will helpagonstraining thé& p— Rrelation

for M stars, and also thiel — Rrelations of both white dwarfs and M-dwarfs.

10.8.4 WDMS colour-cuts

A good colour-cut selection of WDMS binaries is necessaridémtify those WDMS bi-
naries that have not been spectroscopically followed-Upi$S. In this thesis it has been
demonstrated that the combination of GALEX-SDSS-UKIDSSniaides is a powerful
tool to isolate WDMS binaries from other stellar sourcese Tike of red and blue surveys
such as GALEX and UKIDSS will also increase the number of WDbitfries containing
cold white dwarfs and later-type companions, and conselyuesill help in solving the

biassed selection of WDMS binaries in SDSS.

10.8.5 Future Surveys

In the following years different sky surveys from SDSS wilbpide data releases that might
help in improving the study of WDMS binaries. Thus, surveyshsas Pan-STARRS, and
LSST will map very large sky areas in search of objects thatevamd/or vary, among them
eclipsing WDMS binaries and CVs. Accurate distances willde¢éermined for approxi-
mately 2.5 million stars by the GAIA mission. Identifying S8 WDMS binaries among
these objects will fix the distance of these systems, andecuesitly their white dwarf
radius, which would help in constraining also the white dwdr— R relation (since we

determined their masses in an independent way).
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