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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.

27




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.
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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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Figure 3.5: Period histograms of systems with V' < 20 (dotted), and systems satisfying V' < 20
and the U — B requirement indicated in each panel (black). To illustrate the effect of reddening,
dark grey histograms show the distributions obtained when the same blue cuts are applied to
the intrinsic colours. Almost all systems with V' < 20 also have both (U — B)g < —0.7 and
U — B < —0.7, and virtually long-period CVs have (U — B)p < —1.1. These samples were
produced by model Al.

black histogram shows systems that also satisfy the blue cut. It is only at U — B < —0.9
that the blue selection starts removing a large fraction of systems from the magnitude-
limited sample.

In Fig. 3.6, P, distributions resulting from blue cuts imposed on a volume-limited
sample are displayed. It is seen that even U — B < —0.5 excludes systems near the period
minimum, while U — B < —0.7 introduces a severe bias against short-period systems. This
shows that many CVs in the intrinsic population are not bluer than U — B = —0.7, but,
in the samples shown in Fig. 3.5, these systems were already excluded by the magnitude
limit. Thus, UV-excess surveys that select objects for U — B g —0.7 are expected to be
seriously biased against short-period, low-M CVs, but such a blue cut introduces hardly
any additional bias in a survey that is also severely flux-limited.

The grey histograms in Fig. 3.5 and 3.6 display samples with the same blue cuts as

shown by solid black histograms, but here the blue cuts are applied to the intrinsic colours
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Figure 3.6: Period histograms of samples with the same U — B and (U — B)o cuts as in Fig. 3.5,
but here applied to a volume-limited sample. Dotted histograms show all systems at d < 400 pc;
black are samples with observed colours satisfying the blue cut indicated in each panel, and grey
shows systems with intrinsic colours blue enough to satisfy the selection cuts. These samples were
produced by model A3; i.e., the volume-limited sample is representative of the intrinsic population.

to illustrate the influence of reddening. Notice that practically all long-period systems
have (U — B)g < —0.9, but some get excluded from observed samples because, in a flux-
limited sample, they are on average more distant than short-period systems, and thus
more highly reddened. This is amplified by the fact that they are (in model A1) also more

concentrated towards the Galactic plane.

3.3.3 Restrictions in Galactic latitude

Surveys at high Galactic latitude hold some promise of producing CV samples that are
volume-limited. In a Galactic plane survey, on the other hand, intrinsically bright objects
will be detected out to larger distances than fainter systems (for any practically achievable
flux limit). The direction of this effect is obvious; I simply show its magnitude in Fig. 3.7,
with period histograms of high (black) and low (dark grey) Galactic latitude samples with
two magnitude limits. Since this is a case where the results can be expected to depend
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Figure 3.7: The orbital period distributions of high Galactic latitude (|b|] > 30°; black) and
Galactic plane (|b] < 5°; dark grey) samples with magnitude limits V' < 20 (left) and V' < 16
(right). The plots are repeated for all the models of Galactic structure. Surveys at different
Galactic latitude include very different populations, and, as expected, the effect is larger for deeper

samples.
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Figure 3.8: Period and distance distributions of all objects in the volume defined by [b] > 20°
(grey) and systems in that volume with B < 20 (black). Only 40% of CVs in the volume-limited
sample are also in the magnitude-limited sample, and practically all systems excluded by the
magnitude limit have periods below the period gap, implying a strong bias against short-period
systems. Specifically, a B < 20 survey is incapable of finding most of the systems near the period
minimum. This sample is from model A3, where the vertical density profile of stars is a Gaussian
with a scaleheight of 190 pc.

sensitively on the assumptions concerning scaleheight, the corresponding histograms for
model A2 and A3 (see Table 3.2) are included in Fig. 3.7. As expected, the ratio of long-
to short-period systems is larger in the Galactic plane samples in all cases; the effect is
the smallest in model A2 (middle panels of Fig. 3.7), because, with the largest assumed
scaleheight, this is the model in which the Galaxy comes the closest to being an isotropic
distribution of stars.

In a survey covering the area |b| > 20°, only 4.1% of CVs in the survey volume are
detected above a magnitude limit of B < 20, in the case of model Al. For model A3, 40%
of all systems in the survey volume have B < 20, and less than 0.5% of systems detected to
this magnitude limit are long period systems; Fig. 3.8 illustrates this. The Sloan Digital
Sky Survey (SDSS) reaches to g ~ 20, and has sky coverage that can be very roughly
approximated as |b| > 20° (e.g. York et al. 2000). Because CVs found in the SDSS will
in future comprise the largest uniformly selected sample, this survey is bound to be very
important in the context of observational studies of CV populations (e.g. Szkody et al.
2002). However, the result illustrated in Fig. 3.8 implies that, even assuming a Galactic
scaleheight that is probably unrealistically small, the SDSS CV sample will by no means
be volume-limited (see Southworth et al. 2007b for further discussion). Clearly, even if no
colour bias existed in the SDSS CV sample, modelling of selection effects is required to
interpret it correctly.

More fundamentally, accepting that CV sub-populations with different typical ages do
not share the same vertical Galactic distribution, a volume-limited, high-|b| sample will in

any case not reflect the intrinsic Galactic population. In fact, it is not practically possible
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to construct a volume-limited observational sample in such a way that it does represent
the intrinsic population. This is because the volume sampled by such a survey would
have to be, e.g., a cylinder with its axis perpendicular to the Galactic plane (distances are

needed to construct such a sample), or the whole Galaxy.

3.4 Sensitivity of the fesults to model assumptions

Since there are considerable uncertainties regarding the DN outburst properties of CVs and
their distribution in the Galaxy, the effect of varying these assumptions is explored here,
by comparing several combinations of assumed Galactic structure and outburst behaviour.
In addition, the sensitivity of the results to the viscosity parameter used in the disc SED
models is considered, since this is another potentially important source of error.

At fainter magnitude limits, all the predicted magnitude-limited samples (with the
same |b| coverage) become more similar to the intrinsic distribution, and hence more alike.
Therefore, samples with bright limiting magnitudes are considered here. Fig. 3.9 displays
period histograms of magnitude-limited samples produced by the first six models listed
in Table 3.2. The grey histograms are samples with V < 14, while black shows V < 16;
the fraction of the total made up by long-period systems is given in each panel for both
magnitude limits. This fraction does not depend very sensitively on the assumptions
about Galactic structure and DN outburst properties. As expected, it is more difficult to
hide short-period systems if all CVs are assumed to accrete permanently at their long-term
average rate, regardless of the adopted Galaxy model. The fraction of long-period systems
increases towards brighter magnitude limits in all cases.

Model C1 produces the largest ratios of long- to short-period systems, and differs
from, e.g., model Al also in predicting fewer systéms at a given magnitude limit, and in
predicting that relatively more detected systems are DNe in outburst. Fig. 3.10 compares
the period distributions of all-sky samples with V' < 16.5 resulting from model Al and
C1.

Because of the Balmer discontinuity, the U band is the region of the optical spectrum
where the SED modelling of the disc emission is the least reliable (there is also a large
number of Balmer lines in the U band, and the model is not very successful in predicting
the strength of these lines; see Chapter 4). Fig. 15 of Tylenda (1981a) shows that the U — B
colour of low-M discs is sensitive to the value of o (this sensitivity disappears at high M).
For fixed inclination, varying a from 1 to 0.1 can change U — B by almost 0.35 mag for
My = 10" g/s and r4 = 10 cm (the effect is larger for larger r4, but the low-M model
discs have small outer radii). In the very low-M systems where o = 0.01 was taken, the
disc radiation has a negligible effect on the magnitudes and colours. Anticipating the
application in Section 3.5, I am for the moment only concerned with the influence that
incorrect U — B colours may have when U — B cuts are applied to samples with bright
magnitude limits. To determine whether an error of ~ 0.35 mag in the disc U — B, in
systems with 108 g/s < My < 10" g/s is important, the following test was performed.
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Figure 3.9: The orbital period distributions of magnitude-limited samples produced by the first
6 models listed in Table 3.2. These are in every case for all-sky samples. Black (dark grey)
histograms are for a magnitude limit of V' = 16 (V = 14). In each panel, the contribution of
long-period systems is given as a percentage of the total for the fainter (black) and brighter (dark
grey) magnitude limits.
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Figure 3.10: The orbital period distributions of samples produced by model A1 (left) and C1
(right). Both samples have a magnitude limit of V' < 16.5. Dark grey shading and fine black
histograms show the contributions of period bouncers and DNe in outburst, respectively. The
contribution of long-period systems is given as a percentage of the total in each panel.

The U — B colour of the disc is changed by adding 0.4 mag to the intrinsic disc U magnitude
for all systems with My < 2 x 10 g/s. Taking the B < 16.2 sample produced by model
A1, less than 0.5% of systems is lost from samples with blue cuts of U — B < —0.7 and
U — B < —0.9 when their original colours are altered in this way. The reasons are that
low-M systems are rare in the magnitude-limited sample, and that the flux contribution of
the disc is increasingly unimportant compared to that of the white dwarf at lower accretion
rates. Therefore, even quite large errors in the U — B colours of low-M model CVs make

no significant difference to blue-selected samples with bright flux limits.

3.5 Application to the Palomar—Green CV sample

The CVs collected in the Ritter & Kolb (2003) catalogue include systems that were dis-
covered on the basis of very different characteristics, such as physically distinct types
of large amplitude variability (nova eruptions, DN outbursts, VY Scl star low and high
states), X-ray emission, blue colours, and emission lines. The resulting overall sample
is too heterogeneous to permit a reliable evaluation of its selection biases. Note also
that, in addition to the discovery bias, a second bias is introduced in the Ritter & Kolb
(2003) sample by the restriction of the sample to CVs with known orbital periods. This is
magnitude-dependent, but it is also, e.g., easier to measure shorter periods (although this
is not very important at P, < 8 h) and observers are biased towards magnetic systems
in deciding which CVs are worthy of follow-up observations to find P,,. A quantitative
comparison between theory and observations requires a reasonably large observed sample
that has well-defined selection criteria and quantified completeness. At present, the ob-

servational sample that conforms to these requirements most closely is the sample of CVs
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found in the PG Survey.

The PG Survey covered 10 700 deg? at |b| > 30° and was intended to have a magnitude
limit of B < 16.16 and a colour selection criterion of U — B < —0.46 (Green et al. 1986).
The blue cut and magnitude limit were always known to vary from field to field; the error
in U — B and the completeness were thought to be 0.39 mag and between 66 and 86%,
respectively. More recent analyses of the PG.data have shown that the actual magnitude
limit and blue cut used by the survey were B < 16.16 and U — B < —0.71, with errors of
op = 0.34 and oy_p = 0.24 (Jester et al. 2005; see also Liebert et al. 2005). The survey
produced a sample of 36 CVs, of which 3 are magnetic systems, and 6 have P,.; > 5h
(Ringwald 1993, 1994; Fred Ringwald, private communication). Depending on the nature
.of V378 Peg (the only PG CV that still does not have a period measurement) the remaining
27 systems should form a statistically complete sample of unevolved, non-magnetic CVs.

Following Jester et al. (2005), the probability of a syétem with B=B and U - B =
(U — B)' being detected in the PG Survey is taken as Py Py, where

1 B’ 1/B-16.16\2
P=1- / —= (———) dB 12
! 0'3\/2—77—' —ooexp{ 2 , OB ] (3 )
and
1 U-By 1 /(U - B)+0.71\?
P-=1————/ —-( ) d(U — B). 3.13
2 O'U_B\/ﬁ —00 eXp[ 2 OU-B ( ) ( )

This detection efficiency was applied to systems at |b|] > 30° and P, < 5 h in the
population produced by the standard model Al. A period histogram of. the resulting
predicted PG CV population is shown in Fig. 3.11, together with the distribution of the
observed sample. ,

It is evident from Fig. 3.11 that the distribution produced by the simulation is incon-
sistent with the observed one, the most obvious discrepancy being that the ratio of long-
to short-period CVs is much higher in the observed sample than is predicted. With the
conservative assumption that V378 Peg is a short;period system, 14 out of 27 observed
systems (52%) at Porp < 5 h have periods above the gap. The prediction is only 6.7% (i.e.
2 systems). According to the binomial distribution, the probability that these numbers are
consistent is about 3 x 10~1%. Also, none of the PG CVs is considered to be a candidate
period bouncer, whereas the six_hulation predicts that 19% of the sample (i.e. 5 systems)
should be period bouncers.

To verify that the PG CV sample is consistent with the assumed magnitude limit, the
differential and cumulative B distributions of the model (bold black) and observed (grey)
samples are shown in Fig. 3.12. The two distributions are quite clearly inconsistent, and
this is confirmed by a KS test (the magnitude distribution of all 36 PG CVs does not differ
significantly from that of the sample of 27 systems displayed in this figure). It might be
that Jester et al. (2005) describe the magnitude limit and colour cut of objects selected for
spectroscopic follow up in the PG survey correctly, but that the identification spectra of
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Figure 3.11: The orbital period distributions of the PG CV sample (including only non-magnetic
system at P,., < 5h; left-hand panel), and the predicted sample (also with systems at P,;, > 5h
omitted; right-hand panel). Light grey shading of the range 2.15h < P, < 3.18 h in the left-hand
panel, and 2.51h < P, < 3.31h in the right-hand panel indicate the observed and model period
gaps. Dark grey shading represents period bouncers in the predicted sample.
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Figure 3.12: Differential and cumulative magnitude distributions of CVs detected in the PG
survey. The B distributions of the observed sample is plotted as the grey histograms, while black
histograms show the model distributions. The original model distributions (with B limit as given
in equation 3.12) is plotted as the bold histograms, while the fine histograms show the distributions
obtained if the magnitude limit is take as B < 15.5 and o = 0.4.
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CVs near the magnitude limit were too noisy to produce correct classifications. Without
access to all of the PG identification spectra, it is not possible to determine what the reason
for the appai‘ent increasing incompleteness towards fainter magnitudes is, but it is clear
that equation 3.12 does not reproduce the observed magnitude distribution. Replacing the
magnitude limit in equation 3.12 with B < 15.5, and taking o = 0.4 produces a predicted
B distribution consistent with the observed sample (a KS tests gives a probability of 0.61
that the observed and new predicted distributions are drawn from the same population)!2.
This is plotted as the fine black histograms in Fig. 3.12.

With this adjustment, the predicted fraction of long-period CVs in the PG survey is
'10%. Using the binomial distribution, the probability that this prediction is consistent with
the observed fraction of 14 out of 27 systems is still only 1x10~7; i.e., the conclusion based
on the fainter assumed magnitude limit is unchanged. The new predicted sample contains
17% period bouncers. The new estimate of the magnitude limit is, of course, slightly
model-dependent. It is, however, quite clear from the observed magnitude distribution,
which peaks at about B = 15.2, that the flux limit is no brighter than B = 15. Even
assuming this very conservative limit, the observed ratio of long- to short-period CVs is
too large to be consistent with the model (the probability that the predicted and observed
fraction of long-period CVs are consistent is then about 3 x 1075).

It was shown in Section 3.4 that the properties of the predicted detected sample are
fairly insensitive to poorly constrained aspects of the modelling of disc SEDs, Galactic
structure, and DN outburst properties. Of all the models considered here, model C1
allows for the largest population of short-period systems to remain undetected, because
it-combines a large Galactic scaleheight for these systems with an extreme assumption of
DN outburst Behaviour. Repeating this simulation using model C1 (with B < 15.5 and
op = 0.4) yields a prediction of 15% long-period systems in the PG sample, which is still
inconsistent with the observed fraction. Based on this and also on the sheer size of the
discrepancy between the predicted and observed PG samples, it can be said with confidence
that the predicted intrinsic population that is the basis of the modelling is ruled out by
observations. This is probably the strongest evidence yet that the standard disrupted
magnetic braking model for CV evolution, with strong magnetic braking above the period
gap and none below the gap, is incorrect. As has long been suspected, it predicts relatively

too many sh'ort—period systems, and, more specifically, too many period-bouncers.

2Note that I have not proven that the magnitude limit really is B = 15.5 + 0.4, but only that this is
consistent with the model, which assumes a scaleheight distribution and luminosity function. However, even
for a single small scaleheight (120 pc), a luminosity function much flatter than the empirical magnitude
distribution shown in fig. 2 of Patterson (1998) is required for a model magnitude distribution with a
limiting magnitude of B = 16.16 to be consistent with the observed distribution. The CV luminosity
function certainly rises more steeply towards faint magnitudes than the magnitude distribution of known
CVs plotted by Patterson (1998). Thus the fainter magnitude limit usually quoted is incorrect, and
assuming a limiting magnitude of B = 15.5 + 0.4 is an improvement.
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3.6 Conclusions

I have presented a Monte Carlo technique that allows me to model selection effects in
observed samples of CVs. Given any theoretical intrinsic population and any survey
with well-defined selection criteria, this technique can be applied to predict the observed
population. This method was used to explore the impact of flux limits, colour cuts,
and observing restricted ranges of Galactic latitude, and finally applied to simulate the
selection effects acting on the CV sample produced by the PG Survey. '

Observational biases are not sufficient to reconcile the intrinsic population predicted
by standard CV evolution theory (with strong magnetic braking above the period gap
and only gravitational radiation below the gap) with the observed PG sarhple. The real
intrinsic CV population cannot contain as large a fraction of short-period systems (or
period bouncers) as is predicted by theory. ,

The model U — B colours are not expected to be reliable, but this does not have any
serious effect on the above res'ult. .

Although a blue selection cut of U — B £ —0.7 is predicted to introduce a serious
bias against detecting short-period systems in the absence of a flux limit, this bias is
unimportant in a severely flux-limited sample. The effect of the survey flux limits is
therefore the only important bias in existing UV-excess surveys (including the PG survey).

Flux limits are the most fundamental and important selection effects in observational
CV samples. The properties of the period distribution of a magnitude-limited sample
depend strongly on the magnitude limit. In particular, the size of the spike near the
period minimum and the ratio of short- to long-period CVs detected decrease at brighter
magnitude limits. For practically achievable flux limits, no flux-limited sample can be
expected to reproduce the intrinsic CV population. It is therefore quite inappropriate to
compare an observed sample with the predicted intrinsic population. Also, the apparent
magnitude distribution of CVs suggests that the known CV sample is not approximately
magnitude limited, even if a limiting magnitude as bright as V = 13 is adopted.

Magnitude-limited surveys at high Galactic latitude are expected to yield samples that
are very different from those produced by Galactic plane surveys, because they detect a
larger fraction of all systems inside the volume defined by the Galactic latitude range.
However, a survey such as the SDSS is still not deep enough to be volume-limited for
CVs. This means that, for some time to come, the effect of a magnitude limit will have
to be considered when comparing an observed sample to theory.

