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I provide observational constraints on the size and period distribution of the Galactic
cataclysmic variable (CV) population, and derive the implications that these constraints
have for the theory of CV evolution. The results are based on quantitative modelling
applied to three observational CV samples, two of which are newly constructed here.

Large differences between the size and other properties of the known sample of CVs
and the predictions of the theory of binary star evolution have long been recognized.
However, because all existing observational CV samples suffer from strong selection effects,
observational biases must be taken into account before it is possible to tell whether there
are real inconsistencies. In order to address this, I implement a Monte Carlo method to
model selection effects in observed CV samples, and make a new measurement of the space
density of CVs. ‘ '

I illustrate the effects of the biases that are introduced by several of the most common
observational strategies for identifying CVs. Also, by simulating the selection criteria of
the Palomar-Green (PG) Survey, I show that selection effects cannot reconcile the relative
sizes of the long- and short-period CV populations predicted by standard CV evolution
theory with the observed sample. '

“The selection criteria used to define most CV samples (including the PG sample)
discriminate heavily against the discovery of intrinsically faint, short-period systems. The
situation can be improved by selecting systems for the presence of emission lines; I have
therefore constructed a homogeneous new sample of 17 CVs, selected on the basis of Ha
emission from the AAO/UKST SuperCOSMOS Ha Survey (SHS). I present observations
of the CVs discovered in this search, and use the sample to constrain the properties of the
intrinsic CV population. I show that .even very generous allowance for selection effects is
not sufficient to reconcile the ratio of short- to long-period CVs predicted by standard CV
evolution theory with the observed sample, confirming the result based on the PG survey.
The most likely implication is that short-period systems evolve faster than predicted by
the disrupted magnetic braking model. This would require that an angular momentum
loss mechanism besides gravitational radiation acts on CVs with orbital periods below the
period gap. To bring the model into agreement with observations, the rate of angular
momentum loss below the period gap must be increased by a factor of at least 3, unless
the model also overestimates the angular momentum loss rate of long-period CVs.

In order to constrain the size of the Galactic CV population, I construct a small, but
purely X-ray flux-limited sample of CVs, using the ROSAT North Ecliptic Pole (NEP)
survey. The sample includes only 4 systems, 2 of which are new discoveries. Orbital periods
are measured for both these systems from time-resolved spectroscopy, and the distances
of all the CVs in this sample are estimated. The space density of the CV population
represented by the sample is 1.1:%:3 x 1079 pc~3. I also place upper limits on the space
density of any population of CVs too faint to be included in the NEP survey—if the overall
space density of CVs is as high as 2 x 107 pc~3 (as has been predicted theoretically), the

_ vast majority of CVs must have X-ray luminosities below ~ 2 x 10% ergs™!.
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Chapter 1

Introduction

Cataclysmic variable stars (CVs) are amongst the most dramatically and frequently vari-
able objects in the sky. Their variability fueled early interest in these stars, and this has
been sustained for well over a century now. CVs have been detected at all wavelengths from
radio to «y-rays, and they vary on time-scales ranging from seconds to millions of years, as
the result of several distinct physical mechanisms. It was realized several decades ago that
CVs are binary stars and almost immediately suspected that the rich phenomenology is
related to binarity (e.g. Joy 1954; Walker 1954; Kraft 1964). '

Most stars are believed to occur in binary or multiple systems (but see Lada 2006),
and in a significant fraction of these systems the stars interact by exchanging mass. This
changes the evolution of the stellar components from that of isolated stars, and also has
implications for several very diverse areas of study. For example, nova eruptions, which
result from the accretion of hydrogen-rich material onto the surface of a white dwarf,
influence the properties of the interstellar medium and the chemical evolution of galaxies
(e.g. Amari et al. 1990; Shara & Prialnik 1994; Kolb & Politano 1997; Gehrz et al. 1998);
CVs are important in the study of Galactic X-ray and ~-ray source populations (e.g.
Muno et al. 2003; Barlow et al. 2006; Heinke et al. 2008); and binary stars are probably
responsible for the far-UV excess in elliptical galaxies (Han et al. 2007). Another strong
motivation for the study of accreting white dwarfs in binary systems is that they are the
likely progenitors of Type la supernovae (e.g. Whelan & Iben 1973; King et al. 2003;
Starrfield et al. 2004).

Despite its importance, the evolution of binary stars is not nearly as well understood as
stellar evolution, and the development of more successful binary evolution models requires
observational constraints. CVs provide a useful testing ground for theories of binary star
evolution. This is because (i) CVs are a frequent outcome of common envelope evolution (a
phaée that many other types of close binaries pass through), (ii) there is a known sample of
CVs large enough to be indicative of the general properties of the population, and (iii) the
angular momentum loss mechanisms driving the evolution of CVs also play an important
role in the evolution of many other-types of binaries. Processes controlling the evolution
of CVs depend almost entirely on the properties of the red dwarf, and likely determine the




evolution of all close binary systems containing a late-type component. CV evolution thus
has very wide applicability, which includes specifically the evolution of low-mass X-ray
binaries (a review of low-mass X-ray binary evolution may be found in Verbunt & van den
Heuvel 1995; see also Pfahl et al. 2003, Kiel & Hurley 2006, and Yungelson et al. 2006 for
more recent resﬁlts). In fact, it is likely that supersoft X-ray sources (objects with very
soft X-ray spectra and luminosities near the Eddington limit, believed to be powered by
steady nuclear burning of accreting material on the surface of a white dwarf; e.g. Kahabka
& van den Heuvel 1997) are essentially CVs in a peculiar evolutionary phase (e.g. Schenker
et al. 2002).

The evolution of CVs sets the boundary conditions for the accretion processes in these
objects. Accretion is the most efficient source of energy in the universe, and a very impor-
tant astrophysical process, but is still poorly understood. In many cases accretion takes
place via a thin disc of material orbiting a compact object at its centre. Such accretion
discs are very commonly occurring structures and therefore relevant in many branches
of astronomy. Gravitational potential energy released by the infall of material from an
accretion disc is known to be the principal source of energy in several types of close binary
systems, and many more binary stars form' discs at some stage of their evolution. Accre-
tion discs around young stellar objects allow for gravitational collapse while conserving
angular momentum and are the structures out of which planets form. Active galactic
nuclei are amongst the most energetic objects in the universe and are believed to be pow-
~ ered by accretion of matter from the inner galactic disc onto a supermassive black hole.
Astrophysical jets (collimated, bipolar outflows) are commonly associated with accreting
compact objects and represent an important power output mechanism in such systems.
The key to understanding all these exotic ob jécts is the study of accretion, and the best
opportunity to observe and understand accretion is offered by CVs.

With the increase in the number of CVs with orbital period measurements came the
realization that the ‘period distribution is very structured (Warner 1976 first pointed out
that the distribution is bimodal). It was recognized early that mass transfer in CVs
requires steady loss of angular momentum from the binary orbit (e.g. Kraft et al. 1962;
Paczyniski 1981), which leads to orbital period evolution. This means that the orbital
period of a CV gives an indication of its evolutionary state, and that it should be possible
to use the period distribution of the observed CV population to study the evolution of
CVs. ' _ ’

Guided mainly by the observed period distribution, a model for CV evolution has been
developed, but many challenges concerning the evolution of CVs remain. The standard
model of CV evolution at least crudely matches many of the properties of the observed CV
population, but fails in several details. Specifically, the observed period distribution differs
markedly from that of the predicted intrinsic population. However, existing observational
CV samples suffer from strong, complicated selection effects, and these must be taken into
account before theory can be confronted with observations in a meaningful way. The most
important shortcoming of comparisons between the predicted and observed properties




of the CV population has to date been the treatment of selection effects. Also, almé)st
all usefully large CV samples suffer from the same selection effects, because they were
constructed in similar ways. These biases produce large systematic errors in the inferences
that are observationally made. _

Another fundamental prediction of CV formation and evolution scenarios is the overall
space density of CVs. Even this differs by an order of magnitude between various theo-
retical studies, in part because of uncertainties concerning the lifetime of CVs, and our
understanding of the formation of CV's. Much of the theoretical difficulty results from the
lack of quantitative observational constraints—observational measurements of the space
density of CVs spanning more than two orders of magnitude have been reported.

It is therefore at present not clear whether theory really is inconsistent with obser-
vations, and, if so, hpw the standard theory should be adjusted, or whether it has to be
discarded.

The evolution of CVs is the subject of this thesis. I provide observational constraints
on the orbital period distribution and size of the Galactic CV population, and examine
the implications that these constraints have' for CV evolution theory.

A computational method for quantitatively assessing the impact of selection effects
on observational CV samples is presented in Chapter 3, and applied to quantify the se-
lection effects in the Palomar—Green Survey. I also construct a new CV sample, free from
some of the most common observational biases, by selecting emission line objects from
the AAO/UKST SuperCOSMOS Ha Survey. The selection procedure and observations,
as well the implications of the resulting Ha-selected CV sample for CV evolution, are
presented in Chapter 4. The Ha-selected and Palomar—Green CV samples, together with
the modelling of selection effects, provide constraints on the period distribution of CVs,
and have implications for the rate at which CVs evolve. In Chapter 5, the ROSAT North
Ecliptic Pole Survey is used to place constraints on the space density of CVs. The results
and implications of these separate studies are reviewed together in Chapter 6, and the con-
clusions are summarized in Chapter 7. First, however, I introduce some of the necessary
background on CVs, and review our knowledge of the evolution of CVs (Chapter 2).




Chapter 2

An overview of cataclysmic variables and

their evolution

This chapter provides an outline of the phenomenology of CVs, as well as of our under-
standing of these systems, and their formation and evolution. I start by introducing CVs
in terms of Roche geometry, and then give a brief overview of some important aspects
of accretion, as well as of the structure, spectral energy distribution (SED), and classifi-
cation of CVs. The standard theoretical picture of the formation and evolution of CVs
is described in slightly more detail, together with some properties of the observed CV
population. Finally, I discuss several alternative evolutionary scenarios. |

The most comprehensive review of CVs may be found in Warner (1995). Another
useful, but much less complete, review is given by Hellier (2001).

2.1 Roche geometry

In a binary star system where the orbits are circular, the orbital angular velocity in an

inertial frame is given by Newton’s generalization of Kepler’s third law,

|G(My + M) :
Qorp = ‘(‘;3—2")‘ Z, : (2'1)

where 2 is a unit vector perpendicular to the orbital plane, a is the orbital separation,
and M; and M, are the masses of the stars (M; will be used to denote the mass of the
accreting star, and M» the mass of its companion, throughout). The orbital period is

P, = 27w /Qyp. Assuming that both stars can be approximated as point masses, the sum

of the gravitational and centrifugal potential in a reference frame rotating with the binary _

is
GM; GM, 1 . 5 ,
—Ir——'l"ll _- " —2(wa><7-) (2.2)

‘I’R(’I‘) =

. (e.g. Frank et al. 1985), where r; and 7y are the position vectors of the centres of the

stars. ®gr(r) is called the Roche potential. It can be shown (e.g. Warner 1995) that




Figure 2.1: The intersection of Roche equipotehtial surfaces with the orbital plane for a binary
with ¢ = 0.25. The equipotentials are numbered 1 to 4 in order of increasing ®,. The centre of
“mass as well as the Lagrangian points are shown. Taken from Frank et al. (1985).

the shapes of the Roche éduipotential surfaces ®p = const depend only on the mass ratio
q = My /M, while their overall scale is a function of a only. Fig. 2.1 shows the intersection
of a few equipotential surfaces, for a ¢ = 0.25 binary, with the orbital plane. ®g has five
stationary (or Lagrangian) points; these are indicated in Fig. 2.1. L;, Lo, and L3 are
saddle points, while Ly and Ls are maxima. Of particular interest is the double-lobed
equipotential surface that contains the inner Lagrangian point, L; (shown in Fig. 2.1 as
a heavier curve). The two lobes of this equipotential surface are called the Roche lobes of
the stars, and are the largest closed equipotentials that can contain the respective masses
of the stars.

Since the stellar surface must coincide with.an_ equipotential, a component of a binary
system will be close to spherical if it has a radius that is sméu relative to its Roche lobe,
while an increasingly larger star will have a more and more distorted shape, until it fills its
Roche lobe. A binary system is called detached if both stars lie within their Roche lobes, a
contact binary if both stars fill or exceed their Roche lobes, and a semi-detached binary if
only one star fills its Roche lobe. In a semi-detached binary, any outward perturbation of
the envelope of the Roche lobe filling star in the region of the L; point causes mass to be




transferred into the Roche lobe of the other component, where it ultimately accretes onto
that star. Accretion by this process is called Roche lobe overflow. CVs are semi-detached
binary stars, consisting of a white dwarf (the primary star) accreting from a lower mass
secondary (usually a late-type, approximately main-sequence star) through Roche lobe
overflow.

The assumption that the stars can be approximated as point masses holds for a CV
because the mass of the secondary is sufficiently centrally condensed, and the primary is
very small compared to the size of its Roche lobe. Furthermore, tidal interaction in a CV
locks the rotation of the secondary to its orbital motion, and removes any eccentricity that
may initially' exist in the orbit. This happens on a time-scale that is short compared to the
lifetime of a CV (e.g. Tassoul 1988; Abt & Boonyarak 2004), and means that equations
2.1 and 2.2 are valid?.

2.2 The structure and spectral energy distribution of CVs

In this section, I describe the structure of CVs, together with their emission, focusing on
non-magnetic systems. The structure of magnetic CVs differs from that of non-magnetic
CVs mainly in the geometry of the accretion flow, which is altered by a strong white
dwarf magnetic field (see Section 2.3 below). The presence of the magnetic field, and the
resulting change of accretion geometry to almost radial infall, also affects the SED.

2.2.1 The accretion disc and bright spot

The reason for much of the interest in CVs is their accretion discs. Accretion discs, as
well as their formation, are reviewed by Pringle (1981) and Verbunt (1982).

When mass transfer first begins, material enters the Roche lobe of the primary at the
L1 point with initial velocity (perpendicular to the orbital motion) close to thé isothermal
sound speed in the gas (c). It is then accelerated as it falls towards the primary. The
Coriolis force deflects the stream so that it follows a trajectory which takes it around
the primary (e.g. Flannery 1975; Lubow & Shu 1975). The stream collides with itself at
supersonic speed, shocking the gas to high temperatures so that the relative kinetic energy
of the collision is radiated. While only a very small fraction of the angular momentum
of the stream is lost to the secondary in this process, a significant amount of energy is
dissipated (e.g. Lubow & Shu 1975; Pringle 1981). Therefore, since a circular orbit has
the lowest energy for a given angular momentum, this leads to the formation of a ring of
gas orbiting the primary at the circularization radius, which is very close to the radius
at which material in Keplerian orbit around the primary has the same specific angular

momentum as it had at the L; point.

!The equipotential surfaces in the reference frame rotating with the binary are time-dependent for an
elliptical orbit. '




The Keplerian velocity of a particle in a circular orbit around the primary is

uer) = o 24, - (23)

where 7 is the radius of the orbit. Since the ring has finite radial thickness, equation 2.3

implies that it rotates differentially. Viscosity in the gas then leads to dissipation of energy,
as heat generated by the shearing flow is radiated. The loss of energy ‘causes rhost_ of the
gas particles to spiral to smaller radii through a series of approximately circular orbits.
This inward drift requires a loss of angular momentum, which, in the absence of external
torques?, occurs by transfer of angular momentum between adjacent disc annuli by viscous
torques. Thus the outermost particles gain angular momentum and spiral outwards; in
this manner the ring spreads into a disc (see e.g. Lynden-Bell & Pringle 1974).

The disc material has momentum primarily in the orbital plane. The thickness of
the disc perpendicular to this plane is therefore determined by hydrostatic equilibrium
(radiation pressure and self gravitation are not important in CV discs; e.g. Frank et al.
1985). Assuming that the disc is isothermal in the direction perpendicular to the orbital
plane, the scale height is given by H(r) = rcs/vk; i.e. the disc is geometrically thin if and
only if the local Keplerian velocity is highly supersonic. This is the case in CV discs, as
demonstrated by the observed line widths. _ .

Viscosity is required to transport angular momentum and drive accretion through the
disc. This cannot be provided by ordinary molecular viscosity, since discs are too tenuous
(e.g. Pringle 1981). However, high observed accretion luminosities, and the fact that some
CVs are able to adjust to large changes in the mass transfer rate through the disc (M}) in
only days, indicate that angular momentum is efficiently transported. The most plausible
cause for viscosity is magnetic turbulence (e.g. Lynden-Bell 1969). Any magnetic field
present in the disc will be sheared by the differential rotation, so that radial components
are transformed into azimuthal components, and amplified. The energy required to amplify
the field comes from the kinetic energy of the disc material. When the magnetic pressure
becomes comparable to the central disc pressure, the Parker instability leads to a dynamo
action in the disc, without requiring a strong equilibrium magnetic field (Parker 1970;
Balbus & Hawley 1991; Tout & Pringle.1992b). The effective kinematic viscosity of a
turbulent process has the form vy, ~ fv;, where £ is the size of thevlargest turbulent eddies,

and vy is their turn-over speed. The viscosity can then be parametrized as
v = aHcs _ - : (2.4)

(Shakura & Sunyaev 1973), and since the largest eddies are smaller than the scale height,
and the turbulence is probably subsonic, one expects o < 1. Equation 2.4 is the a-

prescription for disc viscosity. ,
The optical flux of most (known) CVs is dominated by emission from the disc. Models

2External torques may also play a role; an example of such a mechanism is a centrifugally-driven disc
wind (Cannizzo & Pudritz 1988).




of the SEDs of accretion discs are expected to be most successful for high mass transfer rate
(M) CVs, with optically thick, steady state discs (nova-like variables—see Section 2.3.2
below). Such disc SED models are presented by, e.g., La Dous (1989) and Shaviv &
Wehrse (1991), and match observations of high-M CVs reasonably well, but fail in the
case of low-M systems (e.g. Shaviv & Wehrse 1991; Kiplinger 1979, 1980). Very good
models of low-M discs, accounting for optically thin regions, have not yet been developed;
the models of Tylenda (1981a) are arguably still the best available, and these will be used
in Chapter 3 and 4. More recent work on this problem is presented by Idan et al. (2008).

The luminosity of the disc corresponds to roughly half the gravitational potential

energy lost as the disc material spirals down to the white dwarf surface:

L= 1O 29
(where R; is the radius of the white dwarf; Ry will be used to denote the radius of
the secondary). The other half is transferred into kinetic energy of the disc material’s
Keplerian motion, and is radiated close to the white dwarf surface.

In the absence of a strong magnetic field, the inner disc is expected to extend down to
the surface of the white dwarf. Since the angular velocity of the white dwarf (Q;) is much
lower than the Keplerian angular velocity, Qg (r) = /GM:/r3, at its surface (r = Ry),
the disc material must be decelerated to match €2, in the innermost annulus of the disc.
This ‘boundary layer’ is expected to have a very small radial extent (< R;), and radiation
pressure becomes significant in this region (e.g. Frank et al. 1985). The luminosity released

in the boundary layer is

. 2
LBL ~ Ld (1 - QnglRl)> (2.6)

(Kley 1991). By equation 2.5 and 2.6, almost half of the accretion luminosity is radiated
in the boundary layer, unless §2; is close to break-up velocity. If the bouﬁdary layer is
optically thick, most of the radiation is emitted at soft X-ray and EUV wavelengths; an
optically thin boundary layer radiates mostly hard X-rays (e.g. Pringle 1977; Pringle &
Savonije 1979; Tylenda 1981b; Patterson & Raymond 1985a,b; see also Section 2.3.1.1).’
The outer disc is significantly affected by the tidal influence of the secondary (e.g.
Paczyriski 1977; Osaki et al. 1993). " This interaction transfers the angular momentum
transported outwards through the disc back into the binary orbit. The outer disc radius
(rg) is determined by tidal dissipation, as well as disc viscosity and the effects of the
accretion stream. More extreme tidal interaction can also occur (see Section 2.3.1.2).
The accretion stream from the L; point makes a turbulent, supersonic impact with the
outer rim of the disc, forming a shock front in which the energy of the impact is radiated
(see e.g. Livio 1993; Warner 1995). The resulting ‘bright spot’ can be an important
contributor to the optical flux of a system viewed at high binary inclination (i). It is
possible for part of the stream to flow over the disc rim, but if the bulk of the stream




impacts in the bright spot, its luminosity is not much less than the upper limit given by

GM;(—My)

(2.7)
Td"

Ly g
where M, is the time rate of change of My. The bright spot is responsible for orbital

humps (e.g. Krzemirski 1965), which are a prominent feature of many CV light curves.

2.2.1.1 Line emission from the accretion flow

Almost all CVs display emission lines in their optical spectra. Balmer lines are usually
the strongest, followed by Herl and, in some systems, He1. The detection of lines from
different ionization states suggests that lines are formed: in more that one site. More direct
indications for this are the presence of several velocity components in radial velocity curves
(this has been observed for a long time, but particularly nice trailed spectra are shown by
Spruit & Rutten 1998), and the fact that not all lines are eclipsed to the same extent or for
the same duration (e.g. Honeycutt et al. 1986; Young & Schneider 1980). The important
sites for the formation of optical lines are the disc and bright spot, with lines from the disc
dominating in most cases (e.g. Robinson 1976; Williams 1980; Tylenda 1981a; Williams &
Shipman 1988; Elitzur et al. 1988; Horne & Saar 1991). While UV émission lines also form
in winds from CV discs (e.g. Drew 1987; Woods et al. 1992; Knigge et al. 1995), lines from
winds are rarely prominent at optical wavelengths (but see Robinson 1973; Honeycutt et
al. 1986; Hoare 1994; Kafka & Honeycutt 2004).

Emission lines will form in regions of the accretion disc that are optically thin in the
continuum, but optically thick in the lines. In the models of e.g. Tylenda (1981a) and
Williams (1980), the inner disc is optically thick, and lines originate in a cool, optically
thin outer disc. The equivalent widths (EWs) of emission lines are then expected to
decrease with increasing i, since the disc is optically thick in the continuum when viewed
at high i. However, strong emission lines are detected in deeply eclipsing, low-M systems,
such as Z Cha and QY Car; also, in high—M systems, emission line strength increases with
increasing ¢ (e.g. Warner 1987). These observations imply that chromospheric emission
also plays a role in discs (see also Marsh 1987).

The optically thin upper layer of the disc is heated, most importantly by irradiation
from the inner accretion flow and the white dwarf; this photoionizes the atmosphere of the
disc and creates a temperature inversion (e.g., Jameson et al. 1980; Patterson & Raymond
1985a; Ko et al. 1996). The disc chromosphere is thought to be the dominant site of line
formation (e.g. Wood et al. 1992; Vrielmann et al. 2002a,b).

The strength of Balmer emission lines increases with decreasing disc luminosity, be-

cause line emission makes a significant contribution to the cooling of a low-M disc (e.g.
Patterson 1984; this is discussed further in Chapter 4).




2.2.2 The white dwarf
Once a white dwarf has formed, it cools at a rate determined mainly by the energy stored
in its core and the transparency of its envelope (see e.g. Dreizler & Werner 1996; Salaris et
al. 2000). In a CV, however, the white dwarf will be heated again when it starts accreting,
and this heating depends on the rate of .accretion onto the primary, M, (e.g. Shaviv &
Starrfield 1987; Regev & Shara 1989). Most CV primaries are probably CO white dwarfs;
their properties are reviewed by Sion (1999).

~ The eclipse of the white dwarf can be seen in optical light curves of some high-z, low-M
systems (e.g. Smak 1986; Wood et al. 1989; Steeghs et al. 2003; Feline et al. 2004a,b), and
Marsh et al. (1987) show the optical spectrum of the primary in one such system. Balmer
absorption lines from the white dwarf are also detected in the spectra of several low-M CVs
at all orbital phases; a few examples are WZ Sge, GW Lib, and SDSS J161033.64-010223.3
(Greenstein 1957; van Zyl et al. 2000; Szkody et al. 2002). ~

The radial velocities of emission lines in CVs do not provide reliable estimates of the

velocity of the white dwarf, and therefore M; measurements from spectroscopy are very

uncertain (e.g. Smak 1969, 1970; Stover 1981; Marsh et al. 1987; Hessman et al. 1989).
Accurate mass measurements are possible for eclipsing systems, and the available values
are listed by Patterson et al. (2005). Knigge (2006) uses a sample of 16 of these eclipsing
CVs to show that there is no evidence of a systematic trend in M; with P,..

The white dwarf is expected to dominate the far-UV flux of low-M CVs (e.g. Panek &
Holm 1984). The white dwarf effective temperature (Te;f) has been estimated in several
systems using far-UV flux measurements or spectra (e.g. Smak 1984; Szkody et al. 2002;
Howell et al. 2002; Génsicke et al. 2005b). However, in the absence of a spectral feature
originating from the white dwarf, T¢ s measurements are perhaps only reliable for systems
where the white dwarf flux contribution is known from eclipse photometry (e.g. Wood et
al. 1995; Feline et al. 2005).

2.2.3 The secondary star

The secondary stars in CVs are important in the study of CV evolution, because their

response to mass loss is one of the factors that determines the evolutionary tracks of

'CVs (see Section 2.4 and 2.5 below). Because CV secondaries are non-spherical, and

are losing mass and rotating rapidly, their structure is expected to deviate from that of
main-sequence stars.

Secondaries are detected directly in the optical and, more often, near-IR spectra of
some CVs, through molecular absorption features. The spectral types of CV secondaries’
are discussed by, e.g., Smith & Dhillon (1998), Beuermann et al. (1998), and Knigge (2006).
The data of Smith & Dhillon (1998) revealed no difference between main-sequence stars
and CV secondaries in systems at P, < 7h. However, when single main-sequence stars

are assigned the periods that they would have in a semi-detached binary®, Beuermann

3By using measured masses and radii, and equation 2.9 below.
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et al. (1998) find that the majority of CVs at P, > 3h has later spectral types than
main-sequence stars at those periods. Knigge (2006) finds that this is the case at all
periods.

CV secondaries have larger radii, and are more luminous than main-sequence stars of
the same mass (e.g. Patterson 2001; Patterson et al. 2005; Knigge 2006). However, for
M; > 0.1Mg, a CV secondary is expected to have the same effective temperature (and
thus spectral type) as a main-sequence star with the same mass (e.g. Verbunt 1984; Kolb,
King & Baraffe 2001), and this is supported by observations (e.g. Knigge 2006).

The spectral types of secondaries as a function of P, define a clear sequence, with
little scatter at P, < 5h, and increased scatter at longer periods (Knigge 2006). This
implies that most CVs at P, < 5h follow a single evolutionary sequence (see also Sec-
tion 2.5.2 and 2.8.6 below).

Since the secondary star is cool compared to the white dwarf and disc, its relative
contribution to the flux from a CV increases at longer wavelengths. The secondary is
expécted to be faint compared to other components in the optical bands; in faét, in most
CVs, the white dwarf alone is brighter than the secondary in UBV (e.g. Knigge 2006).
Even in the near-IR, the disc and white dwarf flux contributions usually dominate (e.g.
Dhillon et al. 2000; Knigge 2006), but in low-M CVs with periods above ~ 3h, the
secondary star often makes a large contribution to the K-band flux (e.g. Dhillon & Marsh
1995). ' '
~ Some CV light curves show orbital modulations that are due to the secondary?. So-
called ellipsoidal modulations in IR photometry are caused by the phase-dependent visible
surface area of the non-spherical secondary. The ellipsoidal variation can be used to
constrain 7 and g (see e.g. Frank et al. 1981; McClintock et al. 1983; Haug 1988; Allan et
al. 1996). Because it is being irradiated by, e.g., the disc and white dwarf, the side of the
secondary facing the white dwarf is brighter than the rest of the star; this can also lead
to an orbital modulation, called a reflection effect, in optical and IR light curves of CVs.
The amplitude of the variation caused by the reflection effect obviously depends on 4, and
also on the degree of irradiation—systems with particularly bright white dwarfs or inner
discs (as the result of a recent nova outburét, high M, or high M;) show a larger reflection
effect (e.g. Kaluzny & Chlebowski 1988; Kovetz et al. 1988; Somers & Naylor 1999; Retter
et al. 1999; Woudt & Warner 2003). The irradiated face of the secondary can also be the
source of some line emission (e.g. Beuermann & Thomas 1990; Rutten & Dhillon 1994;
Dhillon et al. 1994; Harlaftis & Marsh 1996; Potter et al. 2004; Hartley et al. 2005).

Since CV secondaries have systematically higher rotation velocities than single late-
type stars, they should be more magnetically active, and therefore have higher X-ray
luminosities. However, the secondary star is expected to be much fainter .than the bound-
ary layer in X-rays, and emission from the secondaries probably does not make a significant

contribution to the X-ray fluxes of known CVs (e.g. Eracleous et al. 1991).

4Besides eclipses, which are, of course, also caused by the secondary
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2.3 Classification of CVs

CVs are classified mainly on the basis of their long-term photometric behaviour. The
classes are further sub-divided by more specific photometric as well as spectroscopic cri-
teria. There is some variation in how different authors define CV types and allow them to
overlap. I will briefly outline the definition of the following classes: dwarf novae (DNe),
nova-like variables (NLs), novae, polars, and intermediate polars (IPs). The DN and NL
classes are mutually exclusive, as are polar and IP. IPs can be DNe, but I will not include
either IPs or polars amongst the NLs. CVs of all sub-types are expected to undergo the
eruptions that define novae, but a CV is only called a nova if it has been observed to have
such an eruption. Once a nova is back at minimum, it can also be assigned to one (or

more) of the other sub-types.