An unexpected result of this work is that the mass transfer rates predicted by standard
CV evolution theory are inconsistent with empirical estimates of the absolute magnitudes
of DNe in outburst, unless typical outburst duty cycles are much lower than is generally

assumed (i.e. < 10% for normal DNe and < 0.5% for period bouncers).
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PN

Chapter 4

An Ha-selected sample of cataclysmic

variables

In this chapter, I compare a new, Ha-selected CV sample to the theoretical CV population,
using similar modelling as in Chapter 3. The main purpose of constructing this sample
is to provide independent confirmation of the PG survey result presented in Chapter 3.
The choice of Ha emission as a selection criterion and the construction of the sample are
explained in the next two sections. I then present observations of the newly discovered
CVs, examine the completeness of the sample and the observational biases affecting it, and
compare it to the predictions of theory. The results are used to constrain a very important

ingredient of CV evolution theory, namely the angular momentum loss rates.

4.1 Introduction

Several complete, uniformly selected CV samples already exist, e.g., those that resulted
from the PG Survey (discussed in Chapter 3), the ROSAT Bright Survey (Schwope et al.
2002), and the ROSAT North Ecliptic Pole Survey (Chapter 5). Ongoing surveys, e.g.,
the Hamburg Quasar Sﬁrvey, and the SDSS (Génsicke et al. 2002; Aungwerojwit et al.
2006; Szkody et al. 2002, 2003, 2004, 2005, 2006, 2007; Southworth et al. 2006, 2007)
are in the process of producing similarly well-defined, but much deeper; samf)les. All
CV samples are affected by a flux limit, which already implies a bias against intrinsically
faint systems. But it is in fact very difficult to construct a sample that is reasonably
large and deep, and purely flux-limited. Of the surveys mentioned above, only the very
shallow ROSAT Bright Survey, and the very small ROSAT North Ecliptic Pole Survey do
not contain a blue cut, in addition to a flux limit. The surveys that incorporate a blue-
or variability-based selection cut include a second bias (besides that from the flux limit)
against low-M CVs, since these systems are not only intrinsically faint, but also relatively
red and have less frequent outbursts (note that a blue cut only becomes important at deep
limiting magnitudes, and therefore made little impact on the PG sample, although it will
be important in, e.g., the SDSS; see Chapter 3).

59




The presence of Balmer emission lines in the spectra of most CVs provides an alter-
native to the commonly used blue- and variability-based selection ﬁechniques. Selecting
CVs for line emission discriminates only against the discovery of the intrinsically rare CVs
with very bright, optically thick discs. In fact, there is a well known (and theoretically
expected) anti-correlation between the equivalent widths of Balmer emission lines and
the luminosity of CVs (Patterson 1984; Witham et al. 2006; I will take EWs of emission
lines as positive throughout). The explanatibn for this anti-correlation is that intrinsically
faint CVs are low-M systems with low-density discs, in which recombination line cooling is
very efficient. Therefore, in contrast to other selection criteria (such as blue optical colours
and variability), an emission line EW-based selection cut should favour the discovery of
intrinsically faint, short-period systems. '

A few surveys have already exploited the promise of discovering CVs via emission lines.
CVs are selected from the Hamburg Quasar Survey based in part on HS emission; one
of the selection criteria for CVs from the Caldn—Tololo Survey is Balmer emission lines
(Tappert et al. 2004). The INT/WFC photometric Ho survey of the northern galactic
plane (IPHAS) is currently being used to find CVs (Witham et al. 2006, 2007), and Rogel
et al. (2006) describe another Ha-based search for CVs. Ha emission has also been used
© to identify CV candidates in globular clusters (e.g. Bailyn et al. 1996; Cool et al. 1995).

The AAO/UKST SuperCOSMOS Ha Survey (SHS; Parker et al. 2005) can also be
used in this way. It is currently the best available southern hemisphere resource for
identifying Ha emission line point sources over a large area, and one CV has previously
been discovered in this survey, partly on the basis of Ha emission (Howell et al. 2002).

I have used this survey to define a homogeneous sample of CVs, selected on the basis
of Ha emission. As is the case with most existing CV samples, the new sample is also
limited to apparently bright systems. However, it differs from other samples in that the
only selection criterion (other than a flux limit) is based on line emission.

4.2 Identifying CVs in the AAO/UKST SuperCOSMOS Ha

Survey

4.2.1 The survey data

The SHS is a photographic survey carried out with the UK Schmidt Telescope (Parker et
al. 2005). Plates were scanned by the SuperCOSMOS digitizing machine, and the data
are publicly available. The survey covered a total of ~ 3700 deg? (233 separate 4° x 4°
fields) at low Galactic latitude in the southern hemisphere (|b] 5 +10° and § < +2°), in
R and narrow-band Ha. The limiting magnitude is ~ 20.5, and the angular resolution of
the images is ~ 1”.

The digitized plates are processed to extract sources and provide Image Analysis Mode
(IAM) data for the detected objects. The analyéis assigns, amongst other parameters,
classification, quality, and blend flags to each source. This makes it possible to obtain

catalogues containing only well-isolated point sources with relatively good photometry.

i
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Older UKST broad-band surveys, including an I-band survey of the whole southern
sky, have also been scanned by SuperCOSMOS (Hambly et al. 2001a,b,c). The photometric
accuracy of these surveys is discussed in Hambly et al. (2001b). The SHS R and Ha data
are expeéted to be of similar quality, since the survey was digitized and processed in the
same way. The photometry is calibrated to remove systematic errors in colour as a function
of magnitude and position on a given plate; this is described in Hambly et al. (2001b) and
. Parker et al. (2005). The result is that errors in colours are typically smaller than would be
expected from the errors in magnitudes. By matching the UKST catalogues to CCD data
from IPHAS (Drew et al. 2005) in regions near § = 0° (where the two surveys overlap),
a rough estimate of errors in the SHS colours was made. Typical errors for stars brighter
than R = 17 are = 0.07 in R — Ho and ~ 0.14 in R — I, although these errors vary from
field to field.

Given the limited quality of photographic photometry, no selection procedure is ex-
pected to identify emission line objects in this survey with complete reliability. Poor
photometfy is also not the only reason for the selection to fail. Because Ha and corre-
sponding R-band plates were in many cases taken months or even years apart, and all
I-band images were obtained decades earlier, variable stars can erroneously be included
in the sample. Also, since M stars have strong molecular absorption bands in both the R
and I passbands, they are another class of objects that can be selected, even if no emission
lines appear in their spectra. Multi-object spectroscopy has been used for the follow—tip of
objects from this survey (e.g. Hopewell et al. 2005), and has yielded low hit-rates for iden-
tifying emission line objects. Quite conservative selection criteria, targeting only objects

with large R — Ha excess, were therefore chosen.

4.2.2 The selection procedure

The selection is aimed at bright objects that are clear outliers in the R—-HavsR-1
colour-colour plane. The selection procedure is similar to that of Witham et al. (2006),
but simpler (the selection is done in only a single magnitude bin, and no attempt is made
to isolate an unreddened main sequence, since this sequenée is typically not separately
discernible in the SHS photometry).

175 out of the 233 survey fields (i.e. 2800 deg? in total) were considered. These fields
were chosen to have relatively good photometry (colour-colour diagrams of 2° x 2° sections
of fields were inspected, and in cases where one or more of these sections had a very poorly
defined stellar locus, the whole field was discarded); fields observed in the multi-object
‘ spectroscopy program of which some results are presented by Hopewell et al. (2005) were
also avoided. Catalogues covering 4° x 4° around every of the 175 field centres were
extracted. These catalogues were then restricted to unblended point sources brighter than
R =17.0, and with good quality photometry in R-, Ha-, and I-bands?.

1To be exact, objects that satisfied all of the following criteria were considered for selection (R and Ha
magnitudes are here denoted SR and R_Ha, respectively). SR<17, R Ha <99, 1<99, QUAL SR <128,
QUAL_Ha <128, QUAL.I< 128, BLEND_SR =0, BLEND Ha=0, BLEND.I=0, and CLASS=2. The
meaning of the quality flags (e.g. QUAL_SR) is described by Hambly et al. (2001b); the flag CLASS =2 is
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Figure 4.1: Colour-colour diagrams of 1° x 1° sections of four of the SHS fields in which CVs
were identified. The solid lines are least-squares fits to all data points, while the dashed lines are
displaced upwards by 4x the rms scatter in R — Ho around the best fits. Only sources above the
dashed lines are considered for selection. Each panel is labeled with the name of the CV selected
from the plot, and the colours of the CVs are plotted as circled points. The other points above the
cut-off are plate defects (crosses), objects that were not included in the sample, despite satisfying
the cut-off (filled circles), and an object that was observed but has no Ho emission (triangle).

Since the position of the stellar locus in the R—Ha vs R—1I plane changes, even across
a single 4° x 4° field (mainly not because of reddening effects, but because the effective
photometric calibration is not constant), each field was diyided into 16 1° x 1° sub-fields,
and these 1deg? sub-fields were used individually in selecting Ha excess sources. ‘

Fig. 4.1 shows the R — Ha excess as a function of R — I colour of objects in four such
sub-fields. The solid lines are linear fits to the colours of all objects; note that the stellar
locus has a pdsitive slope in all these plots. The necessary, but not sufficient, criterion for

selection is that targets have R — Ho > 4x the rms scatter in R — Ha around the best

assigned to objects classified as stellar.
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linear fit to the stellar locus. The dashed lines are vertically displaced by this amount
from the best fits, and are the cut-off criteria for inclusion in the sample.

In fields where not all objects above the cut-off are deanly separated from the stellar
locus, some objects satisfying the cut-off are not selected. Examples of such objects are
plotted as large filled circles in Fig. 4.1. This amounts to subjectively excluding some
potential targets, based on inspection of the colour-colour diagrams (or, equivalently,
using a stricter R — Ha selection cut in some fields). _

The colour-colour diagrams in Fig. 4.1 are for fields from which two new, and two
previously known CV were selected. It illustrates that objects with fairly small R — Ha
~ can be selected if they are blue in R — I (e.g. DV Sco), and also that, because of the
non-zero slope of the stellar locus, a selection algorithm based only on R — Ha will not
successfully differentiate between true outliers and objects with red R —I.

A selection based on abnormal colours, not sﬁrprisingly, picks out a large number of
objects with spurious photometry in one or more wave-band. Therefore, the Ha-, R-, and
I-band images of all potential targets were inspected, and objects that are outliers because
of, e.g., plate defects (some of the various kinds of plate defects that affect the data are
illustrated in Hambly et al. 2001a and Parker et al. 2005) were discarded. Outliers that
were excluded from the target list for this reason are plotted as crosses in Fig. 4.1. Next, I
also excluded blends, objects from images that appear to have been taken in particularly
poor seeing, and a few objects in areas with very high Ha background. Less than 30% of
potential targets survive these quality cuts. )

With the exception of objects that are known only as X-ray sources, the targets that
could be matched to known objects in the SIMBAD Astronomical Database were also
excluded. The known objects included planetary nebulae, T Tauri stars, CVs, and several
other types of variable stars.

The selection produced 507 targets, and identification spectra were obtained for 460
 of these sources (the observations are described in Section 4.3 below). 172 of the targets
really are Ho emission line objects (a hit-rate of only 37%), and 14 (that is 3%) are CVs.
Of the 288 targets with no Ha emission, 10 are M stars (the identification spectroscopy also
turned up many M stars with Ha emission).v Some combination of poor survey photometry
and variability (probably in most cases continuum, rather than emission line variability)
led to the selection of the remaining 278 targets found to have no Ho emission. »

Fig. 4.2 shows R — Ha excess as a function of R — I colour for all the objects observed
during the spectroscopic follow-up. The colours of CVs are plotted as crosses; other
emission line objects are shown as open square points, and objects without Ha emission
are plotted as grey triangles. Note that some of the objects without Ho emission have
very large R — Ha, and that the CVs are systematically bluer in R — I than the overall
target sample. .

Other optical colours, as well as near-IR colours of the targets were also investigated.
While it is possible to separate the majority of late-type emission line stars from CVs
using, e.g., Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) photometry, Be
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Figure 4.2: SHS colours of all objects for which identification spectra were obtained. Estimates of
typical 1o errors in these colours are shown in the top left-hand corner. Several objects lie outside
the R — I and R — Ha ranges plotted. Note that the relative positions of objects in this plot can
be misleading, since the position and slope of the stellar locus vary with position on the sky.

stars and other early-type emission line stars, as well as the majority of objects without
any line emission (the most important contaminant), occupy the same regions as most
CVs in all the colour-colour and colour-magnitude planes. It will therefore not be easy to
construct a much more efficient selection procedure to find CVs in this survey.

During one identification spectroscopy run, I experimented with selecting objects with
17.0 € R < 17.5. Two CV candidates were discovered in the fainter magnitude bin. The
observations of these two objects are discussed below, but they will not be included in the

sample that will be compared to CV evolution theory.
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4.3 Observations of the néwly dislcovere_d CVs

Follow-up observations were obtained at the South African Astronomical Observatory
(SAAO), the European Southern Observatory (ESO), and the Cerro Tololo Inter-American
Observatory (CTIO). I initially took identification spectra of 460 of the targets, and later
obtained time-resolved observations of the objects classified as CV candidates on the basis
of the identification spectroscopy. '

Fig. 4.3 gives finding charts for the new CVs and CV candidates turned up by the
search, and Table 4.1 lists J2000 coordinates, broad-band magnitudes, Ho excesses and
equivalent widths, orbital periods, and lower limits on distances. The objects will be named
using their right ascension as ‘Hahhmmss’. Where two values of EW(Ha) are given, the
first is obtained from the identification spectrum, and the second from the average of
higher resolution spectra of that system. Errors in the equivalent widths were estimated
using the method described by Howarth & Phillips (1986). Near-infrared magnitudes are
from 2MASS?2. The optical magnitudes listed in Table 4.1 are from SuperCOSMOS scans
of the UKST Blue Southern and Equatorial Surveys (B), the UKST Red Southern and

" Equatorial Surveys (Rz), the ESO Schmidt Telescope Red Southern Survey (§ < —17.5°)

or (for —17.5° < § < +2.5°) the Palomar-I Oschin Schmidt Telescope (POSS-I) Red
Southern Extension (R;), and the UKST near Infrared Southern Survey (I). The orbital -
period measurements are discussed in Section 4.3.2 and 4.3.4, and lower limits on the

distances to these sources (d;) are derived in Section 4.4.2.

4.3.1 Identification spectroscopy

Medium-resolution identification spectra were taken with the Grating' Spectrograph on
the SAAO 1.9-m telescope. The no. 7 grating was used in combination with a slit width of

178, yielding spectral resolution of ~ 5 A over the wavelength range 3700 to 7200 A. Each

object spectrum was bracketed with arc lamp exposures (taken with the telescope in the
same position) to provide wavelength calibration. The flux calibration was achieved by
observing spectrophotometric standard stars from Stone & Baldwin (1983) and Hamuy et
al. ( 1994) on all except the nights of worst transparency. Note, however, that many of the
identification spectra were obtained under non-photometric conditions; the absolute flux
calibrations of some of the spectra shown below are thérefore not reliable. The data were
reduced using standard procedures in IRAF3, including optimal extraction (Horne 1986).
Further details of the discovery observations are listed in Table 4.2, and spectra of
the 16 objects identified as CV candidates are shown in Fig. 4.4. The classification of an
object as a CV candidate relies mainly on the detection of broad Balmer emission lines in

these spectra.

2Ha092751 was not detected in Ks by 2MASS; the 95% confidence lower limit on Ks is given as 16.65.
This implies either very unusual near-IR colours for the source, or variability between the different IR
images (which were taken on the same night). However, the number-magnitude count of sources detected
in a 5 arc min radius around the position of Ha092751 indicates that the magnitude limit of the Ks-band
image is about 15.7. I adopt this more conservative limit.

31RAF is distributed by the National Optical Astronomy Observatories.
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Table 4.1: Coordinates, broad-band magnitudes, R —Ha excess, Ha equivalent widths, orbital periods, and lower distance limits for the CVs and
CV candidates.

Object/coordinates B R Ry, Ry I J H Ks R—-Ha EW(Ha)/A P,p/h di/pc  Notes
073418.56—-170626.5 17.8 16.7 — 183 174 16.23 1593 >149 047 61(6) 3.18542(5) 320 1,2,3
074208.23—1049324 165 153 154 160 143 14.26 13.59 1336 1.21 63(3), 45(1) 5.706(3) 490 4,5

074655.48—093430.5 13.8 140 136 134 133 1347 1329 1319 046 27(1), 23.6(3) 3.3984(4) 180 6
075648.83—124653.5 18.3 16.0 17.0 17.0 162 1539 1473 1461 0.61 43(7), 47.1(6) — -7
092134.12-593906.7 17.3 168 167 169 167 1649 1620 >158 0.53 56() 43.7(4) 3.041(9) 530 8
092751.93—391052.3 16.4 162 168 163 16.1 1572 1554 >157 0.35 15(2), 20.0(3)  4.1(3) 770 9
094409.36—561711.4 17.5 162 — 184 167 1572 1540 14.96 0.9 66(4), 67(1)  4.506(4) 520 1,238
102442.03-482642.5 17.1 164 17.6 164 162 1583 1557 1541 0.94 125(2), 122(1) 3.673(6) 580 3 |
103135.00—462639.0 17.4 163 17.2 169 16.3 1604 1565 1552 = 0.39 35(4), 19.4(3)  3.76(2) 630 9
103959.96—470126.1 17.0 164 169 167 16.8 1587 1569 1563 0.95 31(3) 202(5) 3.785(5) 670 9
112921.67—535543'6 16.3 155 159 161 153 1527 1517 1512 0.33 23(2), 17.4(5) 3.6851(4) 510 9
115927.06—541556.2 18.6 174 17.6 175 172 —  — — 0.57 57(15) — — 10
122105.52—665048.8 17.8 17.3 17.5 169 174 1643 >163 >164 0.58 22(3), 66.0(5) — — 7911
130559.50—575459.9 17.2 165 164 — 162 1599 1555 >149 0.59 41(4), 58.3(5) 3.928(13) 500 8
163447.70—345423.1 16.8 16.7 16.7 17.0 163 1588 1542 >15.7 0.61 36(5), 34(3) — — 39
190039.83—173205.5 17.6 16.8 17.3 169 17.8 1566 1545 1511 0.34 26(5) — — 910

Notes: (1) Eclipsing system. (2) Possibly an SW Sex star. (3) Large amplitude variébility. (4) Secondary star spectral type MO £+ 1. (5) ROSAT
source. (6) Bowen blend detected. (7) Highly variable Ha line profile. (8) Strong He I1 A4686 emission. (9) Spectroscopic appearance of a nova-like
variable. (10) Classification as a CV not certain. (11) Probable quasi-periodic oscillation (QPO) detected in one light curve.
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Figure 4.3: 4’ x 4’ finding charts of the new CVs and CV candidates, made using UKST R-band
plates digitized by SuperCOSMOS. The charts are labelled with the right ascension of the sources.
North is at the top and east to the left in all images.
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Figure 4.3: Continued. 4’ x 4’ finding charts of the new CVs and CV candidates, made using
UKST R-band plates digitized by SuperCOSMOS. The charts are labelled with the right ascension

of the sources. North is at the top and east to the left in all images.

Table 4.2: Discovery observations. Dates are for the start of the night, and t;,; is exposure time.

Object Date HJD 2453000.04+  tint/s
Ha073418 2006 March 13 808.27607324 1200
Ha074208 2006 March 4 799.37595528 1100
Ha074655 2006 February 28 795.34335764 900
Ha075648 2006 April 5 831.26266972 1200
Ha092134 2006 March 4 799.40790090 1300
Ha092751 2006 March 4 799.42938229 1200
2006 March 5 800.40408050 1200
Ha094409 2006 March 5 800.43760606 1200
Ha102442 2006 March 7 802.43638892 1000
Ha103135 2006 March 11 806.42886098 1300
Ha103959 2006 March 3 798.45787022 1200
Ha112921 2006 March 7 802.48228168 1100
Hal15927 2005 June 6 528.25724689 1300
Ha122105 2005 June 2 524.27931099 1300
2006 March 5 800.52630675 1200
Ha130559 2006 March 3 798.54565116 1300
2006 March 3 798.56223782 1300
Ha163447 2006 April 4 830.54425480 1200
Ha190039 2005 July 26 578.50057109 1800
68
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Figure 4.4: Identification spectra of the newly discovered CVs and CV candidates, obtained with
the SAAO 1.9-m telescope. The panels are labelled with the right ascensions of the sources. All
objects show the broad Balmer emission lines commonly seen in CVs. HelI lines are detected in
most, and He I1 A4686 in some cases. For the systems where two observations are listed in Table 4.2
(Ha092751, Ha122105, and Ha130559) the spectrum shown here is the average of the two.
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Figure 4.4: Continued. Identification spectra of the newly discovered CVs and CV candidates,
obtained with the SAAO 1.9-m telescope. The panels are labelled with the right ascensions of the
sources. All objects show the broad Balmer emission lines commonly seen in CVs. Hel lines are

. detected in most, and He 11 A4686 in some cases. For the systems where two observations are listed
in Table 4.2 (Ha092751, Ha122105, and Ha130559) the spectrum shown here is the average of the
two.
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Figure 4.4: Continued. Identification spectra of the newly discovered CVs and CV candidates,
obtained with the. SAAO 1.9-m telescope. The panels are labelled with the right ascensions of the
sources. All objects show the broad Balmer emission lines commonly seen in CVs. Hel lines are
detected in most, and He 11 \4686 in some cases. For the systems where two observations are listed
in Table 4.2 (Ha092751, Ha122105, and Ha130559) the spectrum shown here is the average of the

two.
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Figure 4.4: Continued. Identification spectra of the newly discovered CVs and CV candidates,
obtained with the SAAO 1.9-m telescope. The panels are labelled with the right ascensions of the
sources. All objects show the broad Balmer emission lines commonly seen in CVs. Hel lines are
detected in most, and He 11 \4686 in some cases. For the systems where two observations are listed
in Table 4.2 (Ha092751, Ha122105, and Ha130559) the spectrum shown here is the average of the
two.
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4.3.2 Time-resolved spectroscopy

In order to confirm the nature of the CV candidates and measure the orbital periods,
I obtained medium-resolution, time-resolved spectroscopy of 13 systems. The brighter
objects were observed with the SAAO 1.9-m telescope and the Grating Spectrograph,
using grating no. 6 and a slit width of 1”5. These spectra have ~ 2 A resolution over the
wavelength range 5220 to 6 960 A. Additional data for 3 of the SAAO targets were obtained
with the Cassegrain spectrograph on the CTIO 1.5-m telescope. The spectrograph was
equipped with grating no. 47, which produced a spectral resolution of ~ 3.1 A, and covered
wavelengths between roughiy 5740 and 6 850 A. The fainter targets wére observed with the
ESO New Technology Telescope (NTT) and the ESO Multi-Mode Instrument (EMMI).
The Red Medium-Dispersion (REMD) mode with grating no. 7 was used in combination
with a 1” slit. These spectra cover the wavelength range 5550 to 7035 A at ~ 2.3A4
resolution. The observing log for the time-resolved spectroscopy is given in Table 4.3.

Regular arc lamp exposures were taken to maintain an accurate wavelength calibra-

. tion, and spectrophotometric standards were observed on each night to allow for flux

calibration (as with the identification spectroscopy, many of these observations were ob-
tained under conditions of poor transparency and seeing, but, since the purpo'se of the
observations is to measure orbital periods, the flux calibration is not important). The
time-resolved spectra were also extracte('i using IRAF. The wavelength calibration for each
object spectrum was performed by interpolating the dispersion solutions (from fits to the
positions of the arc lines) of the two arc lamp spectra taken before and after that object
spectrum, and nearest to it in time. _

Radial velocities were computed from the Ha lines, using the Fourier cross-correlation
method described by Tonry & Davis (1979), as implemented in the FXCOR routine in IRAF.
The radial velocities are found by correlating spectra with a template. The correlation
was restricted to the wavelength range 6450 to 6 650 A. The template spectrum used for
the measurerﬁents of radial velocities of a given CV is made, over a few iterations, by
shifting all individual spectra of that system to O velocity (using the velocity measured
in the previous iteration), and averaging them. In the cases where this method did not
give satisfactory results (see e.g. Section 4.3.4.3 below), the double Gaussian technique
of Schneider & Young (1980), as implemented in the program MOLLY, written by Tom
Marsh, was used instead. Both methods give formal errors that appear to be too small
in several cases (sée Fig. 4.5) and, as expected, the errors are more badly underestimated
in the systems where individual spectra have a higher signal-to-noise (S/N) ratio. This is
not a serious concern, since the amplitudes of the orbital modulations are large compared
to the uncertainty indicated by the scatter in radial velocity around these modulations.

Spectroscopic orbital periods were successfully measured for 10 systems. Fig. 4.5 shows

- Fourier transforms of the radial velocities of these CVs, together with phase-folded radial

velocity curves. The largest amplitude signal in every Fourier transform was assumed to
represent the orbital modulation of the system, although most of the data sets are actually

aliased. These periods were used to phase-fold the data.




Table 4.3: Log of the time-resolved spectroscopy.

the integration time.

.

Dates are for the start of the night, and ¢;,; is

Object Date HJID 2450000.04  t;n:/s no. of spectra telescope
Ha074208 2007 Jan 23  4124.57268179 600 36 CTIO 1.5-m
2007 Jan 31  4134.29443787 900, 800 21 SAAO 1.9-m
2007 Feb 2 4134.29443787 900 12 SAAO 1.9-m
2007 Feb 3. 4135.28935988 900 22 SAAO 1.9-m
Ha074655 2007 Feb 7 4139.34209354 900, 600 31 SAAO 1.9-m
2007 Feb 8  4140.27308756 600 18 SAAO 1.9-m
2007 Feb 9 4141.27007383 600 : 25 SAAO 1.9-m
2007 Jan 25 4126.58152204 600 27 CTIO 1.5-m
Ha075648 2007 Mar 4  4164.65852881 800 9 ESO NTT
2007 Mar 5  4165.54372639 800 21 ESO NTT
Ha092134 2007 Mar 7 4167.52424914 700 16 ESO NTT
2007 Mar 8  4168.52563157 700 13 ESO NTT
Ho092751 2007 Mar 6  4166.52376369 600 24 "ESO NTT
Ha094409 2007 Feb 6  4138.30240186 1000 22 SAAO 1.9-m
2007 Feb 12 4144.29204597 1000 18 SAAO 1.9-m
2007 Feb 13 4145.29538755 1000 20 SAAO 1.9-m
Ha102442 2006 Apr 9  3835.23557962 800 33 SAAO 1.9-m
, 2006 Apr 10 3836.29186014 800 27 SAAO 1.9-m
Hal03135 2007 Mar 7 4167.70237491 700 20. ESO NTT
2007 Mar 8  4168.65039829 700 - 14 ESO NTT
Ha103959 2007 Jan 31  4132.53336689 800, 1000 9 SAAO 1.9-m
2007 Feb 2 4134.42759928 1000 17 SAAO 1.9-m
2007 Feb 3 4135.53816631 1000 8 SAAO 1.9-m
2007 Feb 4  4136.41314177 1000 5 SAAO 1.9-m
2007 Feb 5 4137.40624764 - 1000 20 SAAO 1.9-m
Hal112921 2007 Feb 7 4139.57558033 1000 6 SAAO 1.9-m
2007 Feb 8  4140.41105671 1000 - 19 SAAO 1.9-m
2007 Feb 12 4144.51294292 1000 6 SAAO 1.9-m
2007 Feb 13 4145.53923773 900, 1000 9 SAAO 1.9-m
2007 Feb 20  4152.57276633 900 11 CTIO 1.5-m
2007 Mar 31 4191.56402909 900 21 CTIO 1.5-m
Ho122105 2007 Mar 4 4164.76669129 800 14 ESO NTT
2007 Mar 5  4165.78076644 800 7 ESO NTT .
Ha130559 2007 Mar 6  4166.72655459 700 21 ESO NTT
2007 Mar 8  4168.79295985 700 14 ESO NTT
Ha163447 2006 Apr 9  3835.56287275 1000, 1200 8 SAAO 1.9-m
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Figure 4.5: Fourier transforms and phase-folded radial velocity curves. Vertical bars in the
Fourier transforms mark the periods used to fold the data. One cycle is repeated in the folded
radial velocity curves, and the superimposed sine functions are least-squares fits to the (unfolded)
radial velocities.
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Figure 4.5: Continued. Fourier transforms and phase-folded radial velocity curves. Vertical bars
in the Fourier transforms mark the periods used to fold the data. Ome cycle is repeated in the
folded radial velocity curves, and the superimposed sine functions are least-squares fits to the
(unfolded) radial velocities.
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I use mostly qualitative criteria to decide, by inspection of the Fourier transforms and
fits to radial velocity curves, whether it is impossible to determine the correct alias. A
difficulty in making this more quantitative (through, e.g., the use of x? statistics) is that
the formal errors in radial velocities are often not very reliable (as noted above). This is
a. common problem (see e.g. fig. 6 of Southworth et al. 2007b, in which most points are
more than 1-0 away from the best fit). In some of the cases below, where I state that a
period cannot be measured unambiguously, it might in fact be possible to determine with
reasonable confidence whether the alias choice is correct, using the analysis described by
Thorstensen & Freed (1985). This additional information is of limited value in what I
intend to do with the data (which is simply to determine whether systems aré below or
above the period gap), a\nd, while qualitative, the method I use is sound and conservative.

A function of the form

v(t) = v — Ksin 27 (t — To) / Pors) (4.1).
was fitted to the radial velocity curves by least-squares. Tj is the epoch of red to blue
crossing of the radial velocity (i.e. inferior conjunction of the secondary, if the emission
lines trace the motion of the white dwarf). The fits are shown with the data in Fig. 4.5.
The radial velocities of CV emission lines usually do not trace the dynamical motion of the
white dwarf reliably, probably because of contamination from higher velocity components
(e.g. Smak 1969; Stover 1981; Marsh et al. 1987; Hessman et al. 1989). However, since
all velocity components are neve}theless modulated at the orbital period, and since this is
the only binary parameter measured here, no serious attempt was made to find the true
velocity of the primary.

The radial velocity curve of Ha094409 has a rotational disturbance near phase 0. The
points that are plotted as smaller symbols in Fig. 4.5 were excluded from both the Fourier
transform and the fit. For the other systems, all observations listed in Table 4.3 were used.

Phase-binned trailed spectrzi are shown in Fig. 4.6. Velocities are relative to the
rest wavelength of Ha. For the systems where time-resolved spectra from both SAAO
and CTIO are available, data from only one of the telescopes were used to make the
trailed spectra (SAAO data for Ha074208 and Ha112921, and CTIO data for Ha074655).
Individual spectra were continuum-normalized before being phase-binned.

Fig 4.7 displays higher quality spectra for some of the objects with low S/N identifi-
cation observations. These spectra were made by averaging.all the time-resolved spectra

of a given system, after shifting each spectrum to the rest frame.

4.3.3 Time-resolved photometry

In addition to the time-resolved spectroscopy, I obtained high-speed photometry of several
of the new CVs, using the University of Cape Town CCD photometer (UCT CCD; see

-O’Donoghue 1995) on the SAAO 1-m and 0.76-m telescopes. Table 4.4 gives a log of

the photometry. These observations were made in white light. With the UCT CCD,
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Figure 4.6: Phase-folded and -binned spectra. The individual spectra were normalized to the
continuum before being binned. The grey-scale is linear, with higher flux being darker. Minimum
and maximum threshold value were set for some of the images, to enhance the contrast.

unfiltered observations give photometry with an effective wavelength similar to Johnson
V, but with a very broad bandpass. The non-standard flux distribution of CVs and the
use of white light means that the observations cannot be precisely placed on a standard
photometric system. Observations of standard stars allow for a magnitude calibration
that approximates Johnson V' to within ~ 0.1 mag. I performed differential photometry,
implying that colour differences between the targets and comparison stars were ignored in
correcting the photometry for atmospheric extinction.

The light curves are shown in Fig. 4.8. The objects all display rapid flickering (the
observational signature of mass transfer), and both Ha073418 and Ha094409 are found to
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Figure 4.6: Continued. Phase-folded and -binned spectra. The individual spectra were normalized

to the continuum before being binned. The grey-scale is linear, with higher flux being darker.
Minimum and maximum threshold value were set for some of the images, to enhance the contrast.

be eclipsing systems. All light curves were searched for rapid oscillations, in part because
there was reason to suspect that a few of the objects might be intermediate polars. No
compelling evidence for coherent modulations on short time-scales was found in any of the
photometry, but there is some indication of a ~ 15min quasi-periodic oscillation (QPO;
e.g. Patterson et al. 1977; Warner 2004) in one of the light curves of Ha122105 (see

Section 4.3.4.12).
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Figure 4.7: The averages of time-resolved spectra for the systems with the lowest S/N discovery
observations, and for which additional observations were obtained. Irndividual spectra were shifted
to the rest frame using the measured radial velocities before being averaged.

Table 4.4: Log of the high-speed photometry. Dates are for the start of the night, and t;,; is the
integration time (the photometer is a frame transfer CCD, so that there is no dead time between
exposures). :

Object Run # Date HJID 2450000+ Run length/h  t;,:/s telescope V
Ha073418 RP46 2007 Jan 26 = 4127.2845375 3.67 30 1-m 18.0¢
RP47 2007 Jan 27 4128.2790181 6.65 30 1-m 17.9¢
Ha074655 RP53 2007 Jan 30 4131.2769557 2.07 8 1-m 14.0
Ha075648 RP49 2007 Jan 28 4129.2811127 1.90 10 1-m 16.6
Ha092134 RP50 2007 Jan 28 4129.3580250 2.11 10 1-m 17.0
Ha092751 RP51 2007 Jan 28  4129.4516001 1.85 10 1-m 17.8
Ha094409 RP54 2007 Jan 30  4131.3676657 1.52 10 1-m 16.7:¢
Hal102442 RP41 2006 Apr 8 3834.3277709 3.58 10 0.76-m 16.2
RP42 2006 Apr 9 3835.2742616 5.33 10 0.76-m 16.0
"RP44 2006 Apr 10 3836.2993854 3.40 10 0.76-m 16.0
Hal03135 RP52 2007 Jan 28  4129.5336457 2.30 10 1-m 17.2:
Ha103959 RP45 2007 Jan 24  4125.5677782 1.18 10 1-m 16.3:
RP48 2007 Jan 27 4128.5618716 1.67 10 1-m 16.2
Ha122105 RP31 2005 Jun 10 3532.2414425 4.42 30 1-m 17.5
RP34 2005 Jun 11  3533.2653467 2.48 20,30 1-m 17.5
Hol163447 RP43 2006 Apr 9  3835.5055942 4.12 10,14 0.76-m 18.3

‘Notes: ®average magnitude outside of eclipse; > denotes an uncertain value.
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Figure 4.8: Light curves for some of the new CVs. Details of the observations are given in
Table 4.4. For the systems with observations on more than one night (Ha073448, Ha102442,
Ha103959, and Hal122105), arbitrary shifts were applied to one or two of the light curves, for
display purposes, as specified in the text.
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Figure 4.8: Continued. Light curves for some of the new CVs. Details of the observations
are given in Table 4.4. For the systems with observations on more than one night (Ha073448,
Ha102442, Ho103959, and Hal22105), arbitrary shifts were applied to one or two of the light °
curves, for display purposes, as specified in the text.
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Figure 4.8: Continued. Light curves for some of the new CVs. Details of the observations
are given in Table 4.4. For the systems with observations on more than one night (Ha073448,
Ho102442, Ha103959, and Ha122105), arbitrary shifts were applied to one or two of the light
curves, for display purposes, as specified in the text.
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4.3.4 TResults for individual systems
4.3.4.1 Ha073418

The identification spectrum of Ha073418 shows single-peaked Balmer, as well as He1 and
He 11 214686, emission lines on a reasonably flat continuum.

I obtained high-speed photometry on two consecutive nights, and found that Ha073418
is a deeply eclipsing system. The light curves are displayed in Fig. 4.8; the run RP46 data
_ are shifted vertically by —0.6, and horizontally by 8 orbital cycles. The eclipse tirhings
allowed for an unambiguous determination of the cycle count over the two nights. To
derive an ephemeris, a line was fitted to the times of minimum by least-squares. The

ephemeris of mid-eclipse is
HJDpin = 2454 127.33644(2) + 0.132726(2)E. B (4.2)

The absence of an orbital hump implies that this system has a high-M disc, and the
single-peaked spectfal lines and V—shaped eclipse profile suggest that it might be an SW
Sex star (e.g. Thorstensen et al. 1991; Rutten et al. 1992; Horne 1999; Knigge et al. 2000;
see also Section 2.3.2). The orbital period also fits in with this classification, since SW Sex
stars are concentrated in the narrow period range 3-4 h (Thorstensen et al. 1991 already
- noted that SW Sex stars occupy a narrow range in P,.4; Rodriguez-Gil et al. 2007 recently
argued that they are the dominant CV population in this period range). However, without
time-resolved spectroscopy it is not possible to classify a CV as an SW Sex star with any

certainty.

4.3.4.2 Hao074208

Ha074208 is probably the optical counterpart of the X-ray source 1IRXS J074206.4~104929.
Its spectrum has H1, Hel, and He1I emission lines, and a continuum that is red at wave-
lengths above ~ 5000 A, and blue below ~ 4200 A. Absorption bands from a late-type
secondary star are also clearly detected.

No high-speed photometry was obtained for Ha074208. Time-resolved spectra were
taken at both CTIO and SAAO. The Fourier transform of the radial velocity curve of the
Ha line is shown, together with the phase-folded radial velocities, in Fig. 4.5. These data
yield a measurement of P, = 5.706 + 0.003 h; the cycle count is unlikely to be wrong. It
‘was not possible to measure the radial velocity of the secondary star.