2.3.1 Dwarf novae

DNe are characterized by outbursts during which their luminosity increases by typically 2~
5 magnitudes; the outburst amplitude is larger for some systems. The (normal) outbursts
last for about 2 to 20 days and the recurrence interval ranges from tens of days to tens of
years, but is fairly well defined for any given system. Outburst morphology divides DNe
into three distinct subtypes: .

(i)' SU UMa stars, in addition to normal outbursts, also undergo superoutbursts, which
last ~5 times longer than normal outbursts and have maxima ~0.7 mag brighter.
Photometric modulations, called superhumps, are present in all superoutbursts.

(ii) Z Cam stars show rapid successions of outbursts interspersed with ‘standstills’, lasting
tens of days to years, during which they stay at ~0.7 mag below maximum.

(ili) U Gem stars are DNe that do not belong to either of the two other subtypes.
Additional DN sub-types have been deﬁned; in particular, the SU UMa stars with the
longest (shortest) outburst recurrence times are sometimes referred to as WZ Sge stars
(ER UMa stars).

2.3.1.1 The thermal instability

Observations of Smak (1971), Warner & Nather (1971), and Warner (1974) showed that
the component of a DN that brightens during outburst is the disc. It is now generally
accepted that a DN outburst results from the release of gravitational potential energy
during a temporary phase of increased My, in accordance with the thermal (or disc)
instability model of Osaki (1974). Osaki (1996) presents a review of the thermal instability
model, dealing also with superoutbursts (Section 2.3.1.2).

By the thermal instability model, —Mj is roughly constant, and higher than viscous
interactions in the quiescent disc allow M to be. Matter therefore builds up in the disc
until an instability triggers an outburst by making the viscosity rise sharply, so that angular
momentum transport is greatly enhanced. The resulting increase in My increases the
system luminosity and drains the disc of material until it drops back into the quiescent, low
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Figure 2.2: A schematic rep-
resentation of the thermal equi-
librium S-curve in the Y-T.jsq
plane. ‘The upper (lower) branch
of the curve corresponds to out-
burst (quiescence). An annulus
" on the middle branch is in unsta-
ble thermal equilibrium. In real-
istic models, the shape of the S-
curve depends on o (e.g. Pojman-
. ski 1986). The thermal cycle of
- Mo heating and cooling _is illustrated
' by dashed lines and arrows.

Teff,d

min max

viscosity state. Hoshi (1979) discovered the physical mechanism responsible for the thermal
instability; his work was further developed by, e.g., Meyer & Meyer—Hofmeistér (1981), and
Cannizzo et al. (1982). The ionization of hydrogen at a temperature of T' ~ 10* K lies at
the heart of the thermal instability. The opacity of hydrogén, as it is becoming ionized,
. is significantly higher than that of neutral hydrogen; furthermore, it is a very sensitive
function of temperature (x ~ T9). This leads to the existence of a range of surface
densities (X = 2 [ pgdz, where pg is the volume density. of the disc, and z is the direction
perpendicular to the orbital plane®) where each value of 3 corresponds to three thermal
equilibrium values of the disc effective temperature (Tefsq), in any given region of the
disc, depending on its ionization state. In other words, if the locus of models for which
heating through viscous interactions equals energy radiated from the surface is plotted
in the ¥-T,;; 4 plane, they form an S-shaped curve. The S-curve of thermal eqﬁilibrium
models is shown schematically in’ Fig. 2.2. 7
A disc annulus with (X, T¢fr,4) to the left of the curve cools to the lower branch of
the curve, while (3, Tefs.4) to the right of the curve will cause the annulus to heat until it
reaches thermal equilibrium on the upper branch (where hydrogen is fully ionized, and x
depends less sensitively on T'). A disc annulus on the middle branch of the S-curve (where
0T, f44/0% < 0) is unstable, since, in such a region, the local M increases in response to
a decrease in ¥, decreasing X even further. Therefore, the structure of a disc adjusts to
place it on the upper or lower branch of the curve. The transition from low- to high-T, s 4
structure occurs at a critical surface density, ¥,,;; the onset of the inverse process is

marked by pmin. These two values of ¥ correspond to mass transfer rates Mcritl,d and

52 is used later to denote height above the Galactic plane, and r, which in this chapter denotes radius
in the accretion disc, will later be used for radius in the Galactic disc, but there should be no confusion.
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Mcm‘tz’d, and are increasing functions of radius (e.g. Mineshige & Osaki 1985; Hameury et.
al. 1998; relations for Mcritl’d and Mmtg,d are quoted in Section 3.2.4).

If the mass transfer rate into some annulus, with Tef,a on the lowef branch of the
S-curve, is between Mcritl’d and Mm-tg,d, its surface density increases until it reaches X4
At this point the instability is triggered and the annulus heats until it enters the high state.
Material spreads to adjacent annuli, pushing their surface densities over the critical value,
and in this manner a heating wave propagates through the disc and switches the whole
disc to outburst. The outburst rise time depends on both the distribution of material in
the disc, and the radiué of the first annulus to enter the high state. The larger the radius
of this annulus, the faster the rise to maximum. The instability that flips the disc back to
the low state is again triggered locally when the drain of material out of the disc causes
the surface density of some annulus to drop below ;. This is always an annulus in the
outer disc, since X, is highest there, explaining why, whereas outburst rise times differ,
the rate of decay from maximum is similar for all Qutbursts. A cooling wave propagates
inwards, and returns-the whole disc to quiescence.

In outbursts with a fast optical rise the system brightens at longer wavelengths first,
with the rise at shorter wavelengths progressively delayed (e.g. Hassall et al. 1983; Smak
1987); this is called the UV delay. An almost simﬂlﬁaneous rise at all wavelengths occurs
for outbursts with a slow optical rise (e.g. Bailey 1980; Smak 1987). The EUV fAux only
rises when the heating wave reaches the inner edge of the disc, since M increases only at
that point (e.g. Smak 1987; Cannizzo 1993).

Whereas a DN brightens also at soft X-ray and EUV wavelengths during outburst,
the hard X-ray flux decreases (e.g. Patterson & Raymond 1985a; Jones & Watson 1992).
A change in the vertical optical depth of the boundary layer is thought to cause this—at
low accretion rates the boundary layer is optically thin and cools inefficiently, so that
it reaches very high temperatures and emits hard X-rays, but when M, increases, the
boundary layer becomes optically thick, cools more efficiently, and radiates at EUV and
soft X-ray wavelengths (see e.g. Pringle 1977; Pringle & Savonije 1979; Tylenda 1981b;
Patterson & Raymond 1985a). _

Because the temperature of the disc at maximum light is similar in all DNe, and the

“size of the disc is sensitive only to P, the absolute magnitude of DNe at maximum is
fairly well constrained by P,,; and ¢ alone, making it possible to obtain distance estimates

from outburst photometry (Warner 1987; see also Section 5.2.2).

2.3.1.2 The thermal-tidal instability

Superoutbursts, accompanied by éuperhumps, are the defining property of the SU UMa
stars. Superhumps were first observed by Vogt (1974) and Warner (1975) in a superout-
burst of VW Hyi. They have periods (Ps;) a few percent longer than P, amplitudes
of roughly 0.3 to 0.4 mag, and pulse profiles that are usually highly non-sinusoidal. The
lack of a correlation between superhump amplitude and % implies that they represent an

intrinsic flux variation, rather than a geometric effect (e.g. Warner 1995).
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Superoutbursts are explained as resulting from tidal resonance bétween the disc and
the secondary, which drives the disc into an elliptical shape (Whitehurst 1988b; the pres-
ence of an elliptical disc in superoutburst was already proposed by Vogt 1982). A super-
outburst is always triggered by a normal outburst (e.g. Vogt 1982, 1983). As the disc
radius expands during outburst, the outer edge of the disc can, under the right conditions,
reach a region where particles in the outer disc are in a 3 : 1 tidal resonance with the
secondary (i.e. the particles orbit three times per binary orbital cycle). This causes the
disc to become elliptical, and strong tidal dissipation in the eccentric disc maintains the
high viscosity required for a DN outburst, thereby prolonging the outburst. The ellipti-
cal disc precesses progradely, and viscous dissipation, caused by tidal stresses, produces
the éuperhump modulation at a frequency 1/Ps, = 1/Pyrp — 1/Pprec, where Py is the
precession period of the disc (e.g. Whitehurst 1988a). Because Ppre. is related toq (e.g.
Osaki 1985; Patterson 1998), measurements of Py, and P, can be used to estimate ¢
(and therefore My, since M; does not vary by much). The fractional superhump period -
excess, € = (Psp, — Porp)/Porp, is therefore a useful indication of M; (e.g. Patterson 1998,
2001; Patterson et al. 2003, 2005b).

For a disc in equilibrium with the mass transfer stream, the 3 : 1 resonance radius
is smaller than the tidal radius (at which the disc is truncated by the influence of the
secondary) only if ¢ < 0.25 (Paczyniski 1977; Hirose & Osaki 1990). Since the secondary
is Roche lobe-filling, ¢ and P,;, are closely related for a system with a typical M; and
M>5—R, relation (see equation 2.9 below). In such a system ¢ < 0.25 implies P, < 3 h.
Almost all the SU UMa stars do have FP,.;, below 3 h, and, conversely, all DNe at these
periods are expected to be SU UMa stars. Patterson et al. (2005) find empirically that
the fraction of CVs displaying superhumps decreases with g to 50% at ¢ ~ 0.35.

2.3.2 Nova-like variables

NLs are high-M systems which do not show any outbursts. These objects have —M; >
McritQ,d; are spectroscopically similar to DNe in outburst, and, indeed, have absolute
magnitudes similar to DNe at maximum (e.g. Patterson 1984; Warner 1987).
Several NL sub-types are recognized: ‘
(i) UX UMa stars have persistent broad Balmer absorption lines in addition to the
emission lines usually present in NLs. ‘ '
(ii) RW Tri stars have pure emission line spectra, sometimes with sharp absorption cores.

(iii) VY Scl stars are characterized by occasional photometric low states (at least 1 mag

fainter than the average brightness, lasting for weeks to years).
(iv) SW Sez stars are NLs in which the Balmer emission lines display significant radial
. velocity phase shifts relative to the expected radial velocity of the white dwarf, as
well as phase-dependent central absorption. These objects also have a few other fairly
commonly shared properties, but the exact definition of the class is not agreed on.

There is quite a bit of overlap between these four subtypes. UX UMa stars and RW Tri
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stars are distinct classes, but a VY Scl star at maximum can belong to any of the other
three subtypes; and SW Sex stars are usually also RW 'Tri stars. .

The distinction between the spectroscopically defined UX UMa and RW Tri: subtypes
- results (at least in part) from 4. In all NLs (except VY Scl stars in low state; see below)
most of the disc is expected to be optically thick, so that the contribution from the
absorption liﬁebspectrum decreases with increasing i. This is evident in RW Tri stars,
where the felative strengths of the optical emission lines are seen to be greater for higher
i systems (Warner 1995). : o

The photometrically defined VY Scl stars were first described by Wade & Ward (1985);
most occur in the orbital period range 3 to 4 h. While faint, VY Scl stars have the
spectroscopic appearance of DNe in quiescence. These low states are believed to be caused
" by changes in Mo—in terms of the disc.instability model (Section 2.3.1.1), VY Scl stars
usually have —Mp > Mcmz,d_, but occasionally M, < Mcm’tZ,d (e.g. King & Cannizzo
1998). ‘

SW Sex stars were defined by Thorstensen et. al. (1991); most of them are high-
i systems (the first five were all eclipsing). Besides the Balmer line absorption events
and radial velocity phase shifts, they typically have single-peaked spectral lines, 3 h<
P, <4 h, and V-shaped eclipse profiles; also, the high-excitation lines are eclipsed to
greater extent than the low-excitation lines (e.g. Thorstensen et al. 1991; Rutten et .al.
1992; Horne 1999; Knigge et al. 2000; Rodriguez-Gil et al. 2007). It was at first thought
that the SW Sex properties may result purely-from very high i (e.g. Dhillon et al. 1992),
but since then low-i SW Sex stars have been recognized (e.g. V442 Oph; Hoard et al.
2000). There is no satisfactory model for the behaviour of SW Sex stars, but the proposed
explanations include a disc-anchored magnetic propeller; flared, self-occulting accretion
discs; accretion stream overflow in combinatioﬁ with an accretion wind; and strong white
dwarf magnetism (Horne 1999; Knigge et al. 2000; Hellier 2000; Rodriguez-Gil et al. 2001,
Patterson et al. 2002b). ; |

2.3.3 Magnetic CVs
In about 20% of CVs in the Ritter & Kolb (2003) catalogue, the white dwarf has a

magnetic field sufficiently strong either to prevent the formation of a disc entirely, or at

least disrupt it to a sighiﬁcant extent. These are the magnetic CVs, and they are divided

into two sub-types: ’

(i) Polars (or AM Her stars) show sfrong circular and linear polarization, modulated at

the orbital period.” o

(i) Intermediate polars (or DQ Her stars) are characterized by very stable pulsations, at
periods < P, in their optical and X-ray light curves.

The distinction between the observational properties of polars and IPs are explained by a

combination of white dwarf magnetic field strength and accretion rate, with polars having

stronger fields and lower M than IPs.
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The most detailed review of polars is given by Cropper (1990); Defining character-
istics of the class are strong circular and linear polarization, and white dwarf rotation
synchronized with the binary orbit. The strong polarization implies very large magnetic
fields (measured in several polars from cyclotron -harmonics or Zeeman splitting to be in
the range ~ 10 to ~ 100 MG; e.g. Wickramasinghe & Meggitt 1982; Wickramasinghe &
Martin 1985; Schmidt et al. 1996; Schwqpe et al: 2006) that can only originate in the white

‘dwarf. The periodi of modulation of the polarized light from polars is identical to P,
. implying spin-orbit synchronism. Polars do not have discs—the accretion is magnetically

channelled onto small (on the order of 0.01 or 0.001 of the white dwarf surface area; e.g.,
Bailey & Cropper 1991; Bailey et al. 1993) accretion zones near the white dwarf magnetic
poles. The optical light is dominated by cyclotron emission (hence the strong polariza-
tion), and cyclotron humps are detected in the spectra of most polars (e.g. Cropper et al.
1989; Bailey et al. 1991; Wickramasinghe et al. 1991); high excitation lines, specifically
He 11 Md686, are also prominent. -

Accretion exerts a spin-up torque on the rotation of the white dwarf, and it is the
strong interaction of the white dwarf and secondary magnetic fields that phase-locks the
rotation of the white dwarf in a polar (see e.g. Lamb et al. 1983; Campbell 1989). In fact,
several polars rotate slightly asynchronously (see e.g. Stockman et al. 1988; Campbell &
Schwope 1999), but the degree of asynchronism in these systems is small (the white dwarf
spin period and P, differ by only ~ 1%), and they will attain spin-orbit synchronism on
a short time-scale (e.g. Schmidt & Stockman 1991). - '

Patterson (1994) reviews the subject of IPs. Besides the defining short-period photo-
metric pulsations, widely shared properties of IPs are high excitation spectra, pulsations
in the He11 A4686 emission lines, circular polarization, and very hard X-ray spectra.

Magnetically channelled accretion from the inner edge of a truncated disc onto a
rapidly rotating white dwarf explains most of the phenomenology of IPs. The white dwarf
spin cyclé produces the photometric modulation that characterizes an IP as the rotating
‘beam’, originating from the almost radially infalling accretion, periodically sweeps either
across the line of sight, or over some structure that reprocesses it. This model was con-
structed to explain observations of the type star, DQ Her, and took some time to develop
(see Bath et al. 1974; Lamb 1974; Katz 1975; Patterson et al. 1978; Chanan et al. 1978;
Chester 1979; Petterson 1979, 19805 The most direct evidence supporting the magnetic
rotator model is the detection of circular polarization in several IPs (Penning et al. 1986;
Stockman et al. 1992; Buckley et al. 1995; Rodriguez-Gil & Potter 2003).

Primaries in IPs have magnetic field strengths in the range ~ 1 to ~ 10 MG (e.g. Nor-
ton & Watson 1989; Wickramasinghe et al. 1991). The field strength, orbital separation,

~and M determine whether a disc forms. Most IPs are thought to have truncated discs

(e.g. Hellier 1991; cf. Hameury et al. 1986; King 1993), but V2400 Oph is believed to be
an example of a discless IP (Buckley et al. 1997).

The theory of disc-fed accretion onto -a compact magnetic star was developéd by
Elsner & Lamb (1977) and Ghosh & Lamb (1978, 1979a,b). This early work applies to a
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dipole field with its axis aligned to the white dwarf spin axis; IPs are probably all oblique
rotators (in fact, if the white dwarf spin and magnetic axes are aligned, the system will not
display the photometric modulation required for recognition as an IP). Three dimensional
magnetohydrodynamic simulations of accretion from a disc onto an inclined dipole field
are presented by Romanova et al. (2003, 2004). '

2.3.4 Novae

Nova eruptions are the largest amplitude variations seen in CVs—the observed: bright-
enings range from ~ 6 to > 19 magnitudes. This is the cataclysm that gives CVs their
name. The rise to maximum takes days to weeks (e.g. Liller et al. 1975; della Valle 1991),
and novae decay to 3 magnitudes below maximum in ~ 10 to ~ 100 d (e.g. Duerbeck
1987). Eruptions of larger amplitudes are of shorter duration, and faster novae are also
intrinsically brighter at maximum (e.g. Mclaughlin 1945; Duerbeck 1987).

The physical cause of a nova eruption is a thermonuclear runaway of the hydrogen-
rich material accumulating through accretion on the surface of the white dwarf (see e.g.
Shara 1989 for a review). The increasing mass of the layef of accreted material causes the
temperature and pressure at its base to rise to values sufficient to ignite hydrogen fusion.
The energy released by fusion raises the temperature (increasing the reaction rate) but
does not cause the layer to expand (because the material is degenerate; e.g. Saslaw 1968).
The resulting runaway reaction only ends when the temperature is so high that electron
degeneracy is lifted, and the envelope is able to expand; a ‘nova shell’ is then ejected (the
expansion velocity can reach ~ 4000km/s; e.g. Prialnik 1986).

The mass needed for a nova eruption obviously depends on the surface gravity of
the white dwarf, but also on the rate at which it accretes (e.g. Shaviv & Starrfield 1987;
Townsley & Bildsten 2004, 2005). Lower M implies that a more massive envelope must
accumulate before a nova eruption results.  For M ~ 107 Mg/yr and 0.6 Mg < M; <
1.3 Mg, the nova recurrence time-scale is estimated to range from ~ 10%yr to ~ 108 yr
(see e.g. Fujimoto 1982). All CVs (with the possible exception of systems that form with
secondaries of very low mass) are expected to undergo many nova eruptions during their
lifetimes. Classical novae are defined as CVs that have had exactly one observed nova
eruption, and recurrent novae are CVs that have had more than one observed eruption.

Almost all objects classified as recurrent novae contain evolved secondary stars, and
the “nova” mechanism is probably different in some of them (e.g. Webbink et al. 1987).
It is possible, however, for a normal CV to be a recurrent nova. Recurrence time-scales of
nova eruptions will be < 100 yr for CVs with M > 1078 Mg /yr and M, near 1.4 Mg (é.g.
Livio & Truran 1992). T Pyx is the only known example of such a system (i.e., it has a
short P, and a low-mass secondary). The amplitudes and recurrence time-scales of the
eruptions in recurrent novae overlap with those of some SU UMa stars, but, because of
the expanding nova shell, one can spectroscopically distinguish between the two types of
variability. ’ |

It is difficult to compare the mass of the ejected shell with the total mass accreted
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between nova eruptions (both because of uncertainties in measuring the mass of the shell
and because the long-term average M is not known). MeaSurements of abundances in
nova ejecta suggest that roughly all mass accreted by the white dwarf is lost during nova
eruptions; only very massive white dwarfs increase in mass over a complete nova cycle
(e.g. Starrfield et al. 1985, 1988; Livio & Truran 1992; Townsley & Bildsten 2004).

2.4 Angular momentum loss and mass transfer

Mass transfer in a binary changes the orbital period and separation, the Roche geometry,
and, eventually, the structure of the mass losing star. The secular evolution of such a
systems refers mainly to the changes in P4, and is described in the rest of this chapter.
Reviews of CV evolution theory are given by King (1988) and Warner (1995).

The size of the Roche lobe of the secondary can be approximated to an accuracy of
2% by

2 g Y3 M, 1/3 )
_ 2 -0 M f <0. .
Ry, 34/3a<1+q> O~462G<M1+M2> or 0<g<08 (2.8)

(Paczyriski 1971), where Ry, is the radius of a sphere with the same volume as the Roche
lobe. For a semi-detached system (where Ry = Ry), equation 2.8 and 2.1 then give the
mean density of the secondary, (ps), in terms of the orbital period:

<”_2> = 110(Pyp/h) "2 g/cm?®, (2.9)

so that, given a mass-radius relation for the secondary, its mass is determined by the
orbital period®.
The magnitude of the orbital angular momentum is

J=——""""a’Qn. . (2.10)

Differentiating equation 2.10 and 2.1 with respect to time gives the following two relations

for the rate of change of the orbital period and separation:

Porb _32_ <2+3q>%_ <3+2q) %2_ ‘ (2 11)
P J 1+q/) M 14+q /) M, ‘
o J 1+2q) M (2+q> M, o

a_od _ (29 22 2.12
a J <1+q M; 1+q/) Mo ( )

and the time derivative of equation equation 2.8, combined with equation 2.12 gives

Ry _,J (4/3+2q) M (5/3+Q) M (2.13)

R, "7 \ 14+q /M 1+q ) My

1f an exact relation is used, instead of the approximate equation 2.8, (p2) would be a function of ¢,
but the g-dependence is weak.




These simplify to

Porb M2
— =3(g—1)— 2.14
FPorb (q )M2 (2.14)
a M,
. 2 =9(g-1)=2 15)
2~ 2g- 137 | (215)
RL Mg - '
— =2(qg~5/6)—=. .
= 2a - 5/6)3 (2.16)
for conservative mass transfer (i.e., M, =—M, and J = 0). Equation 2.14 and 2.15 show

that conservative mass transfer from the secondary to the primary (M2 < 0) .decreases
the orbital séparation and period only if ¢ > 1 (because material then moves closer to
the centre of mass). By equation 2.16,. the secondary Roche lobe shrinks under these
conditions for ¢ > 5/6. Whether the secondary remains in contact with the Roche lobe
when transferring mass depends on both its internal structure and ¢. For ¢ < 5/6, mass
loss from the secondary causes its Roche lobe to expand away from the stellar surface
and cuts off mass transfer”. CVs are observed to be in states of sustained mass transfer,
despite the fact that they typically have ¢ < 5/6, so that at least one of the requirements for
conservative mass transfer must be violated, and, in fact, both are. In most CVs, roughly
all the mass transferred is lost from the system over a full nova cycle (see Section 2.3.4);
small amounts of mass are also lost more continuously through winds (Drew 1987; Proga
2003). The angular momentum loss caused by winds and the ejection of nova shells are
examples of consequential angular momentum loss and are not sufficient to account for the
observationally inferred mass transfer rates (see Section 2.8.4). This implies that another
mechanism whereby angular momentum is lost is required to keep the secondary in contact
with its Roche lobe and hence to drive mass transfer—and, with it, the secular evolution
of CVs.

The two most important angular momentum loss mechanisms in CVs are gravita-
tional radiation and magnetic braking; they are discussed in turn in the next two sections.
Magnetic braking is thought to lead to much faster angular momentum loss than gravita-
tional radiation, and to act mainly or only in long-period (Ppp > 3 h) systems, while in
short-period CVs (P, < 3 h) gravitational radiation is usually assumed to dominate.

The angular momentum loss rate (—.J) is the crucial ingredient of CV evolution theory.
In the absence of mass transfer, angular momentum loss obviously decreases a and P,
but in a CV, where M> is decreasing, the F,,.; evolution depends on the structure of the
secondary star and on its reaction to mass loss, which in turn depends on M, (and thus
J). If the binary remains semi-detached (Ry = Ry), and if the secondary has a similar
internal structure to a lower main-sequence star (Rg o< M2) then, from equation 2.13 with
M = —Mj, the mass loss rate is related to J by

‘_]‘4—2:-1( ! ) | (2.17)
M, J\4/3 —¢q ,

7Unless the star is evolving off the main-sequence, and therefore expanding. In almost all CVs, however,
the secondaries are low-mass stars with main-sequence lifetimes longer than a Hubble time.
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The mean density of the secondary determines P, in a semi-detached system (by equa-
tion 2.9). For a secondary near the main-sequence, {ps2) increases when the star loses mass,
so that a CV evolves to shorter P,., as long as its secondary is not too different from a

main-sequence star.

2.4.1 Gravitational radiation

All binary stars lose angular momentum through gravitational quadrupole radiation. As-
suming againvthat the stars can be approximated as point masses, gravitational radiation
causes J t0 change at a rate jGR, related to the masses of the stars and the orbital
separation by '

Jer _ _32G3 My My (M + Mp)

J 5 at

(Landau & Lifschitz 1958). Jer is sufficient to have a significant influence on the evolution
of close binaries such as CVs (e.g. Paczyniski 1967; Faulkner 1971). In the case of a CV

with P,y < 9 h, this drives mass transfer from the secondary at a rate

(2.18)

(M1/Mg)*®(Pory/0) /6
(1~ 15¢/19)(1 + ¢)*/3

My =-38x10"1 Mo/yT, (2.19)
‘assuming that the secondary can be treated as a main-sequence star (Warner 1995). This
gives 1071 Mg /yr < M < 1071Mg/yr, for typical CV masses and periods, which is
consistent with observational estimates for most short-period CVs (e.g. Patterson 1984).

2.4.2 Magnetic braking

In most CVs at P, > 3h, a much more efficient mechanism of angular momentum loss is
required to account for the observed accretion luminosities (e.g. Patterson 1984; Warner
1987). It is widely accepted that this mechanism is magnetic braking—an ionized stellar
wind from a magnetic star is forced to corotate on magnetié field lines out to the Alfvén
radius, thereby exerting a braking torque on the rotation of the star. Since tidal locking
keeps the secbndary in synchronous rotation, angular momentum lost from its rotation
drains from the orbit. Magnetic braking in CVs is discussed by e.g. Verbunt & Zwaan
-(1981), Rappaport et al. (1983), Mestel & Spruit (1987), and McDermott & Taam (1989).

The expected mass transfer rate is given by
My = 2.0 x 107 (Popp /h)3 2202 M /y for Ppp > 2.7h (2.20)

(Rappaport et al. 1983, using the braking law of Verbunt & Zwaan 1981; McDermott &
Taam 1989 derive a similar rate). '

There is no fundamental theory for angular momentum loss resulting from magnetic
' braking. Equation 2.20 assumes, amongst other things, that the form of the rotational
angular momentum loss relation derived for slowly rotating single stars (Jyo; o< R3J3,)
is valid when extrapolated to the much faster rotation of CV secondaries. Because the
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acceleration of the stellar wind changes from thermally driven to centrifugally driven at
large Jyot, the dependence of Jror on Jyor is expected to be less sensitive in rapidly rotating
stars, and magnetic_braking rates differing by orders of magnitude have been proposed
(e.g. Andronov et al. 2003; Ivanova & Taam 2003; Andronov & Pinsonneault 2004).

2.5 The orbital period distribution

Equation 2.11 implies that the orbital period distribution of CVs is a useful indicator in
the study of their evolution—loss of angular momentum and the resulting mass transfer
changes Pyp. In practice, Py is also the only parameter accurately measured for a large
number of systems. Most studies of the evolution of CVs are therefore aimed at accounting
. for the observed P,,; distribution.

This distribution is shown in Fig. 2.3. Its most striking features are the period gap (a
pronounced drop in the number of systems at 2 h < P,rs < 3 h), and the period minimum
(a sharp cut-off in the period distribution at P,y = Ppin =~ 76 min). The distribution
also tails off gradually towards longer periods. The standard theory of CV evolution was

devéloped to account for these properties; they are considered in turn below.

2.5.1 The decline in frequency at long periods

. The gradual drop in the number of CVs towards increasing P, leaves only 22 known
systems with P,., > 12 h. This almost complete absence of CVs at P, > 12 h is easily
accounted for by the requirement that ¢ < 1, which implies My < 1.4, since the primary:
mass cannot exceed the Chandrasekhar limit®. Equation 2.9, together with the rough
approximation Ma/Mg = R2/Rg for a secondary star near the lower main-sequence, then
gives Pprp < 13 h. Another factor to keep in mind is the increasing observational difficulty
involved in measuring periods above about 12 h. The fevs; systems at greater P,., contain
evolved (giant or subgiant) secondaries and initially had M > 1Mg. Rapid evolution of
CVs through the phase spent at long P, is at least partially responsible for the decline

in numbers towards longer periods starting just above the period gap.