The red end of the spectrum can be used to measure the spectral type of the secondary.
A rough estimate of MO £ 1 is found by visually comparing the spectra to templates from
Jacoby et al. (1984) and Valdes et al. (2004)%. Fig. 4.9 shows the observed spectra, together
with three templates.

Making the (very simplistic) assumption that the fractional flux contribution of other

components is constant with wavelength over the continuum bands indicated by horizon-

“Note that the spectral classes M1 and MO appear to have been inverted in Jacoby et al. (1984). The
spectrum classified as MOV is clearly later than the one labelled M1V in their fig. 2g.
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Figure 4.9: A comparison of the observed spectra of Ha074208 with late-type dwarf templates.
All the spectra are normalized, and arbitrarily offset along the vertical axis. The bold spectra are
the SAAO discovery spectrum and the average of all spectra obtained at CTIO.

tal bars along the bottom of Fig. 4.9, it is found that the secondary contributes between
roughly 40 and 80% of the total flux at those wavelengths. The larger secondary contribu-
tions are found using the CTIO data. Available spectra of Ha074208 are not well suited

to measuring broad-band magnitudes, since the wavelength coverage is not wide enough,




and the absolute flux calibration is not very reliable. However, rough R-band magnitudes
of 15.8 + 0.2 and 16.1 & 0.3 can be estimated from the SAAO and CTIO data, respec-
tively. Taking this at face value, the system was fainter when it was observed at CTIO,
so that it is understandable that the secondary makes a larger relative flux contribution
in those data. Knigge (2006) predicts Mr = 7.3 + 0.4 for a typical unevolved CV sec-
ondary with spectral type between K7 and M1. Using the extinction models of Drimmel
et al. (2003) and Améres & Lépine (2005), A}lg = 0.3+ 0.1 is estimated for distances up
to between 500 and 1000 pc along this line of sight. This leads to a distance estimate
of 5801180 pc for Ha074208. There is no direct evidence that the system has an evolved
secondary (unevolved CVs at 5.7 h have sécondary spectral types of about M0.7; Knigge
2006). However, as noted before, CVs with evolved secondaries probably dominate the
population at periods above ~ 5 h (see Section 2.8.6). If Ha074208 is an evolved systeni,
the distance estimate is invalid, since it assumes the luminosity predicted for an unevolved

secondary.

+4.3.4.3 Ha074655

At V = 14.0, Ha074655 is the brightest system in the sample of newly discovered CVs.
The identification spectrum shows the double-peaked emission lines indicative of a high-
inclination accretion disc, and a very blue continuum. In addition to Hi and Her,
He11 A4686 and the C1i1/N 111 AA4640-4650 Bowen blend are detected in emission.
Probably because of variation in line profile shape as a function of orbital phase (see
Fig 4.6), a cross-correlation with a single template spectrum produces a non-sinusoidal
radial velocity curve (there is no reason to suspect that the orbit is eccentric). Radial
velocities of this system were therefore measured with the double Gaussian technique.
A Gaussian FWHM of 300km/s and separation of 1600km/s were used to obtain the
radial velocity curve shown in Fig. 4.5. The best-fitting sinusoid gives a rather high radial
velocity amplitude of 208 km/s, which supports the suggestion that Ha074655 is view at
high inclination. For this object, other aliases can be discarded as very unlikely to be
the correct freduencies’. The orbital period of Ha074655 is 3.3984 + 0.0004h. The only
light curve of Ha074655 is shorter than the orbital period, and does not show any obvious

orbital modulation.

4.3.4.4 Ha092134

The identification spectrum of Ha092134 has Balmer and He I emission lines, superimposed
on a blue continuum. The data also show strong He11 A4686 emission. A higher quality
spectrum is displayed in Fig. 4.7. The light curve of Ha092134 shows no modulation other

than flickering.

Time-resolved spectroscopic observations were obtained on two consecutive nights.
The Fourier transform and phase-folded radial velocity curve are shown in Fig. 4.5; note
the small radial velocity a,mplitﬁde (the best fit gives K = 68.0km/s in equation 4.1). The
strongest power in the Fourier transform of the radial velocity curve is at 9.134 x 1072 mHz,




corresponding to 3.041 h. There is some possibility that the period is the next strongest
alias (3.479 h). None of the other aliases provides acceptable fits to the data. Assuming
that the largest amplitude signal represents the orbital modulation, the orbital period is
3.041 £ 0.009 h.

4.3.4.5 Ho092751

The spectrum of Ha092751 has quite weak emission lines (EW(He) is only ~ 204, and
He1 is barely detected; see Fig. 4.4 and 4.7), and a blue continuum. One short light
curve of this system is plotted in Fig. 4.8; it shows the usual short time-scale photometric
behaviour of a CV. |
Since time-resolved spectroscopy from only one night is available, only an imprecise
period of 4.1 & 0.3h can be measured. The radial velocity data fortunately sample all
orbital phaSes reasonably well (see Fig. 4.5). The amplitude of the best fit to the radial
velocities is 100.9km/s. The trailed spectrum of Ha092751, displayed in Fig 4.6, shows
the double-peaked Ha profile typical of an accretion disc, and possibly also an S-wave

component.

4.3.4.6 Ho094409

H1, Hel, and strong He 11 A4686 emission lines are detected in the spectrum of Ha094409.
The lines are single-peaked in the identification spectrum, and the continuum is flat. Al-
though the only light curve of Ha094409 was obtained under poor conditions, it shows that
this is an eclipsing system. The eclipses are also seen in the time-resolved spectroscopy,
both from the spectrophotometry and from the large rotational disturbance in the radial
velocity curve (see Fig. 4.5).

If the largest amplitude signal in the Fourier transform of the radial velocity curve
corresponds to the orbital modulation, then the orbital period of Ha094409 is 4.506 +
0.004h. The orbital frequency might, however, be identified with several other aliases
(the shortest acceptable period is still above 3 h). |

With phase 0 photometrically determined, the red to blue crossing of the radial veloc-
ities is at about phase 0.15. One of the defining characteristics of SW Sex stars is a phase
shift between Balmer emission line velocities and the expected velocity of the white dwarf
(Thorstensen et al. 1991). Two other factors, taken at face value, suggest that Ha094409
might be an SW Sex star. The first is that lines are single-peaked in the average spectrum,
despite the high binary inclination. Secondly, the Ho line profiles seem to change as a
function of orbital phase, possibly displaying central absorption at some phases (another
phenomenon observed in SW Sexvsta,rs). However, the phase shift in the radial velocity
curve of Ha094409 is only marginally significant, since no concerted attempt was made
to trace the motion of the white dwarf, and since the low quality eclipse photometry does
not allow for an accurate determination of phase 0. Thus, while there are some hints that
Ha094409 might be an SW Sex star, the data presented here are not good enough to allow

for a firm classification.
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4.3.4.7 Hoal102442

The member of this sample with the strongest Balmer emission is Ha102442, which has
‘EW(Ha) ~ 120A. Her and Hel \4686 are also detected in emission. Time resolved
spectra were taken over two nights, and the sampling and data quality were sufficient
to establish an unambiguous cycle count between/ the two radial velocity curves (see the
Fourier transform in Fig. 4.5). The orbital period of Ha102442 is 3.673 £0.006 h. A quite
large radial velocity amplitude is measured for this system (the best-fitting amplitude is
188.3km/s). The trailed spectrum given in Fig. 4.6 shows a pure S-wave modulation.

I obtained three light curves of Ha102442 on consecutive nights, the last two simulta-
neously with the time-resolved spectroscopy. These observations are displayed in Fig. 4.8.
The run RP41 and RP44 data are shifted vertically by +1.6 and —1.4, respectively, and
horizontally by +1 d and —1 d, respectively. The photorpetry shows large amplitude

flickering, but nothing that can be recognized as an orbital modulation.

4.3.4.8 Ha103135

The identification spectrum of Ha103135, plotted in Fig. 4.4, has a blue continuum with
Balmer and He 1 \4686 emission. HeI6678 is double—peaked in the average spectrum
(Fig. 4.7). T obtained one light curve of fairly low quality of this system; it is shown in
Fig. 4.8. The short gap in the light curve was caused by poor conditions.

A total of 34 spectra of Hx103135 were taken over two nights at ESO. The Fourier
transform of the radial velocities measured from these spectra has maximum power at
7.40 x 1072mHz (3.76 h). It is also possible that the correct period corresponds to the
second strongest aliases, at 3.22 h. Assuming that the highest amplitude alias represents
the orbital modulation, the period is 3.76 & 0.02h. The trailed spectrum shows that the
Ha line profile is double-peaked at some orbital phases (Fig. 4.6).

4.3.4.9 Ho103959

Ha103959 has a spectrum displaying Balmer, Hel1, and very weak Hel emission lines,
superimposed on a blue continuum (see Fig. 4.4 and 4.7). Two short light curves of this
system are shown in Fig. 4.8; run RP45 was shifted vertically by —0.6, and horizontally
by +3 d. '

The orbital period is most likely 3.785 4 0.005h, but aliases at 3.266 h and 4.498 h
cannot be ruled out (see the Fourier transform in Fig. 4.5). The trailed spectrum in
Fig. 4.6 shows what is probably a double-peaked disc component, as well as a fainter,

higher velocity component.

4.3.4.10 Ha112921

Weak Balmer emission lines are detected in the spectrum of Ha112921, superimposed on
a blue continuum. The Ha line profile is double-peaked in some of the higher resolution
spectra, and He1is weakly detected. No high-speed photometry is available for this system.
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The sampling-of the time-resolved spectroscopy, taken at both SAAO and CTIO, is
unfortunately far from optimal, with long gaps between different obsérvations; for this
reason there is some uncertainty in cycle count. The strongest signal in the Fourier
transform is at 7.538 x 102 mHz (corresponding to.3.685 h). The next largest amplitude
aliases are at 3.196 h and 4.352 h (see Fig. 4.5). Assuming that the correct alias has been
identified, the orbital period is 3.6851 & 0.0004 h. The radial velocity amplitude is quite
low (the fit gives 96.9km/s), but there is also a.fainter, much higher velocity modulation
visible in the trailed spectrum (Fig. 4.6).

4.3.4.11 Ha130559

The spectrum of Ha130559 shows strong He 11 A4686, and broad Balmer and He1 lines (see
Fig. 4.4 and 4.7). No photometry was obtained for this system.

~ Time-resolved spectra of Ha130559 were taken on 6 and 8 March 2007. The largest
ainplitude signal in the radial velocity curve of this system is at 7.072x 10™2 mHz (3.928 h).
However, there is clearly a serious aliasing problem (see the Fourier transform in Fig. 4.5).
The two nearest aliases are at 4.273 h and 3.635 h. Assuming that the peak marked in the
Fourier transform represents the orbital modulation, the orbital period is 3.928 + 0.013h..
The radial velocity amplitude is large (the best fit gives 244.4kin/s). The trailed spectrum

in Fig. 4.6 shows only an S-wave.

4.3.4.12 Ha075648 and Ha122105

I obtained time-resolved spectroscopy of Hal75648 and Ha122105, but-was not able to
measure orbital periods from the data. The spectra of both objects contain Balmer and
Her lines in emission (Fig. 4.4 and Fig. 4.7). Only a single light curve is available for
Ha075648. The observation was short and taken under poor conditions, but it does
show the flickering expected in a mass-transferring system. The photometric variations in
Ha122105 are faster and of slightly larger amplitude. Neither system shows a photometric
modulation that is readily recognizable as orbital. A Fourier transform of the run RP31
light curve of Ha122105 shows that it contains a modulation with a period of roughly 920 s
(this time-scale can be picked out in the light curve by eye). The signal was not present on
the next night, and was probably a QPO (CVs in which QPOs have been detected usually
do not persistently display them, even when at the same brightness; e.g. Warner 2004;
Pretorius et al. 2006). Horizontal and vertical shifts of —1 d and —0.6 mag were applied
to the shorter light curve of Ha122105 (run RP34) displayed in Fig. 4.8. The photometric
and spectroscopic appearance of these two objects leave little doubt that they are both
CVs.

Ha075648 and Ha122105 were observed for 7.3 h and 5.1 h, respectively, over 2 nights
with EMMI, but these data failed to yield plausible radial velocity curves. The dispersion
solutions were checked by measuring the wavelengths of the 6300.30 and 5889.95 A night
sky lines (Osterbrock et al. 1996) in all of the spectra. The rms errors obtained from the
two lines are only 0.05 A and 0.1 A, respectively; there is therefore no concern regarding
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Figure 4.10: Left-hand panels show the equivalent widths of the Ho lines of Ha075648 and
Ha122105 as a function of time for the longest spectroscopic runs on each of the systems. The
Hao profiles of some spectra of Ha075648 (top) and Ha122105 (bottom) are shown on the right.
These spectra are normalized to the continuum and vertically offset. Tick marks along the bottom
of the EW curves indicate the spectra displayed in the right-hand panels; time increases upwards.
Velocity is relative to the rest wavelength of Ha.

the wavelength calibration. Radial velocities,were measured using a cross-correlation with
template spectra, and also both a single Gaussian and a double Gaussian with a range
of separations, for both the Ho and He1A5876 lines. None of these techniques produced
sinusoidal radial velocity curves. The results obtained are reminiscent of the radial ve-
locity curve of the SW Sex star V380 Oph, displayed in fig. 13 of Rodriguez-Gil et al.
(2007), which shows a shorter time-scale variation superimposed on the sinusoidal orbital
modulation. If the same behaviour is displayed by Ha075648 and Hal22105, then less
than one orbital cycle was observed on any one night.

The reason for the difficulty in finding radial velocities appears to be that the line pro-
files change dramatically on quite short time-scales, so that different velocity components
are measured in different spectra. Ha122105 also ,di'splays.large variability in EW(He).
This is illustrated in Fig. 4.10. All standard techniques of measuring radial velocities as-
sume that (at least) the line wings are constant in shape. The failure of these techniques
here is therefore not surprising.

EW flaring is observed in intermediate polars and SW Sex stars (e.g. Morales-Rueda
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et al. 1996; Smith et al. 1998; Rodriguez-Gil & Martinez-Pais 2002). Strong He 11 \4686
emission would support an interpretation of these two systems as magnetic CVs; however,
it is not detected in either system, and, if this line is present, it is significantly weaker
than HB. The very structured and variable line profiles, as well as the EW variations
in Ha122105, may indicate SW Sex star behaviour, but additional observations, perhaps
of higher time and/or speetral resolution, are required to determine the CV sub-types of

these two systems, and to measure their periods.

4.3.4.13 Han163447

In addition to the noisy discovery observation, I obtained a few higher resolution spectra,
as well as a light curve, of Ho163447. Spectra of the system display broad Balmer emission
lines, and also He1 5876 emission (see the average spectrum in Fig. 4.7). The light curve
plotted in Fig. 4.8 also shows the flickering typical of CVs.- The classification of Ha163447
"as a CV is secure, but neither the time resolved spectroséopy nor photometry allows for

an orbital period measurement.

4.3.4.14 Hal115927 and Ha190039 )

I obtained only identification spectra for Ha115927 and Ha190039, and both these spectra
have low S/N. The objects are classified as CV candidates, since their spectra show
resolved Balmer emission lines, flat Balmer decrements, and possibly He 11 AM4686 emission.

. However, better observations are needed to confirm the nature of these two objects.

4.4 The overall Ha-selected CV sample

In this section, I return to the selection of targets from the SHS, and discuss not only the
newly discovered CVs, but also previously known CVs recovered by the selection of Ho

emission line objects.

4.4.1 Recovéry of previously known CVs

The fraction of known CVs recovered by the selection procedure gives an indication of the
completeness of the CV sample. There are 42 previously known CVs with R < 17 in the
survey area covered by the follow-up described above, and only 7 of these were selected as
targets. The majority of the CVs that were not selected (30 systems) were excluded by
the cuts in the class, quality, and blend IAM parameters. Of the other 5 that were missed,
one was excluded because it is blended (despite being classified as a single point source in
the SHS), and two did not satisfy the R — Ho vs R — I cut-off criterion. The remaining
two CVs that were not recovered had colours above, but very close to the selection cut.
With 7 recovered systems and 14 new CVs, the sample completeness can be no better
than (14 + 7)/(14 + 42), or 38%. Since 460 out of the 507 targets were observed, the
efficiency of selecting previously known CVs is (7/42)(460/507). That is, the selection is
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expected to identify roughly 15% of all CVs at R < 17, if known CVs occupy the same
general part of the R — Ha vs R — I plane as the intrinsic CV population. Fig. 4.11 shows
the R, R — I, and F,,;, distributions of CVs with R < 17'in the survey -area considered,
highlighting the previously known CVs chosen as targets by the selection.

Although the CV recovery rate is low, a more important concern is magnitude- or
period-dependent bias in the recovery rate (as that would almost certainly imply the same
bias for the overall CV sample). It is importdnt in this regard that a large fraction of
CVs known to have been missed by the selection (30 out of 35) were excluded by the
restrictions on TAM parameters, which are expected to be mostly insensitive to colour and
apparent magnitude.

The magnitude distributions of both the selected CV sample and the recovered CVs
appear to indicate that, up to R = 17, the CV sample is not affected by an apparent
magnitude bias. This is illustrated both by the steep rise towards fainter magnitudes
in the R distribution (top panel of Fig. 4.11)%, and by the fact that the selection does
not recover relatively more bright CVs (the same fraction of previously known CVs are
recovered in the magnitude bins R < 14, 14 < R < 16, and 16 < R < 17). The bottom
panel of Fig. 4.11 also shows clearly that a larger fraction of known CVs are recovered at
short periods than at long periods. It is therefore tempting to conclude that, as expected
(since short-period CVs have stronger emission lines), any period bias in the selection
favours the inclusion of short-period CVs. ;

The central panel of F{g. 4.11 shows the distribution of CVsin R—1I. The distribution
of the sample of previously known CVs has a standard deviation of 1.0. This large spread
in R — I is not physical—it results from poor photometry and variability between the R
and I epochs. The CVs included in the sample are on average bluer than the previously
known CVs. This bias in R~ is not as strong as it appears at first sight. As in Chapter 3,
CVs at very long-pt;ri‘ods will not be considered, because they are likely to contain evolved
secondary stars. Seven systems in the sample of previously known CVs have periods
greater than 8 h, and 5 of these have R — I colours between 0.36 and 0.70, i.e. in the two
maximum bins of the R — I distribution. With these 7 objects excluded, the probability
that the R — I distributions of the selected and previously known CVs are drawn from the
same population is 0.54, according to a KS test. Therefore, there is no good evidence for a
blue bias in R— I from this comparison. However, the samples used for the comparison are
both quite small, and the positive slope of the stellar locus in the R — Ho vs R — I plane,
which causes the selection to be more sensitive to objects with relatively small EW(Hea)
at bluer R — I, implies that such a bias may be ex‘pected. The implications that this may
have for P,.;- or R-dependent biases will be further discussed in Section 4.5.2.