2.5.2 The period gap

The conventional explanafion for the period gap—disrupted magnetic braking—was first
proposed by Robinson et al. (1981), who noticed that the masses of secondaries in the
period gap fall roughly in the range where the internal structures of low-mass main-
sequence stars change from deep convective envelopes to fully convective. When the
secondary loses its radiative core, the magnetic braking mechanism is proposed to become
less efficient, or to cease operating altogether, because of reduced magnetic activity, or
‘a rearrangement of the magnetic field structure (Rappaport et al. 1983; Spruit & Ritter

80Observations indicate that mass transfer is stable in CVs. This implies ¢ < 1, but the exact limit on ¢
depends on the structure of the secondary (see e.g. Hjellming & Webbink 1987). The assumption Rz & M;
gives stable mass transfer for ¢ < 4/3 (equation 2.17).
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Figure 2.3: The orbital period distribution of known CVs with period measurements. The main
panel shows all systems, while CVs are divided into subtypes in the upper three panels. Note that
a CV can belong to more than one of these subtypes, e.g. novae also belong to one of the other
classes (but the types DN and NL, as well as IP and polar are mutually exclusive; no magnetic
system is counted as a NL, but IPs can be DNe). The period gap is indicated in all panels by
shading of the range 2.15h < P, < 3.18h (Knigge 2006). The periods are from the Ritter &
Kolb (2003) catalogue.

1983; Taam & Spruit 1989; see also Lanza et al. 2000). Angular momentum loss then
proceeds at the much lower gravitational radiation rate. Because of its history of rapid
mass loss, the secondary is at this point out of thermal equilibrium, which it now regains
by shrinking in radius, thereby losing contact with its Roche lobe. The system is left as a
detached binary, and it only regains contact with its Roche lobe, and reappears as a CV,
when P, has decreased to approximately 2 h.

The evolutionary tracks of CVs starting mass transfer at different periods and with
different Mo quickly converge (e.g. Stehle et al. 1996). This explains the small scatter
in the sequence of Knigge (2006), and, provided that J at P, > 3h does not depend
sensitively on My, it implies that almost all CVs enter the period gap with the same Ry
and M. The period gap for different CVs then correspond to the same F,, range, so
that there is a gap in the P, distribution of the overall population.

The disrupted magnetic braking model reproduces the position and width of the period
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gap (e.g. Ritter 1985). The model is also broadly consistent with the relatively small
number of short-period NLs and long-period DNe (see Fig. 2.3), the mass-radius relation
of CV secondaries (e.g. Patterson et al. 2005), and with observational estimates of M—
these are on average much higher for long-period systems than for systems at P, <3 h
(e.g. Patterson 1984; Warner 1987). It is worth noting, though, that any mechanism that
produces high —J in long-period CVs, and shuts off at P,y = 3 h, would match these
observations. That magnetic braking should be inefficient in a fully convective star has also
been challenged both on theoretical (Tout & Pringle 1992a) and observational (Jones et al.
1996; Andronov et al. 2003) grounds. Nevertheless, disrupted magnetic braking remains

the conventional explanation for the period gap, and a cornerstone of CV evolution theory.

2.5.3 The period minimum

There are essentially no hydrogen-rich CVs with P, < Ppin =~ 76 min, while many
systems occur at periods just above this value. This sharp cut-off, the period minimum, is
explained as a consequence of the response of a secondary of very small mass to continuing
mass loss (e.g. Paczynski 1981; Paczynski & Sienkiewicz 1981; Rappaport et al. 1982).

By equation 2.9, P2, o 1/{ps), i.e Py only decreases with mass loss from the sec-
ondary if (py) increases. Once M; has decreased to g 0.08 M, nuclear burning ceases;
the star is then effectivelyl a brown dwarf and expands in response to further mass loss.
It is therefore inevitable that P, changes sign at some point. CVs in this final phase of
evolution, where P, is increasing, are referred to as ‘period bouncers’. This accounts for
the period minimum, provided that CVs bounce at roughly the same period.

Period bounce does not necessarily happen exactly when Ms is reduced to the hydro-
gen burning limit. The structure of the secondary does not change instantaneously, so
that P, may continue to decrease for some time after Mj reaches ~ 0.08 Mg (see e.g.
‘Kolb & Baraffe 1999; Knigge 2006). It is also possible for period bounce to occur before
M, reaches the hydrogen burning limit. The rate of angular momentum loss from the
secondary is always at least as large as ~jGR, therefore M, decreases on a time-scale that
is at least as short as Tgr = —J/ Jog. The secondary adjusts its radius in response to mass
loss on the thermal time-scale, Ti g o« M2/RyL (where L is the surface luminosity of the
secondary). If 7k g becomes longer than the mass loss time-scale (which is < 7gr) while
the secondary is still burning hydrogen, the star will not be able to shrink rapidly enough
to retain thermal equilibrium, and will become progressively oversized and overluminous
for its mass. This will cause the direction of change in P to feverse, since, while mass
transfer will continue, (p2) will no longer increase. _

Because the evolutionary time-scale becomes very long for CVs that have evolved
past the period minimum, the lifetime of a typical CV is expected to be long compared
to a Hubble time. Therefore, in the standard evolutionary scenario, where gravitational
radiation is the only angular momentum loss mechanism acting below the period gap, most
CVs are never destroyed, but accumulate at periods near Ppin, after evolving through

period bounce (but see also Knigge et al. 2000).
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2.6 The formation of CVs

A CV must form from a binary sufficiently close to become semi-detached inside the age
of the Galaxy (this implies a ~ 1 to ~ 100yr orbit) that contains a low-mass star and a
star massive enough to exhaust hydrogen in its core, but not so massive that it becomes a °
neutron star (between ~ 1'and ~ 10Mg). The requirements in stellar masses and initial
separation imply a ‘common envelope’ phase in the evolution of a binary that will become
~ a CV—the radius of the white dwarf progenitor is at some point greater than the binary
" separation. Early work on common envelope evolution may be found in Paczynski (1976)
and Meyer & Meyer-Hofmeister (1979), and Iben & Livio (1993) and Taam & Sandquist
(2000) provide reviews. A ' ' _

When the more massive star evolves off the main-sequence, it fills its Roche lobe
(either on the the red giant or asymptotic giant branch), and transfers material to the
iower mass companion. Since ¢ > 1 when this process starts, the Roche lobe of the
mass losing star shrinks upon mass transfer (equation 2.13), and since the radius of a
giant does not decrease in response to mass loss, this leads to a runaway feedback process
(e.g. Tout & Hall 1991), during which mass is transferred on the dynamical time-scale,
Tayn ~ \/ R3/GMa, implying My ~ My /Tayn ~ Ma/\/R3/GMs ~ 0.1Mg/yr (note M,
and R, are again the mass and radius of the Roche lobe filling star, which is now the
more massive component). It takes only years for the giant to lose its envelope. The rate
at which the secondary accretes cannot exceed the Eddington limit (which will impose
M < 2 x 1073(R1/Rg) Mg /yr), but is limited also by the inability of the secondary to
adjust its internal structure very rapidly (7gyn < TxH)- Material therefore also overfills
the Roche lobe of the secondary, first reaching the outer Lagrangian point (Lg in Fig. 2.1),
and then forming an extended common envelope around the binary.

Friction from the orbital motion of the stars inside the common envelope leads to
angular momentum transfer from the binary into the common envelope, which shrinks the
orbit and expels the envelope as a planetary nebula. The common envelope phase is very
 short (typically ~ 103 yr), and the companion star mass does not increase much during
this phase (e.g. Hjellming & Taam 1991). The binary period is typically decreased by
between 2 and 3 orders of magnitude (e.g. Taam & Bodenheimer 1989; Hjellming & Taam
1991). The large orbital decay during common envelope evolution is -~requifed to change
the wide initial binary into a system that can become semi-detached within the age of the
Galaxy. .

The orbital period at the end of the common envelope phase (and thus whether the
binary components coalesce before the common envelope can be expelled) is determined
by the efficiency with which orbital binding energy is used to expel the common envelope.
The ratio of the binding energy of the envelope to the change in orbital bihding energy
(from the beginning of the common envelope phase to the point when the envelope is
expelled) is called the common envelope efficiency, acg. This parametér is not known
with much certainty (see Section 2.8.5 for further discussion). Politano & Weiler (2007)
explore the influence of acg on the properties of the zero-age CV population.
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If the binary is detached once the common envelope is removed, but is expected to
make Roche lobe contact in roughly less than a Hubble time, it is called a pre-CV. Some
effort has been made to measure P, (and hence J) in pre-CVs. Kilkenny et al. (1994)
detect a P, change in HW Vir that is probably cyclical, rather than secular, since the
implied —J is unreasonably large. In NN Ser, Brinkworth et al. (2006) find P, consistent
with the high —J of e.g. Verbunt & Zwaan (1981), but larger than that implied by the
more recent magnetic braking law of Ivanova & Taam (2003); this system has a low-mass,
fully convective secondary. The period of the pre-CV V471 Tau also seems to be decreasing
on a time-scale consistent with strong magnetic braking, but there are cyclical changes
superimposed on the systematic decrease (Skillman & Patterson 1988).

If the initial a is small enough (P4 < lyr) for the massive star to make contact
on the giant branch, it loses its envelope before core He burning starts. This leads to a
low-mass He white dwarf primary. If, on the other hand, the white dwarf progenitor starts
cofe He burning before filling its Roche lobe, it contracts, and can only fill its Roche lobe
on the asymptotic giant branch, by which time the core mass is larger, leading to a CO
white dwarf primary. This leads to a bimodal distribution of primary masses in CVs, with
CO primaries being more common (e.g. de Kool 1992; Politano 1996).

In the very dense environments of globular clusters, CVs are also expected to form
dynamically through tidal capture and three-body collisions (e.g. Fabian et al. 1975; Hut
& Verbunt 1983; Di Stefano & Rappaport 1994; Ivanova et al. 2006; Shara & Hurley 2006).

2.7 The standard theofy of CV evolution. versus observa-

tipns

The theory outlined in Section 2.4 and 2.5 (disrupted magnetic braking, and period bounce,
caused by the structure of the secondary) successfully explains the period gap (as well as
its position and width), the existence of the period minimum, and the fact that long-period
CVs have higher M than short-period systems (which is clear from estimates of absolute
magnitudes, as well as from the difference in period distributions of DNe and NLs). While
reproducing these observational properties does not specifically require disrupted magnetic
braking, but rather any fast angular momentum loss mechanism that stops acting at the
top of the period gap, other theories that have been proposed are no more natural or
successful than disrupted magnetic braking (e.g. King & Kolb 1995; Kolb et al. 1998).
However, CV evolution theory fails in other regards. Probably the most obvious
"“problem is that models persistently place the period minimum about 10 min short of
the observed cut-off (see e.g. Kolb 1993; Kolb & Baraffe 1999). Furthermore, although
most DNe are short-period systems and most NLs are long-period systems, there are a
few DNe (NLs) above (below) the period gap. The scatter in observationally inferred
M at fixed period (Patterson 1984; Warner 1987) is also larger than expected, since the
angular momentum loss mechanisms described above both produce M that depends almost

-exclusively on P, (either directly or via M3).
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Population synthesis methods combine the changing J, M and P, with a model of
the birthrate of CVs to predict the present-day distribution of CVs as a function of M,
My, M, and P,.. Only one of these paraméters, Pyrp, has been measured for a large
number of CVs. The orbital period distribution of known CVs is therefore one of the few
observational characteristics of the CV population that can be used to constrain theory?.
Population synthesis also predicts the overall size of the CV population, and this is a
second prediction that can be tested observationally.

Commonly used CV birth rate models are presented by de Kool (1992) and Politano
(1996), while population synthesis models are described by, e.g., Kolb (1993) and Howell
et al. (1997, 2001).

These studies predict that ~ 99% of the intrinsic present-day Galactic CV population
should consist of systems with P, < 3 h, and that about 70% should be period bouncers
(Kolb 1993; Howell et al. 1997). The first of these predictions is clearly not reflected in
the known sample of CVs—long-period systems comprise significantly more than 1% of
observed CVs (see Fig. 2.3). Furthermore, only a handful of known systems are likely
period bouncers (e.g. Patterson et al. 2005; Littlefair et al. 2006, 2007). The explanation
of the period minimum in terms of period bounce also predicts that a large number of CVs
should have periods very close to P, (since the number of CVs in a given period range
is proportional to the time taken to evolve through that range, and Pop = 0 at P, S0
that Py is a local maximum in the period distribution of CVs). This spike is, if at all
present, not nearly as pronounced in the observed CV population as predicted. Clearly,
if the standard theory of CV evolution is even approximately correct, the observed CV
sample is not representative of the intrinsic population.

The important shortcoming of existing comparisons between predicted and observed
period distributions is quantitative modelling of P,.,-dependent selection biases. Mod-
elling these selection effects is the subject of Chapter 3.

The predicted size of the CV population depends on, amongst other things, the com-
mon envelope efficiency acg, the lifetime of a CV, and the formation rate of primordial
‘binaries that will become CVs. Some theoretically predicted values of the CV space density
are (0.5—2) x 10~4 pc™2 (de Kool 1992), 1.8 x 10~* pc~2 (Kolb 1993), 2 x 1075 pc~3 (Poli-
tano 1996), and (1—2)x10~% pc~3 (Ritter & Burkert 1986; Ritter & Ozkan 1986; this value
is not purely theoretical). Observational estimates are typically lower; some measurements
are ~ 1075pc~3 (Patterson 1998), ~ 3 x 1076pc™3 (Warner 2001), ~ (2 — 3) x 107 5pc 3
(Hertz et al. 1990), > 10~5pc™3 (Schreiber & Ginsicke 2003), > 4.4 x 1075pc3 (Araujo-
Betancor et al. 2005), and 0.9733 x 1078 pc=3 (Rogel et al. 2007)1°. Where errors are
quotéd, or a range is given, the errors do not include all uncertainties.

Amongst the serious difficulties affecting observational p measurements is the incom-

®Component masses have been reliably measured for only a small number of CVs, but it is also possible
to infer mass ratios in systems that display superhumps (e.g. Patterson 1998; see also Section 2.3.1.2). The
observationally estimated values of M are too uncertain to provide tight constraints on theory. i

10There are many more observational values in the literature, several of which are certainly incorrect. A
few additional measurements will be discussed Chapter 5 to illustrate some of the errors that are commonly
made in estimating p.
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pleteness of almost all samples of known CVs. This is discussed further in Chapter 5.

Although it is not clear that the differences between predictions for the size and period
distribution of the intrinsic CV population, and the size and period distribution of known
CVs signal a real inconsistency, it has been arg.ued that this is the case (e.g. Patterson
1984, 1989). On the other hand, it has also been argued that selection effects may hide the
large predicted population of short-period CVs, and searches for this “missing” population
have been conducted (e.g. Howell et al. 2001; Marsh et al. 2002; Gansicke et al. 2005a;
‘Witham et al. 2007). |

2.8 Complications and additions to the standard theory

Because of the problems discussed in Section 2.7, as well as some further complications
that will be mentioned below, many changes to the standard theory of CV evolution have
been proposed. None of these different theories really amounts to an alternative to the
standard theory (they all rely on some asbects of the model described above), and none
is widely accepted.