5Note that the magnitude distribution of the sample of previously known CVs indicate that it is not
approximately complete to R = 17. This is not surprising; see Section 3.3.1.
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Figure 4.11: The R, R—1I, and P, distributions of CVs with R < 17 in the area covered by the
follow-up. The bold histograms show all systems in the selected sample. Previously known systems
are plotted as fine histograms, and previously known systems recovered by the selection are shown
as cross hatched histograms. The period gap is indicated in the middle panel by light grey shading
of the period range 2.15 to 3.18 h. One known CV in the survey area covered in the follow-up, the
nova V1017 Sgr, with P, = 5.714d, is not shown on the scale of the P,,; histograms.
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4.4.2 Distance linﬁts, classification, and other properties

The selection identified a total of 21 CVs; two thirds of this sample consists of newly
discovered systems. Some properties of the CVs comprising the sample are given in Ta-
ble 4.5. Lower limits on the distances (d;) are based on near-IR photometry, as described
below. The last column of Table 4.5 lists references for the sub-types and orbital periods,
where available.

The semi-empirical donor sequence of Knigge (2006) predicts absolute magnitudes
of CV secondaries as a function of orbital pefiod, and provides a useful technique for
constraining the distances of CVs. The observed Kg magnitudes (or lower limits on
Kg), and the predicted absolute Kg magnitudes of the secondaries in the systems for
which period measurements are available, were used to find lower limits on their distances.
The CIT magnitudes of Knigge (2006) were transformed to the 2MASS system using the
prescription of Carpenter (2001), updated to reflect the final 2MASS data releaseS. Since
these CVs are at low Galactic latitudes, it is not really appropriate to neglect extinction.
Therefore the total Galactic Ny along the line of sight to each of the objects, taken
from the Galactic H1 map_of Kalberla et al: (2005), was used to estimate upper limits
on Akg. Values of extinction were obtained from the column densities with the aid of
relations between Ny and Ay and between Ay and Ak, from Predehl & Schmitt (1995)
and Cambrésy et al. (2002). The resulting lower limits on distances for new as well as
previously known CVs are listed in Table 4.5.

Ha092134 is in the period gap (the upper edge of the period gap is not very clearly
defined, but Knigge 2006 places it at at 3.18 h), although it is clearly accreting (see the
light curve and spectra). The predicted M of a typical CV secondary at 3.18 h was used
for the upper limit on its distance. If the secondary in Ha092134 differs from a typical
secondary in a CV at 3.18 h.only in being of slightly lower mass, it would be fainter
than assumed, and the distance limit would be too high. On the other hand, the fact
that 2MASS provides only a lower limit on Kg takes the limit in the opposite direction.
2MASS photometry also gives only limits on Kg for Ha073418, Ha092751, and Ha130559,
implying that the lower limits on the distances of these three systems are conservative. The
distance limits assume that the predicted luminosities of the secondaries are appropriate
for our systems (i.e. that the secondaries are unevolved). This assumption is more likely
to be valid for CVs at Py < 5h.

. The lower distance limits do not rule out the absolute magnitudes of quiescent DNe
for any of the newly discovered CVs, and therefore do not lead to firm classifications.
A blue continuum and weak emission lines characterize the spectra of many NLs. The
spectroscopic appearance of several of the new CVs indicate that they are very likely NLs,
with Ha092751 and Ha112921 being the clearest examples (see Fig. 4.4). The different
photographic R-band epochs, as well as the new observations 'presented here, provide good
evidence of large amplitude variability for the following systems: Ho(073418, Ha094409,

6The updated colour transformations are available at
http://www.astro.caltech.edu/~jmc/2mass/v3/transformations/.
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Table 4.5: Sub-types, orbital periods, R-band magnitudes, and lower limits on distances of the
CVs included in the survey. Entries for the systems that will not be included in the comparison
to theory are in italics.

Object Type Pyy/h R di/pc References
V1040 Cen SU ©1.45 13.9 40 1
DV Sco SU 1.65: 16.7 270 2,3
VV Pup  polar  1.67892 14.6 140 4,5
CU Vel SU -1.88: 15.8 120 6
Ha092134 3.043 16.8 530 7
Ha073418 SW: 3.18542 16.7 320 7
Ha074655 3.3984 14.0 180 7
Ha102442 3.673 164 580 7
Ha112921  NL: 3.6851: 15.5° 510 7
Ha103135  NL: 3.76: 16.3 630 7
Ha103959  NL: 3.785: 16.4 670 7
Ha130559 3.93: 16.5 500 7
Ha092751  NL: 4.1 16.2 770 7
CW Mon DN, IP: 4.238 154 210 8
Ha094409 SW: 4.506: 16.2 520 7 P
HZ Pup CN, IP 5.11 16.5 1010 9
Ha 074208 5.706 15.5 490 7
Ha075648 SW: — 16.0 — 7
Hal63447 NL: — 16.7 — 7
Ha190039  NL: — 16.8 — 7
V383 Vel DN — " 123 — 10

References: (1) Patterson et al. (2003); (2) vsnet-alert 8325; (3) Daisaku Nogami, private com-
munication; (4) Herbig (1960); (5) Schneider & Young (1980); (6) Mennickent & Diaz (1996); (7)

Paper I; (8) Kato et al. (2003); (9) Abbott & Shafter (1997); (10) Williams (2000).

Notes: The types are dwarf nova (DN); nova-like variable (NL); SU UMa star (SU); SW Sex star

(SW); intermediate polar (IP); classical nova (CN). Uncertain values or classifications are denoted

by “’. Ha190039 is classified as a CV based only on a single, low quality spectrum.

Ho102442, and Ha163447. These data are, however, clearly not sufficient to distinguish
between, e.g., DN and VY Scl star behaviour. There is no clear indication that any of
the new CVs are magnetic (but note that these systems have not yet been thoroughly
studied). )

V1040 Cen, CU Vel, and DV Sco are SU UMa stars. The orbital period listed for
DV Sco is uncertain because it was estimated from the superhump period (the superhump
period is 1.71 h, but even this is uncertain, because the superhump photometry available
for this system is ahased Daisaku Nogami, private communication). V1040 Cen and CU
Vel both have normal e (fractional superhump period excess; see Section 2.3.1.2), and
therefore are not expected to be period bouncers (Patterson et al. 2003). V1040 Cen
reaches V = 12.5 at maximum, and is likely to be very nearby. The second bright DN in
the sample, V383 Vel, was in outburst during the SHS observations. It is a poorly studied
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system; the orbital period is'not known.

The sample includes two magnetic CVs, namely VV Pup and HZ Pup. HZ Pup is a
classical nova (nova Pup 1963), as well as an IP. VV Pup is a polar.

Kato et al. (2003) report a 37-min modulation in outburst photometry of the DN CW
Mon, and suggest that the system might be an IP. However, the high coherence associated
with the spin cycle of a white dwarf has not yet been demonstrated for this signal, and it is
detected only near maximum of outburst. Warner (2004) classifies the 37-min modulation
as a QPO—a phenomenon commonly seen in high—M , non-magnetic CVs. Furthermore,
CW Mon does not have particularly strong Helr A4686 emission (Szkody 1987). Note,
hoWever, that the IP HT Cam has a spectral appearance very similar to CW Mon, and
an increased white dwarf spin pulse amplitude during outburst (Kemp-et al. 2002).

Magnetic systems are not specifically dealt with in the population model used in the
next section (this is the same model used in Chapter 3), and may evolve differently from
non-magnetic CVs, as has already been noted. The magnetic CVs HZ Pup and VV Pup are
therefore excluded from the observed sample. CW Mon is also excluded from the sample,
despite the evidence for its magnetic nature not being compelling, because (in view of it
being a long-period system) excluding it is a conservative choice. The conclusion regarding
the ratio of long- to short-period CVs that will be derived in Section 4.6 would be even
stronger had it been included in the sample. A

As in Chapter 3, systems with P, > 5h are also excluded from both the model
(see Section 4.5) and observed populations, since CVs with evolved secondaries probably
dominate the population at these periods (see Section 2.8.6).

Therefore VV Pup, HZ Pup, CW Mon, and Ho074208 are not considered further.
The entries for these 4 systems are given in italics in Table 4.5. The rest of the sample

(17 CVs, of which at least 10 are long-period systems) likely consists of non-magnetic,
" unevolved CVs. There is no indication that any of these CVs are period bouncers.

3

4.5 Modelling selection effects

‘

The computational method described in Chapter 3, specifically, model Ai, with only a
minor change to the SED calculation, is used again here to model the effects of the most
important selection biases acting on.the Ha-selected sample. A random sample of CVs
is drawn from a predicted intrinsic CV population, and distributed in a model Galaxy.
By modelling the SED and outburst properties of each CV, the observational appearance
of this intrinsic population in a survey with the particular selection criteria of the new
sample is predicted.

This Monte Carlo method is briefly outlined again in Section 4.5.1 below. It does not
account for all the selection biases present in the sample. In Section 4.5.2, the assumptions

that were made to deal with the remaining biases are discussed.




4.5.1 The Monte Carlo code

The Monte Carlo calculation uses as input a probability distribution function (PDF) for
the present-day population of CVs over the parameters P, (M ), M1, and My. This PDF
is taken from Kolb (1993). More information on the model population may be found in
Section 3.2.1.

The Galaxy is treated as an axisymmetric disc with a Galactic Centre distance of
7620 pc (Eisenhauer et al. 2005), a radial scalelength of 3000 pc, and vertical scaleheights
of 120, 260, and 450 pc for long-period CVs, pre-period minimum short-period CVs, and
period bouncers, respectively. The assumption of different scaleheights for these three
-sub-populations of CVs is motivated by their different typical ages (see Section 3.2.2).

Flux from the accretion disc, bright spot, white dwarf, and secondary star is considered
in the model of the overall SED of each CV in the simulation, with all except the secondary
treated in the same way as in Chapter 3 (a description of the SED model for the disc,
bright spot, and white dwarf may be found in Section 3.2.3). The flux contribution of
the secondary star is obtained from the semi-empirical donor sequence of Knigge (2006)7.
I emphasize again that none of the results in either this or the previous chapter would
change if the relation of Smith & Dhillon (1998) was used here, or if the Knigge (2006)
donor sequence was used before. This is because the secondary flux contribution in the
optical is not very important in the model SEDs.

The only type of variability included in the model is DN outbursts. The modelling of
outbursts relies on the well known empirical relation between P,., and the luminosity of
DNe at maximum (Warner 1987; Section 3.2.4 gives a more complete discussion).

The R and I magnitudes produced by the SED model are on the Kron—-Cousins RI
system, and were transformed to the photographic system of the SHS survey using Morgan
& Parker (2005) and Bessell (1986). The differences between the photometric systems are
srhall, especially compared to uncertainties in the SED model and photometric errors in
the SHS data.

Model CVs satisfying' R < 17 and |b| < 10° are then selected. Fig. 4.12 shows the dif-
ferential and cumulative apparent magnitude distribution, as well as the F,,; distribution,
of the CV population predicted to be observed in this survey, if other selection cuts are
neglected. The grey histogram in the top panel is the R distribution of the 17 observed
CVs. The inset shows the cumulative R histograms of the model (black) and real samples
(grey). A KS test gives the probability of the model and observed R distributions being
drawn from the same parent population as 0.35, implying that the magnitude distributions
are consistent. In the bottom panel, the bold histogfam is the model P, distribution of
all systems detected; the contribution of period bouncers is shaded in dark grey, and the
fine black histogram shows the distribution of outbursting DNe expected in a single-epoch

survey. The model histograms are scaled as described in Section 4.6.2 below.

"The high-resolution version of the donor sequence was interpolated onto the period grid of the model
CV population, where possible. The upper edge of the model period gap is slightly above the -observed
location. The model period gap is also narrower than observed, so that the empirical sequence had to be

extrapolated at the lower edge of the gap.
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Figure 4.12: The differential and cumulative magnitude distributions, as well as the differential
orbital period distribution, predicted by the simulation. The bold histograms in all three panels are
the distributions of all systems predicted to be detected, with only the flux limit and |b| constraint
imposed. The R and cumulative R distributions of the 17 observed systems are also shown, in light
grey, in the top panel and in the inset to the top panel. In the bottom panel, the contribution of
period bouncers to the orbital period distribution is shaded in dark grey, and the fine histogram
shows DNe that are found in outburst in a single epoch. The model R and P, distributions are
scaled as described in Section 4.6.2.

98




4.5.2 Additional biases

The above modelling accounts for the effects of the magnitude limit, and the restriction of
the survey to the Galactic plane. With only those selection effects included, the predicted
period distribution is inconsistent with the observations (relatively too many short-period
CVs are predicted). However, whether the remaining selection effects present in the sample
could reconcile the predicted and observed distributions still needs to be determined.

Therefore, conservative assumptions about the influence of these biases (i.e. assumptlons
that decrease the predlcted ratio of short- to long-period CVs) are made.

4.5.2.1 The EW(Ha)-dependent selection.cut

The dependence of selection probability on EW(He) is not included in the model. This is
because the disc models predict EWSs that are clearly too small (as demonstrated for H3
by Patterson 1984; this is also true for Ha). The alternative of using an empirical relation
is not available, because the dependence of EW(Ha) on, e.g., My is not known. One may
expect that including this selection cut in the model would increase the predicted ratio
of short- to long-period CVs, and therefore that not accountiﬁg for it is a conservative
assumption.

Whether an object is selected as a target depends on its R — Ha and R — I colours.
The R — I dependence arises from the non-zero slope of the stellar locus in the R — Ha
vs R — I plane. It is also likely that the selection probability depends on R magnitude,
since the photometric uncertainty increases at fainter magnitudes. While the CV sample
does not at first sight appear to be increasingly incomplete at fainter R, the sample of
all emission line objects from the spectroscopic follow-up certainly is magnitude biased,
with an R distribution that flattens off at around R = 16. The reason that the CV
Sample is not affected by the same magnitude bias as the overall emission line sample is
not because CVs have systematically stronger Ha lines than other types of emission line
objects selected for follow-up, but because the CVs are on average bluer in R — I. The
selection technique used here is sensitive to faint objects with small EWs only if those
objects are sufficiently blue in R — I. Redder faint objects must have stronger lines in
order to be selected. The upper panel of Fig. 4.13 shows R as a function of R — I for
all the emission line objécts targeted by the follow-up observations, while the lower panel
shows EW(Ha) as a function of R — I only for targets with 16 < R < 17. The data for
CVs are plotted as larger symbols. These plots illustrate that CVs are amongst the bluest
faint emission line objects. Most of the faint objects with red R — I and small EW(Ha)
are M stars with strong molecular absorption bands.

To the extent that data can provide a guide, the resulting blue bias does not matter—
intrinsically fainter, redder CVs have stronger emission lines. This is well established
for normal short-period CVs, but observational information on period bouncers is scarce.
There are now two confirmed period bouncers, namely SDSS J103533.034+-055158.4, and
SDSS J150722.30+523039.8 (Littlefair et al. 2006, 2007; Patterson et al., in preparation)
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and they have EW (Ha) = 44 A and 78 A, and R— I of 0.03 and 0.04, respectively (Szkody

et al. 2005; Szkody et al. 2006; colour transformations from Jester et al. 2005). The

selection technique is easily capable of identifying objects with these EWs and colours
near R = 17. . _

' In the absence of an undetected population of faint, red CVs with weak emission lines,

the EW cut thus preferentially excludes intrinsically bright (i.e. long-period) CVs.

4.5.2.2 Variability

DNe in outburst probably have smaller EW(Ha) as a rule. This is éertainly true for HG
(Patterson 1984), and likely also for all Balmer lines (see, e.g., Hassall et al. 1983, and also
the spectra in Fig. 5.5 in the next Chapter, which show that the EWs of Ha, HB, and Hy
are reduced during a DN outburst). This means that an O}}ltbursting DN is less likely to
be identified in an Ho survey than a quiescent system. The problem here is slightly more
complicated than whether a system has sufficiently large EW(Ho) at a single epoch, since
observations in the three wavebands used in the selection were not taken simultaneously.
Variability between the epochs of the R, , and Ho observations can lead both to an object
with Ho emission not being selected, and to an object without Ha emission being targeted.
The most common large amplitudé variability displayed by CVs is DN outbursts, and onl’y
this type of variability will be considered. Out of the 175 fields used in the selection, only
72 were observed in R and Ha on the same night;~ all I-band data, were taken roughly 20
years earlier. ' v

A system that is bright in both R and Hoa but faint in I will probably be selected,
because it will be very blue in R~ I (V383 Vel is an example—it was observed in outburst
in R and Ha on the same night, but was faint during the I epoch). CVs are likely to be
missed by the selection because of variability if they are bright in R and faint in He, or
bright only in I. It is assumed here that the probability of a long-period system being
excluded for reasons of variability is 0 (despite the fact that many long-period systems are
DNe), and that the probability of a short-period system being excluded for being bright
in R, is equal to C (the outburst duty cycle). Then, to allow for the possibility of a DN
being bright in I, this is repeated with the remaining short-period DNe (i.e. a fraction
of systems equal to the partiéular outburst duty cycle is excluded from the population

predicted. to be detected in the survey).

4.6 Comparison to theory

4.6.1 Relative numbers of short- and long-period CVs y

After applying the cuts involving R, |b|, and variability described above, the sample is
predicted to contain 13% period bouncers (i.e. about 2 systems in the sample of 17),
whereas none are detected. This is not a serious discrepancy. The predicted fraction
of long-period CVs is 30%. Assuming that the combined EW and R — I cut makes it
impossible to detect period bouncers, 34% of the sample is predicted to be long-period
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~systems. Using the binomial distribution, the probabilify that the observed ratio of at
least 10/17 is consistent with this prediction is 0.031. The model is therefore inconsistent
with observations at more than 2-0.

The inconsistency would be a 3-¢ result if two more systems in the sample had periods
above the period gap. It is likely that this will prove to be the case. The spectrum of
Ha190039 is characteristic of an intrinsically bright CV, and there is reason to suspect
that Ha075648 is an SW Sex star. ‘

4.6.2 Space density

This sample is not suitable for measuring the CV space density (p), bu(t it can be compared
to a specific prediction to verify whether the predicted and observed numbers of CVs are
in reasonable agreement. de Kool (1992) and Kolb (1993) theoretically predict p ~ 1074
(see Section 2.7 for other theoretical values), with 1% of all CVs above the period gap.
The space density of long-period CVs (p;) is then predicted to be ~ 1076 pc3.

Setting p; = 10 6 pc=3 in the simulation, about 22 long-period CVs should be de-
tected if the sample really is 15% complete (with the area coverage and flux limit of the
survey). This assumes that the only selection cut affecting long-period CVs is the magni-
* tude limit and |b| restriction. The sample contains at least 10 long-period CVs, perhaps
as many as 14. The total number of observed long-period CVs is then consistent with
‘the prediction if the true completeness for long-period systems is >~ 8%. This is entirely
reaSonable, especially since a bias against long-period CVs is expected, but given the
uncertain completeness, it is not a very secure result®.

The predicted R and P, histograms in Fig. 4.12 were scaled to reflect the number of
CVs that should have been detected in this survey (2800deg?, |b| < 10°, and R < 17) if
oL= 10-6 pc~3, and if the survey is 8% complete, with no dependence of completenéss on
P,p.

4.6.3 Evolutionary time-scales

It is usually assumed that the theoretical ratio of the number of short- to longéperiod CVs
is larger than observed because theory predicts too large a population of short-period CVs.
Several solutions to this problem have been proposed (see Section 2.8). The suggestion
that there is an angular momentum loss mechanism that increases the absolute value of
J in short-period CVs above that of the rate resulting from gravitational radiation (JG R)
is considered here (see e.g. Patterson 1998, 2001; King et al. 2002; Patterson et al. 2003;
Barker & Kolb 2003; more information may be found in Section 2.8.1). Higher —J below
the period gap decreases the evolutionary time-scale of short-period CVs and therefore

reduces the total number of CVs in this evolutionary phase®.

8The available observational estimates of p; are ~ 2.5x10~® (Patterson 1998) and ~ 8x10~¢ (Chapter 5;
note, however, that this value is expected to be high, since it is almost entirely based on a single system
with unusually low Lx). .

®Patterson (1998) also points out that a population synthesis model using such a higher —J could
predict the position of the period minimum correctly, and would fit the observed relation between € and
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The evolutionary time-scale of a CV is

()=

where the angle brackets denote the secular average. Assuming that all CVs form -at
periods above ~ 5 h, and only evolve through the period rariges considered, the number
of CVs that exist in some particular period interval is proportional to the time CVS spend
in that interval. The ratio of the numbers of long- and short-period CVs is therefore
proportional to the ratio of their evolutionary time-scales (7; and 75 for long- and short-
period CVs, respectively).

The ratio of long- to short-period CVs observed in a survey for which the most im-

portant bias is a flux limit, can be written as

nl) ‘ U

— = f(n/m (-—) . 4.3
() =t (2 (43)
Here, f > 1 is a monotonically decreasing function of 7;/7s, since apparent brightness
depends on accretion luminosity, which in turn scales inversely with 7. The form of f
means that, by comparing the observed and predicted number ratios, a limit can be set on

the true ratio of evolutionary time-scales of CVs above and below the period gap. Using

equation 4.3, this ratio can be written as

O (z)md [f«n/'fs)md) ] [((m/naobs } | BERCOR

Ts Ts f(Tl/TS) nl/ns)pred

where (71/7s),,¢q is the predicted ratio of the evolutionary time-scale of long-period CVs
to the evolutionary time-scale short-period CVs. I assume that the reason for finding
(n1/Ts)ops > (M1/Ns)preq 18 that 71/7s > (71/7s)ppeq- The monotonic nature of f then

implies that f((71/7s)pred) > f(71/7s), so that

UBS (ﬂ) [___(”l/ ™s)obs } . | | (4.5)
Ts  \Ts/ pred | (M/Ns)prea
Physically, this inequality holds because any adjustment to the predicted evolutionary
time-scales that causes the short-period phase to be shorter relative to the long-period
phase will also make short-period CVs brighter relative to long-period systems (and there-
fore less under-represented in a flux-limited sample!®). The impact of such a time-scale
adjustment on the predicted number ratio in a flux-limited sample is therefore always
smaller than on the intrinsic number ratio.
To be more specific, I assume (7),,,4 = 71. Then, for this survey, with (ni/ns),eq ~
3/7 and (ny/ns)y,, = 10/7, the model evolutionary time-scale of short-period CVs must
be decreased by > 3 to match the observations. Or, equivalently, -J 2 —3Jgr for short-

P, (or between ¢ and P,r) better than models assuming only gravitational radiation.
0The EW cut will not select against short-period CVs, unless their luminosity becomes similar to that

of long-period CVs—this means an increase by > 10.
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period CVs is required in order to bring theory and observations into agreement. This
factor of at least 3 would be an underestimate if the EW-based selection cut discriminates

strongly against long-period CVs.

4.7 Summary and discussion

The aim of this study was to construct a new CV sample with uniform selection crite-
ria. I discovered 16 CV candidates amongst 460 objects selected from the AAO/UKST
SuperCOSMOS Ha Survey for Ha emission, and obtained additional observations for 14
of these systems, confirming their CV nature. Orbital periods were measured for 11 of
the new CVs. All of these are long-period systems, and most have orbital periods in the
range 3 to 4 h. There are two eclipsing systems in the sample, and one in which a quasi-
periodic modulation on a ~ 1000s time-scale was observed. The orbital periods and other
properties of the new CVs are summarized in Table 4.1. Note that 6 of these periods
weré determined from aliased radial velocity curves, and may therefore only be correct to
within ~ 10% (the quoted errors are for the strongest alias only).

Given the orbital ‘periods of the new CVs, it is likely that many of them are SW
Sex stars. Specifically, there is reason to suspect that Ha073418, Ha094409, Ha075648,
and Ha122105 are SW Sex stars, but confirmation is needed for all of them. Ha075648
and Ha122105 are unusual in displaying large variations in line profiles, which prevented
the measurement of orbital periods. Ha073418, Ha094409, Ha102442, and Ha163447
have been observed to display large amplitude variability. The blue, weak-lined spectra,
of Ha092751 and Ha112921 imply that they are very likely both NLs. The secondary
star is detected in the spectrum of Ha074208. A spectral type of MO + 1 is measured,
and it is estimated that the secondary contributes between 40 and 80% of the flux in the
wavelength range from =~ 5700 to ~ 7200 A.

The new CVs were combined with previously known systems recovered in the survey
to define a homogeneous sample of 17 non-magnetic, unevolved CVs. Although the bright
flux limit implies that the sample is biased against intrinsically faint CVs, there is no
explicit second selection cut that compounds this bias (but note that there may be an
effective R — I cut). It is also the largest Ha-selected CV sample constructed to date.

Despite the very conservative assumptions outlined in Section 4.5.2, the model CV
population and the observed sample do not agree. The result regarding the CV period
distribution of Chapter 3 is thus confirmed with an independent observational sample.
Standard CV evolution theory predicts too large a ratio of short- to long-period CVs.
This is true even with the assumpﬁon that period bouncers are undetectable.

The data presented here cannot determine whether (7),,.q4 is too short or (7s),.cq
is too long. However, the favoured explanation for the large predicted ratio of short- to
long-period CVs is that short-period systems evolve faster than predicted by the disrupted
magnetic braking model, so that the predicted population of short-period CVs is too large
(the motivation for preferring this explanation include the position of the period minimum

104




and the shape of the e-F,;, relation; e.g. Patterson 1998, 2001; Patterson et al. 2003; see
also Secfion 2.8.1). Using the Ha sample, I find that the evolutionary time-scale of short-
period CVs in the model should be decreased by a factor of at least 3 in order for the
model to agree with observations (if the predicted evolutionary time-scale of long-period
CVs is correct).

Before an Ha-selected CV sample can be used to place tighter constraints on CV
evolution, EW(Ha) must be modelled in terms of the parameters describing CVs in a
theoretical population. It is known that the EWs of disc emission lines increase with
decreasing luminosity. However, CV discs are observed together with a white dwarf pri-
mary. Very faint systems are white dwarf dominated (i.e., the continuum emission from
the disc is low relative to that from the white dwarf). Also, the disc emission lines are
superimposed on the absorption lines of the white dwarf. Therefore, at faint luminosity,
the relation between EW and My is expected to flatten off (Patterson 1984 plots EW (HS)
vs the estimated absolute magnitude of the disc alone; his relation therefore does not show
this effect). This is observationally clear from the spectra of the faintest known CVs, and
has already been remarked on by Aungwerojwit et al. (2006). Although the decrease of
EW (Ha) at very faint My is expected to be less severe than that of EW(HS), this might
ultimately place a limit on what can be achieved by an emission line survey.

The comparison of this CV sample to theory is also complicated by the possibility of
variability between non-simultaneous observations in the three wave-bands used for the
selection. Surveys such as IPHAS will overcome this difficulty, and provide deeper, larger
samples. IPHAS will also provide much better photometric accuracy than can be achieved
photographically, so that the photometry will allow for the identification of objects with
smaller EWs in all parts of the colour-colour plane; any blue bias will therefore be weaker
(see Drew et al. 2005; Witham et al. 2006, 2007, 2008). Furthermore, the emission line
samples constructed from IPHAS data will be much deeper. This is very important, since
a selection technique capable of identifying intrinsically faint CVs is of limited value in
a survey with a bright flux limit. The main challenge for IPHAS will be the amount of
observational effort needed to finish the identification and follow-up of the CV sample.
The same is true for other large, deep surveys—thé completion of the resulting new CV
samples is still some time in the future.

In the meantime, it is already possible to recognize the qualitative changes that are
needed to reconcile theory with observations, using smaller CV samples, such as the one

constructed here.

4.8 Conclusions

’ I have constructed a homogeneous sample of 17 non-magnetic CVs with unevolved sec-
ondary stars, selected for Ha emission. The sample has a bright flux limit, but contains
no explicit blue- or variability-based selection cut.

This new sample was compared to a model CV population, based on standard CV
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evolution theory. The magnitude limit and Galactic latitude range of‘the observed sample
was modelled in some detail, while conservative assumptions were made to account for
the effects of variability and the EW(Ha)-based selection cut. The model population is
inconsistent with the observed sample. Specifically, the model predicts relatively too many
short-period CVs. This confirms earlier results, based on independent observations.

The reason for the mismatch between the predicted and observed ratio of short- to
long-period CVs is probably mainly that the theoretical evolutionary time-scale for CVs
below the period gap is too long. A very simplistic consideration of the relative numbers of
long- and short-period CVs included in the sample indicates that the disrupted magnetic
braking model underestimates —J of short-period CVs by a factor of at least 3, assuming
that the model is correct for long-period CVs.

It is clear that the standard magnetic braking model is in need of revision. Further-
more, it seems that the correct approach to take is to investigate angular momentum loss

rates in excess of the gravitational radiation rate in CVs below the period gap.

t
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Chapter 5

Constraints on the space density of

cataclysmic variables

5.1 Introduction

Quantitative constraints on the key parameters predicted by CV formation and evolution
scenarios are necessary for progress to be made in the theoretical understanding of the
subject. The most fundamental of these parameters is the overall space density of CVs, p.
Some existing observational estimates of p were listed in Section 2.7. These differ by more
than an order of magnitude, and little effort has been made to quantify the uncertainties
affecting these estimates. Such measurements are of very.limited value in constraining
theory. _

In order to understand the uncertainties in estimates of p, it is useful to take a closer
look at some of the more extreme values in the literature. Cieslinski et al. (2003) suggested
a very low space density of p < 5 x 107 7pc™3 for dwarf DNe, the most common type of
CV. This result was based on DN outbursts detected in the OGLE-II survey, and assumes
that essentially all DNe in the OGLE-II fields within 1 kpc had been detected. However,
the time coverage of the survey (~ 4 yr) was much shorter than the longest DN recurrence
time-scales, and long inter-outburst intervals are known to be associated precisely with
the intrinsically faintest CVs that probably dominate the overall population. At the other
end of the spectrum, Shara et al. (1993) obtained a quite high estimate of p ~ 10~4pc3
from a photometric survey for faint CVs, but here the CV nature of the objects that were
counted was never established. Finally, Schwope et al. (2002) obtained ~ 3 x 107%pc~3
from a CV sample constructed from the ROSAT Bright Survey. However, this number
was primarily based on two systems with estimated distances of ~ 30 pc, both of which
were subsequently shown to be 5 to 10 times more distant (Thorstensen et al. 2006).

These examples illustrate that the statistical errors associated with observational space
density estimates are usually dominated by uncertain distances and small number statis-
tics, whereas the dominant systematic errors are caused by selection effects (or, equiva-

lently, by a misunderstanding of the completeness of a given sample). It also seems likely
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that the hard-to-quantify systematic uncertainties usually outweigh the statistical errors,
which might explain why very few space density estimates in the literature have come with
error estimates. '

An attribute that should be shared by all CVs is X-ray emission generated in the
accretion flow. This is useful, because-it is much easier to constrﬁct a reasonably deep
flux-limited CV sample in X-rays than it is in the optical. For an optical sample, it is
usually necessafy to cut down on the number of sources that will be followed up, by intro-
ducing additional selection criteria based on, e.g., colour, variability, or emission lines; any
such selection makes it more difficult to model the completeness of the resulting sample.
Another advantage of an X-ray flux-limited sample is that the ratio of X-ray to optical
flux (Fx /Fop:) decreases with increasing P, (i.e. with increasing optical luminosity; e.g.
Patterson & Raymond 1985a; van Teeseling & Verbunt 1994; van Teeseling et al. 1996).
This means that CVs do not span as wide a range in X-ray as in optical luminosity.

The ROSAT North Ecliptic Pole (NEP) survey (e.g. Gioia et al. 2003; Henry et al.
2006) is constructed using ROSAT All Sky Survey (RASS; see Voges et al. 1999, 2000)
data around the north ecliptic pole; the RASS reaches its greatest sensitivity in this
81deg? region, centred on agogp = 18h00‘m‘, Jopoo = +66°33'. The NEP survey is thus
the deepest ever X-ray observation over a wide-angle, contiguous region; it consists of
a complete sample of 442 sources above a flux of about 10~ ergem=2s7! in the 0.5 to
2.0 keV band. ri‘he_ flux limit varies from 1.2 x 107 to0 9.5 x 107 ergcm~2s~! over the
survey area (assuming a 10 keV thermal bremsstrahlung spectrum; this choice is justified
in Section 5.3). The NEP survey flux limit map is shown in Fig. 5.1. The structure of
this map is produced mainly by satellite scan restrictions. The 2° diameter field of view
of the ROSAT Position Sensitive Proportional Counter (PSPC) corresponds roughly to
the ~ 2deg? region of maximum depth surrounding the NEP.

The unique combination of depth and breadth of the NEP survey, together with
moderate Galactic latitude and extinction, provides an excellent opportunity to investigate
the space density of CVs. Very importantly, out of the 442 X-ray sources included in the
survey, all but 2 (the number of spurious sources expected in a sample such as this; Gioia
et al. 2003) have been optically identified and spectroscopically observed. Therefore, a
complete, purely X-ray flux-limited CV sample can be constructed from the NEP survey.

Thanks to the very simple, well-defined selection criteria of this CV sample, it does not
suffer from unquantiﬁable systematic errors. Therefore it is possible to provide meaningful
errors on p that fully account for small number statistics and uncertain distances. Here I
estimate p, using the observed sample of CVs in the NEP survey, and place upper limits on
the size of a hypothetical population of CVs with X-ray luminosities low enough to evade
the survey entirely. I also present radial velocity studies of the two new CVs discovered

in this survey.
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Figure 5.1: The NEP survey flux limit map. This is obtained from the two-dimensional survey
selection function, which is based on count rate, by assuming a 10 keV thermal bremsstrahlung
spectrum. The contour levels are labelled in units of 10714 ergem=2s~!. Further details on the
construction of the selection function may be found in Henry et al. (2006). The positions of the
five CVs in the NEP area are indicated. This figure was made using data provided by Isabella
Gioia.

5.2 CVs in the ROSAT North Ecliptic Pole Survey

The NEP survey area includes three known CVs, namely IX Dra, EX Dra, and SDSS
J173008.38+624754.7 (abbreviated here to SDSS J1730). All three were detected in the
RASS, but IX Dra is slightly too faint to be formally included in the NEP sample.

Inspection of the optical spectra of all Galactic NEP sources led to the discovery of
only two additional objects with the spectral appearance of interacting binaries. A more
detailed study of stellar sources included in the survey has yielded accurate spectral classi-
fications of all stellar NEP sources (Micela et al. 2007), and no additional CV candidates.
Therefore, every CV in the NEP sample has been identified.

The two interacting binary candidates are RX J1715.64+6856 and RX J1831.7+6511,
and were confirmed as CVs by the follow-up observations described below. Fig. 5.2 gives
finding charts for the two newly discovered CVs; their coordinates are listed in Table 5.1.
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Figure 5.2: 4’ x 4’ finding charts of the optical counterparts of RX J1715.6+6856 (left) and RX
J1831.7+6511 (right), made using white light acquisition images taken with CAFOS. North is at
the top and east to the left in both images.

Table 5.1: Log of the observations, and coordinates for the optical counterparts of the two X-ray
sources. ti,¢ is the integration time.

Object 2000 62000 Date (start First integration  Grism  tin¢/s No. of
of night) HJD 2453900.0+ spectra
RX J1715.64+6856  17:15:41.7 +68:56:43 2006 Jul 27  44.36780950 B-200 1000 7
2006 Jul 28  45.37354850 G-100 1000 14
2006 Jul 29  46.35562975 G-100 800 9
RX J1831.7+6511 18:31:44.4 +65:11:32 2006 Jul 27 44.51118822 G-100 600 16
44.66093472 B-200 600 2
2006 Jul 28  45.59054418 G-100 600 10
2006 Jul 29 46.47792121 G-100 600 22

Gioia et al. (2003) report photographic magnitudes of E = 18.6 and O = 18.3 for RX
J1715.64-6856, and E = 14.8 and O = 15.2 for RX J1831.74-6511 (the errors in these
measurements are +0.5 mag; O and F are similar to Johnson B and Kron-Cousins R,

respectively).

5.2.1 Observations of the newly discovered CVs

In order to confirm that RX J1715.6+6856 and RX J1831.746511 are CVs, and to mea-
sure their orbital periods, I obtained medium-resolution, time-resolved spectroscopy with
the Calar Alto Faint Object Spectrograph (CAFOS) on the Calar Alto 2.2-m telescope.
Table 5.1 gives a log of the observations. The G-100 grism was used in combination with a
slit width of 172, yielding a spectral resolution of ~ 4.2 A over the wavelength range 4 300
to 8000 A. A few spectra of each object were also taken using the B-200 grism, and a slit
width of 175. These spectra have lower resolution (=~ 9.4 A) and were not used for radial
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Figure 5.3: The average of all the spectra of RX J1715.64-6856 taken with the G-100 grating.
Individual spectra were shifted to the rest, frame using the radial velocities calculated from the Hoa
line before being averaged. The system is identified as a CV by its broad, double-peaked Balmer,
Hel, and He 1l emission lines. Also present is the Fell A5169 line.

velocity measurements. Reguldr arc lamp exposures were taken to maintain an accurate
wavelength calibration. The spectrophotometric standard star BD+28°4211 (Oke 1990)
was observed on all three nights to provide flux calibration. Except for the first hour of
the first night, conditions were photometric during the observations.