Also included in this section are brief descriptions of how the evolution of CVs with
nuclear evolved secondary stars, and that of magnetic CVs, is thought to differ from the

standard evolutionary scenario.

2.8.1 Additional angular momentum loss below the period gap

Patterson (1998, 2001), and Patterson et al. (2003) propose that the problemé with high
predicted space density, the high predicted ratio of long- to short-period CVs, and the
theoretical position of the period minimum can be solved by assuming —J > —Jgg for
short-period CVs (see also Section 4.6.3). This additional angular momentum loss may
be provided by magnetic braking, which in that case does not shut off completely, or
permanently (Patterson 2001; King et al. 2002). Kolb & Baraffe (1999) confirm that such
an assumption moves the predicted period minimum roughly 10 min up (but does not
remove the period spike from the predicted population).

King et al. (2002) suggest that —J > —Jgr in a small fraction of CVs, with a range of
values, will suppress the period spike, but Barker & Kolb (2003) perform a more realistic
| calculation, and find that this does not work as proposed.

Additional angular momentum loss mechanisms are also discussed in Section 2.8.3
and 2.8.4 below, and a completely different approach to solving the problems involving

the position of the period minimum and the period spike is described in Section 2.8.5.

2.8.2 Mass transfer cycles

The magnetic braking M has a fairly sensitive dependence on P4, but is insensitive to
other binary parémeters (see equation 2.'20). However, this is not reflected by observations—
there is large scatter in observationally estimated M at fixed period and this cannot be
explained purely by errors in these measurements, since different subtypes of CVs occur
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in the same period intervals, as already mentioned in Section 2.7 (note that an assump-
tion in this argument is that DNe and NLs have very different M; I will return to the
coexistence of DNe and NLs at the same Py, in Section 6.4). In order for the period gap
and the period minimum to be as sharply defined as they are, roughly constant M at a
given P, is required, but only when averaged over evolutionary time-scales. Fluctua-
tions in M around the secular mean on shorter time-scales will not affect the properties
of the P, distribution, and it has been suggested that such fluctuations can be caused
by irradiation of the secondary (e.g. Hameury et al. 1989; Wu et al. 1995; King et al.
1995, 1996; McCormick & Frank 1998; Ritter et al. 2000; Biining & Ritter 2004). Such
mass transfer cycles will occur on the time-scale on which the Roche lobe moves through
a stellar scaleheight; this time-scale is short compared to the evolutionary time-scale, but
much longer than the observational baseline of about 100 yr.

The proposed origin of mass transfer cycles is variations in the radius of the secondary,
caused by irradiation by the white dwarf or accretion flow. However, for Ms in the range
relevant to CVs, King et al. (1996), McCormick & Frank (1998), and Ritter et al. (2000)
find that consequential angular momentum loss (see Section 2.8.4) is required for the
proposed cyclical behaviour to occur. Biining & Ritter (2004) confirm that systems with
My and M in the fa,nges expected for CVs are stable to irradiation-driven mass transfer
cycles. ‘

It has also been suggested that increased irradiation of the secondary after a nova
eruption may cause mass transfer cycles (Shara et al. 1986; Kovetz et al. 1988; Martin &
Tout 2005).

2.8.3 Circumbinary discs

Material escaping from a CV through, e.g., nova eruptions or a disc wind, can settle
into a disc in the orbital plane, outside the binary. Such a circumbinary disc interacts
gravitationally with the stars, thereby extracting angular momentum from the binary
orbit.

Spruit & Taam (2001) and Taam & Spruit (2001) investigate the influence of circumbi-
nary discs on CV evolution and sﬁggest that the presence of such discs might explain the
observed range in M at fixed period (without requiring mass transfer cycles), reduce the
predicted p (since the high M driven by circumbinary discs may destroy the secondary
in less than a Hubble time), and increase the predicted minimum period. Because of
the spread in M at fixed P, model CVs with circumbinary discs follow several distinct
evolutionary tracks. This smears out the edges of the period gap, which presents a seri-
ous problem for theories that rely on the influence of circumbinary discs (Spruit & Taam
2001); furthermore, the work of Knigge (2006) implies that most CVs follow a unique,
standard evolutionary sequence. Spruit & Taam (2001) also point out that the discs may
not survive nova eruptions.

Willems et al. (2005, 2007) have performed population synthesis studies that include

angular momentum loss caused by circumbinary discs. Willems et al. (2005) confirm that
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such additional angular momentum loss can increase the period minimum and suppress
the period spike, and Willems et al. (2007) find that it may cause period bounce at around
the position of the upper edge of the period gap.

Dubus et al. (2002) predict that circumbinary discs should dominate the SED of high-
M CVs in the mid- and far-IR, and be detectable even in the near-IR.

" Observations of excess mid-IR emission from several polars are best explained by
circumbinary discs (Howell et al. 2006; Brinkworth et al. 2007; Hoard et al. 2007), but
the masses implied for the discs are too small to impact the evolution of these systems
(Brinkworth et al. 2007)!!. Dubus et al. (2004, 2007) also find that their mid-IR obser-
vations of an IP and a non-magnetic CV hint that circumbinary discs may be present,
but that the data provide no good evidence for the massive circumbinary discs needed to

influence CV evolution.

2.8.4 Consequential angular momentum loss

An angular momentum loss mechanism that depends on Mo, and acts only in the presence
of systemic angular momentum loss (resulting from, e.g., magnetic braking or gravitational
radiation), is called consequential angular momentum loss. King & Kolb (1995) show that
cdnsequential angular momentum loss caused by a magnetic wind from the disc (Livio
& Pringle 1994) has difficulty in reproducing the observed period gap, and is not a vi-
able alternative to disrupted magnetic braking. Furthermore, assuming that gravitational
radiation is the only systemic angular momentum loss mechanism in short-period CVs,
Barker & Kolb (2003) find that consequential angular momentum loss does.not move the
predicted period minimum the required 10 min up, and does not remove the predicted
period spike.

6onsequential angular momentum loss resulting from nova eruptions is similar to the
angular momentum loss experienced during the common envelope phase (see e.g. Shara et
al. 1986; Livio et al. 1991; Schenker et al. 1998). This mechanism does not significantly
influence the evolution of CVs (Schenker et al. 1998)!2.

2.8.5 The binary age postulate
King & Schenker (2002) (see also Schenker & King 2002) propose that CVs take longer

than the age of the Galaxy to evolve down to the period minimum, either because magnetic
braking is very inefficient (as suggested by Andronov et al. 2003, but this has fallen out
of favour, see e.g. Ivanova & Taam 2003, and was in any case incompatible with both the

period gap and the luminosities of long-period CVs), or because very efficient common

'Note that the systems observed in these studies are low-M CVs, and that it would be surprising if
they had massive circumbinary discs capable of driving high —J.

'2The reason that a nova shell (unlike 2 common envelope) does not cause large angular momentum
loss is that it has much higher expansion velocity (and also lower mass). The friction between the stars
and the nova shell is therefore lower, and the ejected material carries with it essentially only the specific
angular momentum of the white dwarf.
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.envelope evolution leads to a wide binary at the end of the common envelope phase. No
explanation is offered for acg to be larger than usually assumed.

However, accepting this ‘binary age postulate’ may solve several problems, namely
the high predicted CV space density, the predicted spike at the period minimum, and
the predicted position of the period minimum. It implies a higher space density for pre-
CVs, but this is not inconsistent with observations, since the space density of pre-CVs
is not observationally well constrained (e.g. Schreiber & Génsicke 2003). The binary age
postulate predicts that period bouncers should not exist, and two CVs with substellar
secondaries are now known (Littlefair et al. 2006, 2007). However, it is possible for a
CV to form with a substellar secondary (and this is suggested to be the case for one of
these systems; see Littlefair et al. 2007). It is therefore not clear that there really is any

observational evidence to rule out the binary age postulate.

2.8.6 CVs with evolved secondaries

Since the evolution of a CV depends on the structure of its secondary, systems with
nuclear evolved secondaries (i.e., systems that formed with My > 1Mg) follow different
evolutionary sequences (e.g. Baraffe & Kolb 2000). Some of these evolved sequences have
no period gap (sincé the secondaries become fully convective at smaller Ms), and CVs
following some of these sequences experience period bounce near the top of the period gap
(e.g. Baraffe & Kolb 2000).

Although most CVs fall on a unique, unevolved sequence (this is theoretically expected
as well as observed; e.g. Stehle et al. 1996; Knigge 2006), CVs with evolved secondaries
probably dominate the population at Pyt > 5h (Beuermann et al. 1998; Baraffe & Kolb -
2000; Podsiadlowski et al. 2003).

The very long-period (P, > 12h) CVs must have secondaries with radii that are much
larger than that of main-sequence stars of the same mass (see Section 2.5.1). An example
is GK Per, which has an orbital period near 2 d, and probably a subgiant secondary (e.g.
Crampton et al. 1986; Morales-Rueda et al. 2002)- There are also a few known CVs with
evolved secondaries at short periods, e.g. V485 Cen, EI Psc, and QZ Ser (Augusteijn et
al. 1996; Thorstensen et al. 2002a,b). The unusually short periods of V485 Cen and EI
Psc (well below 'Ppin) can be understood if these systems have Ms—R; relationships that
differ signiﬁcantly from those of most CV secondaries (e.g. Thorstensen et al. 2002a).

2.8.7 Magnetic systems

The stellar wind from the secondary in a polar is expected to be trapped in the magneto-
sphere of the white dwarf. Therefore, magnetic braking should not operate in polars, and
this is consistent with the absence of a period gap in their P, distribution‘13 (e.g. Wu &

13The period distribution of all known magnetic CVs shows a hint of a period gap (see Fig. 2.3), but this
is not significant. The probability that this P, distribution is drawn from a distribution that is constant
in the range 0.10 < log(Pors/h) < 0.85, and zero elsewhere, is 0.1, according to a Kolmogorov—Smirnov
test. . !
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Wickramasinghe 1993; Li et al. 1994; Wickramasinghe & Wu 1994; Li et al. 1995; Web-
bink & Wickramasinghe 2002). Observational evidence in favour of this comes from lower
white dwarf Tesy in polars than in non-magnetic CVs at similar P, (Araujo-Betancor et
al. 2005), and also from the low luminosities of polars (including long-period polars; see
table 6.1 of Warner 1995). - ’ '

IPs are thought to evolve into polars as their accretion rates drop and the binary
separations decrease (e.g. Webbink & Wickramasinghe 2002; Norton et al 2004; of. Wick-
ramasinghe 1993). Accepting that polars do not experience magnetic braking, and that
their progenitors are IPs, the period distribution of polars provides support for disrupted
magnetic braking as the cause of the period gap in non-magnetic CVs (Webbink & Wick-
ramasinghe 2002). '

It is, however, also possible for a polar to form from a pre-CV that is already synchro-
nized when it becomes semi-detached (e.g. Schmidt et al. 2005), and for a long-period IP
to evolve into a short-period IP (e.g. Norton et al 2004; Southworth et al. 2007a).
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Chapter 3

The influence of selection effects on the

observed cataclysmic variable population

3.1 Introduction

The rudiments of the theory of CV evolution, outlined in Section 2.4 and 2.5, have long
been accepted, yet there are still significant discrepancies between the predictions of the-
ory and the properties of the observed CV sample (see Section 2.7). Population synthesis
studies predict the relative sizes of the long-period, short-period, and period bouncer pop-
ulations as roughly 1:30: 70 (e.g. Kolb 1993; Howell et al. 1997). A glance at Fig. 2.3 is
enough to determine that short-period CVs do not comprise 99% of the observed popula-
tion; furtermore, the majority of known short-period systems are not period bouncers.

However, since different types of CVs differ in intrinsic brightness, and all surveys are
 limited in depth (and the majority severely so) there is no reason to think that an observed
sample should be representative of the intrinsic population. Apparent brightness and
large amplitude variability are two factors that obviously affect the discovery probability -
of a CV. Since both intrinsic brightness and the frequency of large amplitude brightness
variations decrease with M, short-period, low-M systems are necessarily under-represented
in the known sample. The question is only whether these and other selection effects can
account for the size of the discrepancy between the period distributions of the predicted
and observed populations.

Fig. 3.1 goes some way towards illustrating the potential importance of the apparent
magnitude dependent election effect, by comparing the period distributions of bright (V' <
17) and faint (V' > 17) sub-samples of the known CVs. The difference between the two
distributions is striking, with the ratio of the number of short- to long-period CVs being
much larger when only apparently faint systems are considered.

Although detailed models of the intrinsic CV population exist, very little effort has
been made to model even the simples\t observational selection effects. A commonly used
aSsumption is that the discovery probability of CVs is proportional to M?, with 6 some
positive constant (e.g. Howell et al. 2001; King et al. 2002). This is clearly a gross sim-
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Figure 3.1: The orbital period distribution of CVs in two magnitude bins, V' < 17 (left-hand
panel) and V' > 17 (right-hand panel). Periods are taken from Ritter & Kolb (2003). The
magnitudes used are magl from Ritter & Kolb (2003), and systems for which V-band magnitudes
were not available were discarded, unless it was possible to determine which V-bin it belongs in
from a measurement in a different band-pass. An apparent magnitude of V = 17 was chosen as a
divide because this is roughly the brightness where it becomes impractical to measure P, from
radial velocity measurements with a 2-m class telescope. The period gap is indicated by light grey
shading of the range 2.15h < P,,, < 3.18 h in both panels.

plification, given that most known CVs were discovered because of variability or unusual
optical colours, and that L o< M? is not a good description of the luminosities of CVs. It
is therefore not clear to what extent theoretical predictions disagree with observations, or,
indeed, whether there is a real inconsistency.

Here I present a Monte Carlo approach to modelling observational selection effects
quantitatively, and use it to demonstrate how common selection effects influence the ob-
served CV period distribution. I then apply this method to the well-defined observa-
tional CV sample detected in the Palomar—Green (PG) Survey, to determine definitively
whether the intrinsic CV population predicted by the standard theory of CV evolution is
inconsistent with observations, and, specifically, whether it predicts relatively too many

short-period CVs.

3.2 The computational method

A Monte Carlo model is used to determine the effects of arbitrary selection criteria on
observationally constructed CV samples. The key parameters that describe a CV are
My, My, P, and M. Given a description for the birthrate of CVs and a recipe for
their subsequent evolution, population synthesis methods can be used to generate the
predicted intrinsic CV population as a function of these parameters. A random sample of
CVs, drawn from such a distribution, is generated and distributed within a model Galaxy.
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By modelling the spectral energy distribution (SED) of each CV, a predicted sample,
corresponding to an observational CV sample subject to given selection criteria, can be
constructed. ' '
Several aspects of the model are uncertain; specifically, the disc SEDs, DN outburst
behaviour, and assumed vertical Galactic distributions of CVs can be questioned. Where
possible, and where these uncertainties can be expected to have an important impact on
the results, I will use a range of different assumptions (see Section 3.2.5 and 3.4), and I

will return to the limitations of the modelling of selection effects in Chapter 6.

3.2.1 The predicted intrinsic CV population

The starting point of the modelling is the population of CVs"resulting from model pmb of
Kolb (1993). This is the present-day population of CVs that results from the birth rate
model of de Kool (1992) when systems are evolved using the magnetic braking prescrip-
tion of Verbunt & Zwaan (1981) in the case of secondary stars with radiative cores, and
gravitational radiation alone for fully convective seconda,ries‘l. The population synthesis
model provides a probability distribution function (PDF) over the parameters Py, (M )
(the secular average M), Mj, and M. : .
This model uses a bipolytropic treatment of the secondary, which becomes fully con-
vective when My = 0.25Mg. The resulting period gap is between roughly 2.51 and 3.31 b,
which is not where the observed gap is. This shortcoming can in principle be overcome;
the recalibration needed to improve the match to the observed location of the period gap
does not have very serious repercussions for the overall population synthesis results. The
PDF is zero at P, = 2.92h, and this is the value used to distinguish between short-
and long-period systems in the theoretical distribution. Mj is kept constant throughout
the evolution; i.e., all the material transferred from the secondary to the primary is as-
sumed to be ejected during nova eruptions (see Section 2.3.4). Period bounce occurs at
M, ~ 0.07Mg?, placing the period minimum at about 64 min. In this population, 99.7%
of all systems are below the period gap, and 72% of all systems are period bouncers.
Magnetic systems are not accounted for separately, so if they evolve differently, as
has been proposed at least for polars (e.g. Wu & Wickramasinghe 1993; Li et al. 1994,
Webbink & Wickramasinghe 2002; see Section 2.8.7 for a more detailed discussion), they
are not included in the population synthesis model. Furthermore, the largest secondary
mass considered is 1 Mg, and all secondaries are assumed to be completely unevolved at.

the onset of mass transfer.

*Kolb (1993) considered several combinations of birth rate models and magnetic braking prescriptions,
and found similar resulting populations. The strength of magnetic braking is, however, not known with
great certainty, and Ivanova & Taam (2003) have proposed a magnetic braking law that is significantly
weaker than the Verbunt & Zwaan (1981) prescription (see also Section 2.4.2). '

%I simply define period bouncers in this population as systems with Ms < 0.07Mg. This is close to
correct, although systems actually bounce at a small range of M. '
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3.2.2 The model Galaxy

The model of the Galaxy consists solely of an axisymmetric disk, with no spiral structure,
no additional thick disc, no halo, and no Galactic bulge. This is consistent with the
Population I assumption made in the population synthesis model and is reasonable, since
the bulk of the int;insic CV population resides in the (thin) Galactic disk (e.g. Stehle et
al. 1997).

Every system is assigned a position (r,z,¢) in space, where z is height above the
Galactic plane, r is distance in the Galactic plane from the Galactic centre, and ¢ is
azimuth. The positions are generated randomly in such a way that the overall distribution

of CVs produces exponential density profiles:

p(z) o exp(—|z|/h), and (3.1)
p(r) o exp(—r/hy), (3.2)

where the radial scalelength is h, = 3000 pc, and the vertical scaleheight is

120pc  for long- P, systems v
h =< 260pc for normal short-P,,;, systems (3.3)
450 pc for period bouncers.

Adopting different scaleheights for these three sub-populations is motivated by the fact
that the long-period, short-period (pre-period bounce), and period bounce regimes are
successive stages in the evolution of a single CV. The age of a CV is the sum of the
time spent as a detached binary (pre-CV) and the time since becoming semi-detached,
and systems first make Roche lobe contact at a range of orbital periods. This means that
there is a spread in the ages of CVs at fixed period (besides that caused by period bounce),
and, in fact, some overlap between the ages of sub-populations (see e.g. Kolb & Stehle
1996). Nevertheless, sub-populations have different representative, average ages. Long
period CVs are typically younger than ~ 1034 yr, while short-period, pre-period bounce
systems are typically older than ~ 1088 yr, and it takes ~ 10%4 yr to reach the period
minimum (e.g. Howell et al. 2001). The scaleheights of the 3 sub-populations given in
equation 3.3 were chosen to be representative of stellar populations with ages of ~ 1084,
~ 10%2, and =~ 10%% yr (Robin & Crézé 1986). ‘

" The model assumes a Galactic Centre distance of 7620 pc (Eisenhauer et al. 2005),
and ignores the small offset of the Sun from the Galactic plane; i.e., the Earth is placed at
(r,z,¢) = (7620pc,0,0). For computational simplicity, the Galaxy is divided along the
two planes of symmetry that include both the Sun and the Galactic Centre (the planes
z=20and ¢ = 0) and only one quadrant of the Galaxy is simulated; i.e. z > 0 and

0<op<m. ‘
Interstellar extinction is computed by integrating the density of the interstellar medium
. /7620pc—7 B )
_— 3.4
p’SMOfeXp( 4500 pc )xeXp(l4Opc : (34)
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(Robin et al. 2003) along the line of sight to each system to obtain the neutral hydrogen
column density, Ny. The proportionality constant in equation 3.4 is found by setting
Ay = 30 for an object at the Galactic Centre (up to a distance of 2000 pc in the Galactic
Centre direction, the extinction in V' then turns out to be 3.8 mag, i.e., 1.9mag/kpc).
Extinctions in the U and B-bands are taken as Ay = 1.531'AV and Ap = 1.324A4y (Rieke
& Lebofsky 1985).

3.2.3 The spectral energy distribution of CVs

Four components, namely the accretion disc, bright spot, white dwarf, and secondary star,
are included in the model of the overall SED of each CV in the simulations.

A slight modification of the code described in Tylenda (1981a) was used to compute
a 4D grid of accretion disc models over the variables M, (the rate at which mass flows
through the disc), Mi, the orbital inclination (¢), and the outer disc radius (rg). The
viscosity parameter, a, was set to 0.01 for My Sv 103 g/s, and 0.8 otherwise®. The
disc model assumes a steady state disc structure and produces a blackbody spectrum
for optically thick regions, while for a vertical optical depth < 1, the same procedure as
explained in Tylenda (1981a) is adopted, so that emission lines appear in these regions.
As will be explained in the next section, My = (M ) is assumed only for systems with
stable discs (these are a small minority of the population).

CVs are assumed to be randomly inclined with respect to Earth, therefore cosi for
each system is selected as a uniformly distributed random number between 0 and 1. The
inner disc radius is set equal to the radius of the primary (R;), which is calculated using
the approximate white dwarf mass-radius relation of Nauenberg (1972). The calculation
of rg will be explained in the next section. '

The bright spot is modelled as a blackbody extending over an azimuth of 10° on the
outer disc rim (see e.g. Wood et al. 1986). .

The flux contribution of the secondary is computed using the spectral type — Py
relation of Smith & Dhillon (1998):

6.5 — 0.7Pyy/h  for Ppy < 4h

SpT(2) = 3.5
PT) { 33.2 — 2.5P,/h for Py > 41, (3:5)

where SpT'(2) = 0 means a spectral type of GO, SpT'(2) = 10 is K0, SpT(2) = 20 is MO,
etc?. The secondary is assigned the absolute magnitudes that a main-sequence star of the
same spectral type would have. This is not strictly correct, since CV secondaries are not
in thermal equilibrium. In systems with Mz < 0.07 Mg (i.e. period bouncers), the flux
contribution of the secondary is neglected. The treatment of secondary stars is improved

on in Chapter 4 by using the semi-empirical sequence of Knigge (2006). However, none

3This choice was made mostly for computational convenience and is not very physical, but the influence
of o is small in all regards except U — B colours (Tylenda 1981a). This is discussed further in Section 3.4.

4Because the predicted period minimum is shorter than observed, equation 3.5 is applied beyond the
P, range where it can be expected to be valid. Since these very low-mass secondaries are faint compared
to other components of the binaries, this is not an important concern.

37




of the results presented in this chapter would be changed if this sequence was used here
instead of the Smith & Dhillon (1998) relation. This is because unevolved secondaries are
not expected ever to be large contributors to the optical flux; in fact, with the exception
of some edge-on systems, the secondary star is not an important component in the SED
model of any of the simulated CVs.

The effective temperature of the primary is estimated from

‘ 1/4 _1/2 '
_ (M) ( Ry
Ters = 15600K (1016gs—1 1G9 cm) (3.6)

(Townsley & Bildsten 2003). The absolute U, B, and V magnitudes of the primary are
then found using the tabulation for pure H white dwarfs of Bergeron et al. (1995). In
systems with My > 2.0 x 107 g/s and ¢ > 86°, it is assumed that the white dwarf is
completely shielded by the disc, and makes no contribution to the fluxS.

3.2.4 Dwarf nova outburst cycles

Most CVs have values of M, that cause their discs to be subject to a thermal instability;
these systems are the DNe (infrogiuced in Chapter 2), and they spend most of their time
with My # —Ms, so that it is incorrect to use (M) in the disc luminosity calculation. DNe
are characterized by outbursts during which their luminosity increases by typically 2 to
5 magnitudes. Outburst durations are days to tens of days, and the recurrence interval
ranges from tens of days to decades (see Section 2.3.1 for a more complete discussion).
To determine whether a system is a DN, equations 38 and 39 of Hameury et al. (1998)

are used—systems with

<M> > 0.5 x 101°a001 (%) —0.89 (—7@_) 2.68 s
. Mg/ . 100 om

or

. M —0.88 R 2.65
15 —0.004 1 1
(M) <4.0 x 107« (_M@) (————loloc > g/s

have stable discs. None of the CVs in the theoretical intrinsic population satisfy the second
inequality, so that the model includes no systems that are stable on the lower branch of
the S-curve (see Fig. 2.2). All short-period systems in the model population are DNe, and
less than 0.1% of CVs in this population are permanently bright, nova-like (NL) systems.

In order to calculate the disc spectrum correctly for the systems with unstable discs,
the mass accretion rates through the disc in outburst (Myo) and quiescence (Myg) need

to be found. These are related to the average value by
(M) = CMdo + (1 — C)MdQ,~ (3.7)

where C is the outburst duty cycle (assuming that outbursts are simple top-hat functions).

5In detail, the issue of shielding by the disc is more complicated than allowed for here; see e.g. Smak
(1992), Meyer & Meyer-Hofmeister (1982), and Knigge et al. (2000, 2004).
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The absolute V magnitude at maximum (My me,) is found from the My mae—P,p relation
of Warner (1987), as recalibrated by Harrison et al. (2004)®. Since the candidate period
bouncers reach brighter maxima than given by this relation (these systems show only

- superoutbursts), period bouncers are all assigned the same maximum absolute magnitude,

Mvymaz. The prescription used here is then

5.92 — 0.383P,5/h for normal DNe

. 3.8
5 for period bouncers. (38)

MVmaw = {

To find the disc luminosity (Lg) and hence the mass accretion rate through the disc at

maximum,

Myo = (3.9)

it is assumed that all of the outburst light originates from the disc, and that the bolometric
correction is —1.8 (following Patterson et al. 2002a). The rate at which mass flows through
the disc in quiescence is then
Mg = <M>1 —C(;Mdo .

No clear empirical relation exists between the duty cycle 'and other observables, but for
normal pre-period bounce DNe a duty cycle of ~10% is in accord with observations (e.g.
Warner 1995; Ak et al. 2002)7. For period bouncers, a duty cycle of ~ 5 x 1072 is indicated
by observations of the best candidates®.

As it turns out, however, equation 3.8 and the mass transfer rates given by evolution
theory cannot be reconciled with C = 0.1 (C = 5 x 1073) for the majorityiof normal DNé
(period bouncers). Duty cycles as large as these would imply (M) < CMyo and thus

MdQ < 0 (see equation 3.7). This is because equation 3.9 gives values of M 0 between .

~2x101%g/s and ~ 8 x 1017 g/s, while (M) extends as low as 5 x 10'% g/s. This problem
is dealt with by assuming that typical DN duty cycles are lower than those suggested by
known systems. This is plausible, since the known sample of DNe is likely to be biased
towards systems with unusually frequent outbursts. The grid of accretion disc models in
fact extends only to My = 3.2 x 10'?g/s (by this point the disc is in any case always
fainter than the white dwarf). This leads to the requirement

(M) — CMao

> 3. 12 o/,
o 232x10% gfs

Mag =

5 As with equation 3.5, the My maz—Pors relation is extrapolated to periods below the range where it is
known to apply.

"Most (possibly all) short-period DNe are SU UMa stars and have superoutbursts in addition to normal
outbursts (see Section 2.3.1.2). However, since the latter are considerably more frequent in short-period
CVs that are not suspected to be period bouncers, this complication is ignored. .

8The duration and recurrence time of outbursts in these systems are uncertain. WZ Sge, EG Cnc, and
AL Com are considered good period bouncer candidates (e.g. Patterson 1998; Patterson et al. 2005), and
appear to have outburst duty cycles of about 0.5%, but the observational baseline is not long enough for
this to be firmly established. The two confirmed period bouncers (Littlefair et al. 2006, 2007) have never
been observed in outburst.
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Table 3.1: The DN outburst duty cycles that were adopted. The final column lists the fraction
of the total intrinsic population represented by DNe with each duty cycle.

r

DN outburst duty duty cycle Percentage of the population

Period bouncers 5 x 1073 8.2
' 5x 1074 44

0 . 20

Normal DNe 0.1 1.1
0.01 22

5x 1073 2.1

5x 1074 2.6

For normal DNe, if C = 0.1 does not satisfy the above inequality, the code is set to try
successively C = 0.01, C =5 x 1073, and C = 5 x 1074, and to adopt the first value that
gives MdQ > 3.2 x 10'2 g/s. For period bouncers, the starting value is C =5 X 1073, and
C = 5x107* is adopted if necessary. If C = 5x 10~ also leads to My < 3.2x102g/s, it is
assumed that the system will never be observed in outburst, and that the disc luminosity
is negligible in quiescence. Table 3.1 summarizes the outburst duty cycles used.

Note that the need for small outburst duty cycles is not just a numerical problem or
a quirk of a small number of peculiar model CVs. If only MdQ > 0 is required, then DNe
that must have C < 5 x 10~ comprise 19% of all systems, and less than 1% of the total
population consists of DNe that can have C' > 0.1.