The data were reduced using standard procedures in IRAF, as described in Chap-
ter 4. Radial radial velocities of both the Ha and HQ lines were measured by means of -
a cross-correlation with a template spectrum, using FXCOR. This method produced satis-
factory results for all the data. In the case of the Ho line, the wavelength range 6 450 to
6650 A was correlated, while for the measurements-of H/3 radial velocities, the correlation
was restricted to the range from 4700 to 5020 A. For both RX J1715.6+6856 and RX
J1831.7+6511, the Ha line yielded higher S/N radial velocity curves; therefore, the radial

velocities measured for this line are used in determining the orbital periods.

5.2.1.1 Observational results for RX J1715.6+6856

Radial velocity measurements for RX J1715.6+6856 were obtained on only two nights.
The average spectrum, shown in Fig. 5.3, displays broad, double-peaked Balmer and He1
emission lines superimposed on a blue continuum; He1l1 A4686 and FelrA5169 are also
detected in emission. The system has the spectral appearance of a quiescent DN. No large
amplitude brightness variations were evident in the data, and V = 18.3 + 0.2 is estimated
from the spectroscopy (where the uncertainty is dominated by slit losses).

At V = 18.3, RX J1715.6+6856 is close to the magnitude limit of the telescope and

instrument combination used, and the time resolution and base line of the data yield only
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Figure 5.4: Lower panel: The Fourier transform of the Ha radial velocity curve of RX
J1715.64+6856 obtained on 28 and 29 July 2006. A vertical bar at 0.1695 mHz (1.639 h) indicates
the period that provides the best fit to the data. Upper panel: The radial velocity measurements,
folded in the best-fitting period. One cycle is repeated in this plot; the superimposed sine function
is a non-linear least-squares fit to the data.

a fairly uncertain period. The Fourier transform in Fig. 5.4 shows that the radial velocity
curve is aliased; the largest. amplitude signal is at 0.1695 mHz (corresponding to a period
of 1.639 h), and is marked by a vertical bar in the lower panel of Fig. 5.4. The two nearest
peaks are at 0.1575 and 0.1816 mHz. Sinusoids were fitted to the data by non-linear
least-squares, using the periods and amplitudes of these three signals as starting values.
The 1.639 h period provides a signiﬁcantly better fit than the other aliases (the standard
deviation of the residuals for a fit near this period is =~ 15 % lower than for either of the
other choices). The 1.639 h period also yields the largest best-fit amplitude (66.1 km/s).
Nevertheless, there is some uncertainty in the cycle count. Assuming that the correct alias
has been identified, the orbital period is of RX J1715.6+6856 is 1.64 & 0.02h. The top
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panel of Fig. 5.4 shows the radial velocities of Ha, phase-folded using this period, with
the sine fit overplotted.

5.2.1.2 Observational results for RX J1831.7+6511

RX J1831.74+6511 was descending into a photometric low state over the three nights of
obsérvations, fading by roughly a magnitude in V. This was most likely the decline from
a dwarf nova outburst. The spectra show fairly narrow Balmer and Hel emission lines
(the FWHM of the He line is ~ 800km/s). The HB and H~ line profiles change from
broad absorption wings with emission cores in the bright state, to pure emission in the
~ faint state. This transition is illustrated in Fig. 5.5, which displays nightly éwerages of the
(3-100 spectra after shifting to the rest frame using the radial velocities calculated from
the Ho line. FermA5169 is also detected in RX J1831.7+6511, increasing in strength as
the system fades. ‘

The lower panel of Fig. 5.6 shows a Fourier transform of the radial velocity curve of
RX J1831.74+6511 (including all 3 nights of data). A vertical bar at 0.0693 mHz (4.01 h)
indicates the highest amplitude signal, but there is also strong power present at the one-
day aliases (0.0578 mHz and 0.0808 mHz). Non-linear least-squares fits of sine functions
to the data producé the largest amplitude for the 4.01 h period; the standard deviation
of the residuals is also roughly 45% ldrger for fits using the other two candidate periods.
* It is therefore very likely that the signal at 4.01 h fepresents the orbital modulation. The
orbital period of RX J1831.7+6511 is then 4.01 £ 0.03h. The top panel of Fig. 5.6 shows
the Ha radial velocity curve, pha,se-folded‘ using the orbital period, together with the
best-fit sine function. The ampliude of the fit is 79.7 km/s. '

5.2.2 Distance estimates

Several independent methods of estimating distances to CVs are discussed by Patterson
(1984) and Warner (1987). Methods based on DN outburst maximum, the strength of
emission lines, and the brightness of the secondary star will be used here.

The relation between orbital period and the absolute V magnitudes of DNe at maxi-
mum found by Warner (1987), as recalibrated by Harrison et al. (2004), is

In this equation, My mqz is corrected for binary inclination (%) using

AMy (i) =—2.501log [(1 + 1.5 cos %) cos ] (5.2)

(Paczyniski & Schwarzenberg-Czerny 1980). To apply this relation one thus needs knowl-
edge of 7, as well as a measurement of V' at maximum. The scatter of data around the

My mez—Forp relation is roughly £0.5 mag. v
The equivalent widths (as before, the EWs of emission lines are taken as positive) of
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- Figure 5.5: The average nightly spectrum of RX J1831.746511. The system faded from V' = 15.0
to V = 15.9 over the three nights, with the strength of the emission lines increasing, as is commonly
seen during the decline from dwarf nova outbursts (e.g. Hessman et al. 1984).
114
R—




100

lIII‘III.II

-100

Velocity/km s-!

T 1 I 1 T T T T 1

_200 ' 1 ) | 1 i 1 1 1 1 l L 1 1 1 l 1 1 ! 1 '

.

[0¢]
o

60

1 I LI L I LR L I LR

Amplitude/km s-!

11 I 11 1 l | I | I 11 1 I 11

0 : 0.1 0.2 0.3 0.4
Frequency/mHz

Figure 5.6: The low-frequency end of the Fourier transform of the Ho radial velocity curve of
RX J1831.7+6511 (lower panel). A vertical bar at 0.0693 mHz (4.01 h) marks the signal that most
likely corresponds to the orbital period. The upper panel shows the phase-folded radial velocity
curve, with the best-fit sine function overplotted (all data are plotted twice).

disc emission lines are expected to increase with M; Patterson (1984) gives an empirical

relation
EW(HB) = 0.3M2 4, + 55 Mv=1) (5.3)

that predicts My gisc (the absolute V magnitude of the disc) to within about 1.5 mag for
CVs with EW(HS) > 15A. For EW(HS) < 15 A, the data imply only My,gisc < +6.
Bailey (1981) describes a method of estimating distances to CVs that relies on finding
the K-band surface brightness of the secondary star from the V — K colour of the system.
It has since been shown that this method is not as reliable as was first thought, and that
the V and K magnitudes of a CV alone cannot.provide a secure distance estimate (e.g.
Beuermann 2000). Knigge (2006) provides an alternative, based on a semi-empirical donor

sequence for CVs that gives absolute magnitudes for the secondaries as a function of P,y.
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This sequence has already been used, in Chapter 4, to find lower limits on the distances to
CVs; the limits are simply found by neglecting the disc contribution to the flux in a near-
IR band, but it is also possible to obtain distance estimates from the sequence. Knigge
(2006) finds offsets of AJ = 1.56, AH = 1.34, and AK = 1.21 between his sequence and
the absolute JH K magnitudes of a sample of CVs with parallax distances. The scatter
of the sample magnitudes around the offset sequence are ooy = 1.25, ooy = 1.12, and
oax = 1.07. These offsets and errors will be used to obtain distance estimates. The
estimates assume that the disc contributions to the IR flux of the sample of CVs with
known distances are similar to those of the CVs considered here, and also that the CVs
for which I estimate distances have unevolved secondaries. The limitations of the method
are discussed in more detail by Knigge (2006).

The near-IR observations used here are again from 2MASS. The high resolution version
of the donor sequence is linearly interpolated to find predicted absolute magnitudes for
the secondaries at the orbital periods of the observed CVs. The updated transformations
of Carpenter (2001) were again used to transform the CIT magnitudes of Knigge (2006)
to the 2MASS photometric system. Errors from the transformation are insignificant for
the purposes of the distance calculations, and will not be quoted (although they were
included). .

Detailed models were investigated to estimate extinction. Améres & Lépine (2005)
presents two Galactic extinction models. The one that takes into account the spiral struc-
ture of the Galaxy was compared to the model of Drimmel et al. (2003) at several positions »
in the NEP region. An average difference of ~45 % was found between the Ay values pre-
dicted by the two. The Amores & Lépine (2005) extinction predictions are used below,
and errors of 50 % are assumed on these values. Extinction is of course a function of
distance; a few iterations are therefore made to ensure that the value finally used in the
distance calc'ula,tion is that given by the model at the estimated distance to the object;
the total Galactic extinction is used for lower limits on distances. The conversion from
visual extinction to extinction in the 2MASS bands uses the relations Ay = 0.282A4y,
Ag = 0.175Ay, and Ag, = 0.1124y (Cambrésy et al. 2002). '

In finding a probability distribution for the distance to each source, it is assumed
that errors in absolute magnitude, apparent magnitude, and extinction are Gaussian. The
distances quoted are in all cases the median, together with the symmetric 1-o confidence
interval around the median (this is the interval defined so that the integral of the distri-
bution between its lower bound and the median, as well as between the median and its
upper bound, is 34% of the integral over all distances).

Two of the three techniques used to estimate distances require the orbital period of the
CV. For RX J1715.6+6856, RX J1831.7+6511, and SDSS J1730 there is some cycle count
ambiguity in the P,., measurements, and there is also some uncertainty' in the orbital
peribd of IX Dra (see below). However, the period uncertainty in all cases considered here

makes a negligible contribution to the error in the distance estimates.
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5.2.2.1 RX J1715.646856

RX J1715.6+6856 was not detected in 2MASS; Kg > 15.6 is estimated from the magnitude
of the faintest stars detected in the field. At the period of RX J1715.6-+6856 (1.64 h), the
donor sequence predicts Mg, = 8.74 for the secondary star (if this system is not a period
.bouncer), giving d > 235 pc. |

The My 4;sc~EW (Hp) relation, and EW(Hp) = 62 A (measured from the spectroscopy
presented in Section 5.2.1.1) gi'ves My = 10.24+ 1.5 (assuming that the disc dominates the
flux in V). This, together with Ay = 0.08 + 0.04 leads to d = 4007390 pc.

5.2.2.2 SDSS J1730

The discovery of SDSS J1730 was announced by Szkody et al. (2002), who observed a
DN outburst, and measured EW(HG) = 63A (in quiescence) and an orbital period of
roughly 1.95 h; the refined value is P,, = 1.837 £ 0.002h (John Thorstensen, private
communication). As expected at this orbital period, SDSS J1730 is an SU UMa star
(vsnet-alert 6798); the fractional superhump period excess, €, indicates that it has not
evolved to the period minimum (Patterson.et al. 2005).

Knigge (2006) gives Mg, = 8.22 for a typical secondary at the orbital period of SDSS
J1730. From the observed Kg = 15.22 £ 0.18 a lower limit of d > 250 pc, and an estimate
of d = 4401280 pc is therefore obtained (using Ay = 0.08 £ 0.04).

The observed EW (Hp) gives My, g;sc = 10.3£1.5. Combined with V' =16.1 (obtained
from the Sloan magnitudes given by Szkody et al. 2002, using the transformation of Jester
et al. 2005) this implies d = 140733 pc (again assuming that the V-band flux originates
only from the disc): Since this distance is only barely consistent with the robust lower
limit, and since any white dwarf contribution to the V-band flux will imply that it is too

low, the donor-based distance estimate will be adopted for this system.

5.2.2.3 RX J1831.7+6511

“RX J1831.7+6511 has P, = 4.01h (implying Mg, = 6.20 for the secondary), Kg =
14.96 +0.14, and Ay = 0.11 £0.06 (i.e. Ax; = 0.012 £0.007). This gives a lower limit of
d > 559 pc, and an estimate of d = 980+g§8 pc. : '
For comparison, EW(HB) = 14A and V = 15.9 £ 0.2 is measured from the 29 July
2006 spectra. Assuming the system was in quiescence, the My 4,5~ EW (Hp) relation gives
My < +6, and thus d > 900 pc.

-

5.2.2.4 EX Dra ;

Being a deeply eclipsing system, EX Dra has been the subject of several detailed studies.
It is a U Gem star with P,; = 5.0385 h (Fiedler et al. 1997), a secondary spectral type
between M1V and M2V (Baptista et al. 2000; Billington et al. 1996; cf. Harrison et al.
2005), and an orbital inclination of ¢ = 8513 deg (Baptista et al. 2000; Fiedler et al. 1997
obtained a similar value). The out-of eclipse quiescent V' magnitude is 15.3, and the
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system reaches V = 12.3 at maximum." At mid-eclipse in quiescence, V = 16.66 £ 0.07,
I = 14.46+0.05, and essentially all of the light originates from the secondary star (Baptista
et al. 2000; Baptista & Cataldn 2001; Shafter & Holland 2003). Mid-eclipse photometry
has provided distance estimates based on the photometric parallax of the secondary of

240 £ 90 pc (Shafter & Holland 2003) and 290 % 8Q pc (Baptista et al. 2000).

The above distance estimates can be checked against the CV donor sequence of Knigge
(2006). For this, it is assumed that, in quiescence, the secondary is the only source of mid-
eclipse light. The sequence predicts My = 8.80 & 0.37 for secondaries with spectral types
in the range M1 to M2. This gives a distance of 36OJr gpc. At Porb = 5.0385 h, predicted
magnitudes for the secondary star are My = 9.56 & 0.96 and MI 7.51 £ 0.77 (the
errors are derived from an error of +1 spectral type in the sequence, and are probably
conservative). Using the measured period rather than spectral type, distance estimates
of 2601‘3)3 and 24O+120 pc result from the apparent mid-eclipse V and I magnitudes,
respectively. The first of these estimates uses Ay = 0.08 = 0.04, while for the other two
Ay was set to 0.06 £ 0.03. The reason these distances differ is that EX Dra is not exactly
on the donor sequence (see fig. 9 of Knigge 2006).

The My maz—Fory relation gives d = 140+ opc. A likely reason for this small value is
that the dependence on ¢ given by equation 5.2 is too sensitive at large ¢, because radiation
from the disc rim becomes significant (Smak 1994).

The three donor-based distance estimates derived here and those of Shafter & Holland
(2003) and Baptista et al. (2000) are, of course, not independent, but they are all forma.lly

0+140

consistent with each other. A distance of 26 pc is adopted for this system.

'5.2.2.5 IX Dra

Liu et al. (1999) confirmed IX Dra as a CV. It is a member of the group of SU UMa stars

-with unusually short outburst recurrence times, sometimes referred to as ER UMa stars

(Ishioka et al. 2001). The quiescent brightness of IX Dra is V = 17.5, and maximum of
normal outburst is roughly V' = 15.4. Olech et al. (2004) measured a superhump period of
1.6072 h, and found a second photometric period of 1.595 h in superoutburst light curves.
If the second period is interpreted as P,.;, the small resulting € implies a very low mass
ratio (Patterson 1998), and thus that IX Dra has a secondary of substellar mass (Olech et
al. 2004). However, the period bouncer status of IX Dra is suspect for two reasons. The
first is that the high outburst duty cycle (about 30%) implies a high M (however, note
that DI UMa has very low €, and similar outburst characteristics; Patterson 1998). More
importantly, it relies on the 1.595 h signal being the orbital period; a large amplitude
(in this case about 0.05 mag) photometrlc orbital modulation is not usually seen during
superoutburst, and the superhump modulatlon makes it dificult to measure other signals
reliably. Confirmation of the orbital period is needed to decide whether this system is
likely to be a period bouncer. _

The inclination of IX Dra is not known, but the absence of an eclipse (even at super-

maximum) constrains it to < 70°. This gives a limit of d 3 545 pc from the Mymaz—Forp
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relation.

2MASS provides only a lower limit on Kg and a marginal detection in H for IX
Dra; the J-band magnitude of 16.47 & 0.12 is therefore used in the donor-based distance
estimate. The pre-period minimum branch of the donor sequence (predicting My = 9.85)
is used, despite the possibility that IX Drais a period bourncer. In the direction of IX Dra,
Ay ~ 0.1 for distances greater than ~ 400 pc. With the J-band offset of 1.56, a distance
of 4301339 pc is found. _

The reasons for not using the period bouncer branch of the donor sequence for the
distance estimate are that (i) the evidence for IX Dra being a period bouncer is question-
able; (ii) the offsets are calibrated using only two candidate period bouncers, and therefore
cannot be expected to produce robust distance estimates for period bouncers; (iii) even
if IX Dra really is a period bouncer, its high outburst duty cycle indicates that the disc
contribution to its IR flux is probably more typical of a normal short-period CV than a pe-
riod bouncer; and (iv) a distance estimate that is inconsistent with the My q.—FP,rs-based

lower limit is obtained if the period bouncer branch is used.

5.3 The space density of CVs

Here, an estimate of the space density of CVs based on the NEP sample is presented
(Section 5.3.1), and the maximum size of a population of systems with given (low) Lx
that could have escaped detection in the NEP survey is found (Section 5.3.2).

An exponential vertical density profile
p(z) = poe™ A/ (5.4)

is assumed for CVs, with z the perpendicular distance from the Galactic plane (i.e. z =
dsin b, where b is Galactic latitude). The local space density is defined as py = p(0), the
mid-plane value of p. Any radial dependence of p is ignored in Section 5.3.1 (it certainly
has a negligible effect on the results presented there), but such a dependence is included
in Section 5.3.2 (simply because it is not too computationally difficult).

~Widely used empirical values of the Calactic scaleheight of CVs, h, may be found
in Patterson (1984) and Duerbeck (1984). However, since all observational CV samples
contain a serious z-dependent bias (I will return to this in Chapter 6), theoretical h values -
were used in this work instead. Also, rather than assuming a single scaleheight for all
CVs, h is set to h = 120, 260, and 450 pc for long-period systems, short-period systems,
and period bouncers, respectively, as in previous chapters.

DNe typically have softer X-ray spectra in outburst than in quiescence, although a
wide range in X-ray behaviour has been observed in different systems (e.g. Warner 1995).
The RASS was conducted over a period of about 6 months, and during this time the
NEP area was observed many times. This means that, while the duration of the survey
was short compared to the outburst recurrence time-scale of faint DNe, high duty cycle,
frequently outbursting CVs, such as EX Dra, were probably observed both in outburst
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and quiescence. No attempt will be made to account for this complication.