Of course the procedure described above is very contrived, but, given that it is not
possible to reproduce the DN outburst properties expected on empirical grounds, fhis
approach is at least reasonable. A simple check can be made to verify that the duty
cycles are not ruled out by the existing sample of DNe. Most known DNe were discovered
through their outbursts. Assuming that (i) the space density of CVs is 5 x 1075 pc™3;
(ii) all DNe reach My = 5 in outburst; (iii) C = 5 x 10~* implies an outburst recurrence
time of 300 yr (i.e. that 1/6 of these systems had an outburst during the last 50 yr); and
(iv) every DN that reached V = 11 at maximum during the last 50 yr was discovered and
recognized as a DN, the assignment of duty cycles implies that about 10 systems with
C =5 x 1074 should be known. Given the uncertainty in space density and discovery
probability for DNe over the past few decades, and the fact that there are DNe that
have had only one observed outburst?, the—admittedly surprising—duty cycles are not
in themselves inconsistent with observations. Patterson (1998) points out that a large
population of low-M CVs could remain undiscovered if these systems have very long
outburst recurrence times, and that, while this is not impossible, there is no empirical
evidence of such behaviour. The above analysis shows that (accepting the mass transfer
rates that result from gravitational radiation alone, that DN outbursts are caused by an
increase in M, and that DNe reach My ~ 5 at maximum) very long outburst recurrence

times are not only possible, but, in fact, inevitable.

9GD 552 is a well-known example of a low-M CV that has never had an observed outburst; e.g. Hessman
& Hopp 1990.
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Note that equation 3.8 is only used to estimate Mo and qu, which are then used
to calculate absolute magnitudes from the 4D grid of accretion disc models.

The probability of catching a DN in outburst is set equal to the duty cycle (which is
- correct for a single-epoch survey), and this probability is used to simulate some systems in
outburst and others in quiescence. The outer disc radius is set to rq = 0.7R, 1 for NLs and
DNe in outburst, and rg = 0;5RL,i for quiescent systems (Harrop-Allin & Warner 1996),
where Ry, 1 is the Roche lobe radius of the primary (approximated using equation 2.6 of
Warner 1995). | ,

It has been suggested that M also fluctuates around the secular mean on time-scales
that are too long to be observed, but shorter than the binary evolution time-scale (e.g.
Hameury et al. 1989; Wu et al. 1995; King et al. 1995; McCormick & Frank 1998; Biining
& Ritter 2004; Ritter et al. 2000; see also Section 2.7 and 2.8.2). Such cycles are not
included in the population synthesis model used here.

3.2.5 Allowance for the main uncertainties

Uncertain components of the model include the Galactic distribution of CVs, the outburst
frequéncy and amplitude of DNe, and, most importantly, the SEDs of accretion discs.
Until better disc models are developed, not much can be done to improve the disc SED
calculation, but I will verify later that the sbeciﬁc result derived from the PG survey
(Section 3.5) does not depend sensitively on the predictions of the accretion disc model
(see Section 3.4).

In order to allow for uncertainties in assigning appropriate Galactic scaleheights and
outburst duty cycles to model CVs, a variety of simulations, using different assumed
scaleheighté and outburst properties were run.

By equation 3.3, the Gaussian scaleheight of 190 pc found empirically by Patterson
(1984) is compatible with the vertical distribution used for the youngest systems. This
measurement of the scaleheight was based on a sample of CVs with distance estimates,
which is strongly biased towards intrinsically bright systems (this bias was even more
pronounced two decades ago than it would be now). It seems reasonable that it may reflect
the Galactic distribution of only the brighter, younger CVs (the difficulty in measuring the
vertical density profile of CVs is discussed further in Chapter 6). Although younger stellar
populations are expected to be more concentrated towards Galactic mid-plane than older
populations, the observational evidence in the case of CVs is slim or nonexistent (Szkody
& Howell 1992; van Paradijs et al. 1996). As a check, simulations were therefore also

performed using the same vertical density profile for all systems. In those simulations
p(z) o 0.80sech?(z/323 pc) + 0.20 exp(—|z|/656 pc), (3.10)
which results from counts of M stars (Gould et al. 1996), or a Gaussian profile,

p(z) o< exp [~ (J2I/h)7] (3.11)
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Table 3.2: Summary of the models considered here. The density profile given by equation 3.10 is
not Gaussian or exponential, and therefore is not described by a scaleheight in the normal sense.

Galactic structure DN outburst properties Model
3 scaleheights (equation 3.1 and 3.3) C chosen as described in Section 3.2.4 Al
Single large ‘scaleheight’ (equation 3.10) C chosen as described in Section 3.2.4 A2
Single small scaleheight (equation 3.11)  C chosen as described in Section 3.2.4 A3

3 scaleheights (equation 3.1 and 3.3) My = (M) B1
Single large ‘scaleheight’ (equation 3.10) My = (M) B2
Single small scaleheight (equation 3.11) My = (M) B3
_ 3 scaleheights (equation 3.1 and 3.3) MdQ =0 . . C1

with scaleheight h = 190 pc (Patterson 1984) were used.

In addition to the treatment of DN outburst cycles described in Section 3.2.4, two
limiting cases, namely My = (M) (which implies maximizing Mg and setting C = 0),
and MdQ = 0 (which is equivalent to adopting the highest allowed value of C) will be

explored.

3.2.6 Summary of computational details

In almost all cases, the accrétion disc is the brightest SED component in high—M CVs
(i.e! DNe in outburst and NL systems; exceptions are systems viewed at very high ). The
white dwarf dominates the optical flux in a significant fraction of DNe in quiescence, both
normal systems and period bouncers. The sébondary star does not dominate the optical
flux of any model CV.

All the models considered here are listed in Table 3.2. I view model Al to be the most
realistic amongst these, and will focus on this model in the next section, but results from
other combinations of model Galaxies and DN outburst properties are also shown for the
sake of comparison (Section 3.4).

- Recall that the population synthesis model does not include evolved systems, and
does not explicitly include magnetic CVs. Furthermore, the SED modelling does not
make allowance for discless systems such as polars. These restrictions should be kept in

mind when interpreting the results presented in the next section. .

3.3 Selection effects

The scope of this ch-aptef is restricted to three of the most common selection effects present
in observational CV samples, namely magnitude limits, selection for blue U — B, and
restricted ranges in Galactic latitude. The model is in principle also capable of quantifying
the impact of large amplitude variability (DN outbursts and nova eruptions), and X-ray

emission on discovery probability; these biases will be discussed further in Chapter 6.

o~
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3.3.1 Optical flux limits

Bias towards finding apparently bright objects is the simplest selection effect, and a very
important one. The properties of (bolometric) magnitude-limited samples have been stud-
ied before, with the assumptions that the observed radiation is the time-averaged accre-
tion luminosity, and that CVs are distributed uniformly in space (Kolb 1993; Howell et
al. 2001). These assumptions make a comparison with data almost meaningless (as was
recognized by Kolb 1993). Magnitude limits together with Galactic structure were con-
sidered by Ritter & Burkert (1986), Ritter & Ozkan (1986), and Ritter (1986). However,
the intrinsic CV populations assumed in these studies were not based on full population
synthesis models, only bright CVs (NLs and DNe in outburst) were taken into account,
and DN outbursts were not treated satisfactorily (it was assumed that all DNe will be
observed in outburst, and that M; exceeds M, by a constant factor for all systems in
outburst). '

Fig. 3.2 displays period histograms of samples produced by my standard model Al,
with three different magnitude limits (V' < 20, V < 16, and V < 14). In this figure (and,
with the exception of Fiig. 3.4, all other model period histograms shown in this chapter) the
number of systems in each bin is scaled to produce a local space density of 5 x 105 pc~3
(where local space density means counting systems inside a radius of 100 pc)!®. The shape
of the period distribution depends strongly on the magnitude limit. As is expected from
the fact that long-period CVs are intrinsically brighter, the fraction of the total sample
made up by long-period systems increases for brighter magnitude limits; it is 4.7%, 19%,
and 33% for V < 20, 16, and 14 respectively. Dark grey shaded histograms represent
period bouncers in each panel of Fig. 3.2, while the contributions of DNe simulated in
outburst are shown by the fine black histograms. o

Of course the known CV sample is not complete to 20th or even 16th magnitude, which

' raises the question of whether there is a magnitude limit for which known CVs can be
directly compared to the predicted magnitude-limited samples. Fig. 3.3 shows the apparent
magnitude distribution of known non-magnetic, hydrogen-rich CVs from the Ritter & Kolb

* (2003) catalogue, with the distribution in V' of the complete model sample over-plotted in
grey. Systems with P, > 5h are omitted from both the observed and model populations,
because CVs with evolved secondaries probably dominate the population at periods above
~ 5 h (e.g., Beuermann et al. 1998; Baraffe & Kolb 2000; Podsiadlowski et al. 2003; see also
Section 2.8.6). The known samples with P,y < 5h, and V' < 12 and < 13 contain only 5
and 17 systems, respectively. A Kolmogorov—Smirnov (KS) test shows that the magnitude
distribution of known CVs becomes marginally consistent with that of the model sample
only at V < 13. The probability that the model and observed distributions are drawn

10The CV space density is not known even to within a factor of 10 (see e.g. Ritter &-Burkert 1986;
Shara et al. 1986; Politano 1996; Patterson 1998; Schwope et al. 2002; Thorstensen ‘et al. 2006). The
choice of 5 x 107% pc™? lies within the range suggested by different studjes. When the model population
is normalized to the formation rate of singlé white dwarfs, the predicted mid-plane CV space density is
1.8 x 107* pc~?. Existing empirical and theoretical estimates of p are outlined in Section 2.7, and a new
measurement is presented in Chapter 5.
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Figure 3.2: Magnitude-limited samples produced by model Al (see Table 3.2). The magnitude
limit is given in each panel, together with the fraction of the sample with periods above the period
gap. Here, and in all other predicted period distributions in this chapter, light grey shading of the
range 2.51h < P, < 3.31h indicates the model period gap (see Section 3.2.1). Bold histograms
are all systems detected; the contribution of period bouncers is shaded in dark grey; the fine black
histograms show DNe that were simulated in outburst. The ratio of short- to long-period systems
is 95:5, 81:19, and 67:33 at magnitude limits of V' < 20, V < 16, and V' < 14, respectively. Period
distributions of all systems detected at each magnitude limit are plotted with linear vertical scales

in the insets.
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Figure 3.3: The distribution in- apparent magnitude of known CVs (non-magnetic, hydrogen-rich
systems in the Ritter & Kolb 2003 sample; black), and a complete sample produced by model
A1 (grey; this histogram is arbitrarily scaled). Systems with P, > 5h were omitted from both
samples (see text). The inset shows cumulative distributions for known CVs (black) and the model
sample (grey), together with a sample of objects that are uniformly distributed in space and all
have the same absolute magnitude (fine black curve). Magnitudes used for the histogram of the
“known sample are magl from Ritter & Kolb (2003), and are not in all cases V-band.

from the same parent population is 0.08, 0.004, and 6 x »10_16 for limiting magnitudes of
V <13,V < 14 and V < 16, respectively. This result is somewhat model-dependent. The
inset in Fig. 3.3 shows cumulative distributions for the observed (bold black) and model
(dark grey) samples. For comparison, the fine black curve represents objects with identical
intrinsic brightness, that are uniformly distributed in space. Since the known CV sample
is likely to be incomplete even for V' < 13, it should not be compared to the predicted

magnitude-limited samples presented here!l.

1 Carefully chosen subsets of the known CV sample can be compared to predictions (see Section 3.5 and
Chapter 4).
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Figure 3.4: Upper panel: The orbital period distribution of the model intrinsic population. Lower
panel: Orbital period distributions of model short-period systems with 3 different values of M;.
In order of increasing minimum period, M; = 0.44, 0.95, and 1.3 Mg for the sub-populations. The
vertical bars mark the period spike of each distribution. Even in these single-M; distributions,
the period spike is not very prominent, because the Py, resolution is not sufficient to resolve it
properly; it can be seen more clearly in fig. 2 and 3 of Kolb (1993).
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The absence of a spike at the period minimum in the observed CV period distribution
has been the subject of several theoretical papers. Barker & Kolb (2002) and King et
al. (2002) attempt to explain this by removing the spike from the intrinsic distribution,
whereas Kolb & Baraffe (1999) argue that it could possibly be a selection effect. The
results presented here show that, relative to the whole population detected at a given
magnitude limit, the spike at the period minimum indeed decreases in prominence at
brighter magnitude limits, although it is present even in the sample with V' < 14 (this can -
be most clearly seen in the insets in Fig. 3.2).

The upper panel of Fig. 3.4 illustrates that the spike cannot be discerned in the
intrinsic period distribution. This is because CVs with different M; bounce at slightly
different periods, and because the period spike is very narrow, and, in fact, very small,
compared to the broad feature (between roughly log(Pps/h) = 0 and 0.2) caused by period
- bounce and the increasing evolutionary time-scale of systems that have evolved through
the period minimum. The period spike can be seen in the intrinsic distribution when
systems with different M, are considered separately. The lower panel of Fig. 3.4 shows
period distributions for model CVs with three values of M;; the period spike is indicated
by a vertical bar for each of these single-M; populations. ‘

The magnitude limits considered here exclude relatively more systems beyond period
bounce than right at the period minimum—this is the reason the period spike becomes
visible in the magnitude-limited samples. The spike increases in prominence towards
deeper magnitude limits, because the number of systems in the spike that satisfy the
magnitude limit increases faster than the number of detected period bouncers, as the
limiting magnitude is increased from V = 14 to 20. For even deeper magnitude limits,
the spike will at some point start decreasing in proininence, until, in the limit of a samplé
deep enough to contain all CVs in the Galaxy, the spike will be invisible.

3.3.2 Blue optical colours

Most known CVs have (U — B)g < ~0.5 (e.g. Bruch & Engel 1994). This is because
high-M systems have high continuum colour temperatures, while known low-M systems
have the Balmer lines and Balmer discontinuity in emission. However, in the systems with
lowest M, the (accretion heated) white dwarf is expected to dominate the optical flux,
and this white dwarf may be quite cool (T.¢y < 10000 K). Selection cuts in U — B may
therefore exclude the faintest CVs.

Two UV-excess surveys covering large areas at high Galactic latitude have broduced
reasonably large CV samples. These are the Palomar-Green (PG) Survey (B < 16.2;
U — B < —0.46; Green et al. 1986), and the Edinburgh—Cape Blue Object (EC) Survey
(B < 16.5; U — B < —0.4; Stobie et al. 1997; see also Chen et al. 2001). Follow-up of the
EC Survey is still far from complete; the PG Survey will be considered in more detail in
Section 3.5. _ v

Fig. 3.5 shows the effect of a magnitude limit together with different U — B selection
criteria. In every panel the dotted histogram shows all systems with V' < 20, and the solid
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