CVs ar_e expected to have X-ray emission that can be described as thermal bremsstrah-
lung with kT roughly between 5 and 20 keV (Patterson & Raymoﬁd 1985a), although ob-
servations indicate a larger variety of X-ray spectral shapes (e.g. Naylor et al. 1988; Vrtilek
et al. 1994; Richman 1996). Besides the large statistical errors in distances, uncertainty in
spectral shape is not expected to be important. The range in Fx resulting from varying
kT from 5 to 20 keV for a thermal bremsstrahlung spectrum is about as large as the error
in Fx from observational error in count rate (which is an insignificant contribution to
~ the uncertainty in pp). It is therefore simply assumed that all CVs have a kT = 10keV
thermal bremsstrahlung spectrum. Following Henry et al. (2006), the quoted X-ray fluxes
and luminosities are in the 0.5-2.0 keV band, as calculated from ROSAT PSPC count
‘rates in the 0.1-2.4 keV band. '

5.3.1 The 1/V,,,, method

The space density is found by counting the CVs inside the volume observed, while ac-
counting both for the fact that the sample is flux- rather than volume-limited, and for
the variation of space density with z. The method involves essentialiy allowing the ‘vol-
ume limit’ to vary according to the luminosities of the systems in the sample, while the
dependence on z is taken care of by defining a ‘generalized’ volume

Vmaz,j :.le—i}l?glg [2 - (.’1:12 -}—' Qij + 2) e““j] (5.5)

(e.g. Schmidt 1968; Felten 1976; Stobie et al. 1989; Tinney et al. 1993), where Q is the
solid angle covered by the survey and z; = dmaz j|sind|/h, with dpes; the maximum
distance at which a CV included in the sample could have been detected (given its Lx
and the survey flux limit). Equation 5.5 assumes that p is a function only of 2, and that
this dependence is given by equation 5.4. The index j represents the CVs in the sample.
Because both b and the flux limit are variable over €2, each Vi, ; is computed as a sum
over solid angles 6§ small enough so that b and the flux limit (and thus dimaz,j) can be
assumed to be constant over each 6). This is done by dividing the NEP area into a 36 x 36
pixel grid (this is fine enough to preserve most of the important structure in the flux limit

map). po is then the sum of the space densities represented by each CV, i.e.
po = Z 1/Vmam,3-
J

The 1/Vpeq values for the 5 CVs, obtained by using the best distance and Fx estimates,
are given in Table 5.2, together with other relevant parameters. These values are only
intended to provide an indication of the relative contribution that individual CVs make
to the total space density. All significant uncertainties are accounted for in the final
calculation of p, as described below. '

Extinction is neglected in finding the maximum distance at which a source could be




Table 5.2: Orbital periods, X-ray fluxes, distances, and luminosities of the five CVs in the NEP
survey area, together with the contribution each systems makes (if errors are ignored) to the mid-
plane space density. Note that, although IX Dra is in the area covered by the survey, it is not
included in the NEP sample.

Object | P,p/h  Fx/ergem%s™! d/pc Lx/ergs™  (1/Vimaz)/pc™>
EX Dra . 50385 (6.4+0.7)107% 260F3° 5% 10% 8.8 x 10~
RX J1831.74+6511 4.01  (L.7+0.2)1071 980*83%0 2 x 10% 1.4 % 1078
SDSS J1730 1.837  (34+03)1071 . 4407%) §x 10  3.1x1077

RX J1715.6+6856 1.64  (85+17)10714 4007490 2x 10%° 1.3 x 1076
IX Dra 1.595 (2.240.5)107 4307330 5 x 10% 5.4 x 1076

detected from its estimated distance (for which extinction was included) and observed F.
This is reasonable because extinction is low in the NEP area (the absorbed Fx is at least
0.78 times the unabsorbed flux for all positions in the survéy volume), and because, for
the distances of most of the sources, the column densities are already at close to the total
Galactic values. In other words, at distances beyond the CVs, extinction is approximately
constant, so that the maximum volumes are unaffected if extinction is ignored.

Both distance errors and the small sample size contribute significantly to the overall
uncertainty in pg, although the latter effect dominates. In order to account fully for all
sources of error (including the uncertainty in distances, the error on Fix, and small number
statistics), the probability distribution of pg is determined via a Monte Carlo simulation.
For this simulation, a large number of mock CV samples with properties designed to fairly
sample the full parameter space permitted by the data is created. Then an estimate of 00
is computed for each mock sample, so that a probability distribution for pg is gradually
generated.

The generation of appropriate mock samples is the key step in the simulation. This is
achieved by treating each CV in the Teal sample as a representative of a larger population
of similar CVs, and allowing each of these populations to contribute to each mock sample.
In creating a particular mock sample, a mock counterpart to each CV in the real sample
is generated by drawing the X-ray flux and distance from the appropriate probability
distributions. This takes care of the observational uncertainties in Fx, as well as the
uncertainties in distances. However, there is also Poisson uncertainty associated with the
small sample size, which would be ignored if each mock sample contained exactly the
same number of CVs as the real sample. This is accounted for by a weighting factor
assigned to counterpart CVs in the mock samples. The weighting factor needs to be
drawn independently for each counterpart CV in each mock sample from the probability
distribution of the expected number of sources belonging to this population in a survey
with the specifications of the NEP survey. This probability distribution can be constructed

from Bayes’ theorem. If the expected number of sources in a NEP-like survey is p for a
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particular population!, the actual number observed in a particular survey will be Nops,
where this is drawn from the Poisson distribution P(Ns|p). Then Bayes’ theorem gives

P(:u'lNobs) &8 P(Nobs,ﬂ')P(“),

where P(p) is the prior on pu. Note that, in practice, Nyps = 1 by construction for each
population represented in the real sample (since each CV is taken to represent a population
of similar CVs). Also, since p is a scale factor for the space density of each population,
the appropriate uninformative prior to use is P(u) = 1/ (e.g. Jeffreys 1961). |

Several tests were carried out to check that this technique produces reliable error
estimates. In the tests, a space density, luminosity function, and flux limit are taken as
input, and used to simulate observed samples. The po distribution implied by each sample
is then calculated in the same way as described above. In ~68% of these pg distributions
the true input pg is contained in any particular 1-¢ interval. This holds when the expected
number of detected sources is as small as 4, but also for much larger samples, when the
distributions become narrower. Iignored Galactic structure in these tests (i.e. p was taken
to be constant), but experimented with several different (simple) luminosity functions, as
well as with including errors in luminosity. Simulations were also performed to verify that
a uniform prior is not appropriate in this calculation. These numerical tests indicate that
the method is.reliable, and that the 1/4 prior is suitable. o

To summarize, the calculation of pg works as follows. The simulation draws a random
distance and Fx from the appropriate probability distribution functions (assuming that
the error in Fx is Gaussian) for each of the systems in the sample, computes Vinqz j,
generates p;, and obtains pp by summing f;/Viaz, j over j. Repeating this a large number
of times produces a probability distribution for pg.

Fig. 5.7 shows the py histogram obtained from this calculation. The mode, median,
and mean of this distribution are 4.7 x 1075, 1.1 x 1075, and 2.4 x 1073 pc™3, and are
marked by solid lines. The dotted lines show the symmetric 1-o confidence interval around
the median, which is 4.4 x 1078 to 3.5 x 107° pc™3.

A reason for some concern is that IX Dra was only just too faint to be included in
the NEP sample (the possibility that it might be a period bouncer adds to this problem).
More importantly, a single system, EX Dra, dominates the space density estimate. The
choice of scaleheights is also non-standard?. To investigate the sensitivity of the result
to these factors, Table 5.3 lists the space densities that would be obtained by (i) using
a single scaleheight of 120pc, (ii) including IX Dra, and (iii) excluded EX Dra. Note
that as- different as the best estimates are (I give the median of each-distribution), they
are all consistent(with each other. Table 5.3 also gives the space densities for short- and

long-period systems separately.

1

!Note that p does not need to be an integer. :
2 Although it is certainly an improvement over assuming a single small scale height for the entire CV

population.
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Figure 5.7: The pp distribution resulting from the simulation. This sample includes RX
J1715.6+6856, SDSS J1730, RX J1831.7+6511, and EX Dra; scaleheights of 260 pc and 120 pc
for short- and long-period systems respectively, were used. Solid lines mark the mode, median,
and mean at 4.7 x 1076, 1.1 x 1075, and 2.4 x 10~° pc~3, and dotted lines show a 1-¢ interval from

4.4x107° t0 3.5 x 107° pc~2.

Table 5.3: po from different simulations. hgp, and hy, are the scaleheights, in parsecs, assumed
for short- and long-period systems, respectively. The values given for py are the medians of the pg
distributions, and the errors represent symmetric 1-o confidence intervals around the median.

Sample and scaleheight ' e po/pc™>

EX Dra, RX J1831.7, SDSS J1730, RX J1715.6; hsp = 260, hyp = 120 11428 x 1075
EX Dra, RX J1831.7, SDSS J1730, RX J1715.6; hsp = Ry, = 120 1.5722 x 1075
EX Dra, RX J1831.7, 'sts J1730, RX J1715.6, IX Dra; hgp = 260, hyp = 120 2,142 x 1075
RX J1831.7, SDSS J1730, RX J1715.6; hyp = 260, hyp = 120 3.11%5 x 10-6
EX Dra, RX J1831.7; hy, = 120 (long-period) 77118 x 1076
SDSS J1730, RX J1715.6; hsp = 260 (short-period) 1.4%52 x 1076
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5.3.2 Upper limits on the space density of an undetected population

An unavoidable assumption of the 1/V;,,, method is that the detected objects are repre-
sentative of the luminosity function of the true underlying CV population. No evidence
of even a large population of CVs is expected to show up in a flux-limited survey, if such
a population is sufficiently faint.

The faintest measured values of Lx for CVs are.a few times 10%° ergs~!s (e.g. Verbunt
et al. 1997; Wheatley et al. 2000; Schwope et al. 2007)%. However, it is not really known
how faint CVs can be: the faintest expected secular luminosities can be estimated from the
gravitational radiation M, but, since faint CVs are DNe, they spend most of their time at
fainter luminosities (the question of what Lx can reasonably be expected in low-M CVs
is further discussed in Chapter 6). v

Riaz et al. (2006) find 10%" ergs™ < Lx < 10*3ergs™! for a large sample of nearby
dwarfs with spectral types between K5 and M6; brown dwarfs have Lx < 10%° érgs‘l_

(often several orders of magnitude less than 10?° ergs~!; e.g. Stelzer et al. 2006). CV sec-
ondaries have shorter spin periods than expected for the objects in these stﬁdies, but, even
so, one cannot be confident that the secondary star alone guarantees Ly > 10 ergs™!.
This is especially true in the case of period bouncers.

Another Monte Carlo simulation is used to find the upper limit on the space density
of a hidden population, assuming that all members of this population have the same
(low) Lx. As in Chapter 3 and 4, the Galaxy is modelled as an axisymmetric disc, with
exponential vertical and radial (r) density profiles, the Galactic Centre distance is taken
as 7620pc (Eisenhauer et al. 2005), and the small offset of the Sun from the Galactic
plane is neglected. At least part of a hidden CV population may consist of pre-period
bounce systems, but I conservatively assume a single scaleheight of 450 pc (appropriate
_to period bouncers). The radial scalelength is taken as 3 006 pc. The local space density
is then pg, where p = pgexp(—|z|/450 pc), for r near 7620 pc.

Because the upper limits will be systematically low if extinction is neglected, it is
included here, using the model of Ambres & Lépine (2005) to estimate Ny for every
simulated system. '

This simulation finds the value of py for which the predicted number of faint systems
detected in the NEP survey is 3 (detecting 0 such systems is then a 2-¢ result). Fig. 5.8
shows the maximum allowed py as a function of Lx for CVs that make up the hidden
population. Results from the simulation are plotted as a fine histogram, while the bold

curve is a fit to the data. The fit is given by
Pmaz = 5.7 x 1074(Lx/10% ergs™!) ™19 p¢ 3,

Thus for Ly = 2 x 102 ergs™!, one obtains pp < 2 x 1074 pc~3. Note that here py refers

3Verbunt et al. (1997) list Lx = 3.16 x 10®® ergs™ for AY Lyr, but this resulted from a very low
distance estimate of 57 pc (Sproats et al. 1996). The distance is based on a measurement of K = 13.08,
taken during outburst. 2MASS photometry indicates Ks > 15.6 in quiescence; combined with the Knigge
(2006) sequence this gives d > 277 pc, implying that the system is not particularly faint in X-rays.
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Figure 5.8: The upper limit on the mid-plane space density as a function of X-ray luminosity for
" an undetected population of CVs. The data from the simulation are shown as a fine histogram,
and a fit to the data is overplotted as a bold curve.

only to the hypothesized undetected population, and does not include the contribution

from the brighter, detected systerms. -

5.4 Discussion

* The pg measurement from the NEP survey is consistent with several previous observational
estimates, e.g., ~ 1075pc™3 (Patterson 1998) and ~ 3 x 107®pc™3 (Warner 2001). A
particularly relevant study to compare to is Hertz et al. (1990), since it was also based on
a sample of 4 X-ray selected CVs. Hertz et al. find pg =~ (2 — 3) x 1075pc™3 (where the
uncertainty includes only the possible incompleteness of the sample), again consistent with
the estimate presented here. The Chandra Multiwavelength Plane (ChaMPlane) survey
(Grindlay et al. 2005; Rogel et al. 2006, 2007) has produced a second recent pp estimate
based on a small CV sample (perhaps surprisingly, this sample is not X-ray selected). Rogel
et al. (2007) uses 5 CVs * to derive pp = 09732 x 107° pc3, in close agreement with the
measurement presented here. Note, however, that, while the ChaMPlane estimate includes

41 suspect .that one member of this sample is misidentified—see fig. 4 of Rogel et al. 2006. The very
steep Balmer decrement and the narrowness of the Ho line argue against the classification of ChOPS
J182723.91-040715.9 as a CV. This would imply a significant systematic error in the p estimate.




Poisson statistics, it assumes a completeness of 50%, as well as a luminosity function (based
on data presented by Patterson 1998) for CVs. For the NEP measurement the data were
in effect used to estimate the luminosity function. The NEP data are better suited to
estimating the CV luminosity function than those of Patterson (1998), because the NEP
sample is complete. : _

The most important concern with the measurement presented here is that the NEP
- CV sample is so small that it almost certainly does not fairly represent the underlying
CV population. This is apparent from the higher space density found for long- than for
short-period systems. The reason is that the estimate is dominated by the long-period
system EX Dra, which has an unusually low Lx for its orbital period, probably because
of its very high inclination (see e.g. van Teeseling et al. 1996). Note, however, that if the
X-ray luminosity of EX Dra had been higher, that would only reduce the pg estimate given
here.

Theoretical predictions of the CV space density are typically higher than most obser-
vational values. A space density of (0.5~ 2) x 107¢ pc~3 results from the CV birth rate of
de Kool (1992), together with the assumptions that the age of the Galaxy is 10 Gyr, and
that the lifetime of a CV is longer than that (Warner 1995). When the model population
of Kolb (1993) is normalized to the formation rate of single white dwarfs, the predicted
mid-plane CV space density is 1.8 x 107* pc™3 (see Section 2.7 for a more complete dis-
cussion). These values are not ruled out, but the data do show that if pg is really as high
as 2 x 107*pc~3, then the dominant CV population must have Lx < 2 x 10 ergs™!.
It is suspected that the mass transfer rates of CVs fluctuate around the secular mean
on time-scales much longer than the total observational baseline (see the discussion in
Section 2.8.2). Because the time-scale of such mass transfer cycles is not accessible to
observations, it can only be noted that surveys useful for finding CVs typically have no
sensitivity to objects that are not currently accreting. ‘

The fact that stellar populations of different ages do not have the same Galactic
distribution has to be kept in mind when interpreting (and, indeed, measuring) space
densities. While the situation is clearly not really as simple as three distinct subpopulations
with three scaleheights, long-period CVs make up a signiﬁcanﬂy younger population than,
say, period bouncers. One should therefore clearly not expect the ratio of the mid-plane -
space densities of these subpopulations to be the same as the ratio of their total Galactic
numbers. This may be a trivial point, but it has been completely ignored in the literature.
If, e.g., one assumes that 70% of all CVs in the Galaxy are period bouncers, and only 1%
are long-period systems, and if the space densities of these two subpopulations are given
by |
’ pos(2) = ppb(0) exp(—|2]/450 pe)

and
pip(2) = pip(0) exp(—|z]/120 pc),

respectivély, then (from integrating the vertical density profiles and assuming the radial
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and azimuthal dependences are the same in both cases)
ppy(0) = 70(120/450)p1,(0) == 20p1,(0).

This argument can also be used to place a tentative limit on the ratio of the total numbers
of period bouncers and long-period CVs in the intrinsic CV population. Assuming p,,(0) <
2x107*pc=3 and p;,(0) > 2.0 x 1076 pc=3, this ratio must be less than about 400 (this is,
of course, not a very constraining result; note also that pp(0) < 2x 1074 pc~3 may not be
a very good assumption, since the typical X-ray luminosities of period bouncers are not
known). v

There are several ongoing surveys that will produce large new samples of CVs. Ex-
ainples are the Hamburg Quasar Survey, the Sloan Digital Sky Survey, and the INT
Photometric Ha Survey of the Northern Galactic Plane (e.g. Génsicke et al. 2002; Szkody
et al. 2002; Witham et al. 2006). Although these samples will all be subject to more
complicated selection effects than the NEP sample, they will be much larger, which will
remove the main shortcoming of the present study (although it should be kept in mind
that space density estimates based on larger Sa,mples can still be dominated by 1 or 2

systems; e.g. Schwope et al. 2002).

5.5 Conclusions

Uéing the complete X-ray flux-limited CV sample detected in the ROSAT NEP survey, I
have estimated the space density of CVs bright enough to be represented in the survey, \
a.nd.placed limits on the size of a fainter population that may have remained undetected.

I have presented observations of two newly discovered CVs, namely RX J1715.64-6856
and RX J1831.7+6511, and measured orbital periods of 1.64 h and 4.01 h respectively for
these systems. RX J1715.64-6856 and RX J1831.7+6511 are probably both DNe. This
completes the identification of CVs in the ROSAT NEP SUrvey.

Distances were estimated for the 4 systems in the NEP sample, as well as for IX Dra, .
which is in the area covered by the survey, but below the survey flux limit.

With the assumption that the 4 CVs included in the NEP survey are representative
of the intrinsic OV population, the space density of CVs is 1.11’3:? x 1075 pc~3.
densities as high as the theoretically predicted ~2x 1074 pc~3 are excluded by the data,
unless the dominant CV population is fainter than ~ 2 x 10% ergs™!

Finally, it is worth emphasizing again that long-period CVs, short-pefiod CVs, and
pefiod bouncers have different Galactic scaleheights. This needs to be accounted for when

mid-plane space densities are translated to total Galactic number of systems.

Space

in X-rays.
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Chapter 6

Discussion

One of the most active areas of research on CVs involves the evolution of these systems.
The consequences of CV evolution can be observed in the period distribution of CVs, and
several other predictions of evolution theory can be tested empirically (e.g. p and M ) It
is therefore possible to study this subject observationally. Many such studies have been
made, and intensive observational effort is going into producing CV samples suitable for
constraining evolution theory.

As soon as populations synthesis studies became available, it was recognized that the
period distribution of the known population of CVs has properties that are at-odds with
those predicted for the intrinsic CV population by the standard CV evolution scenario.
However, given the form of the correlations of intrinsic brightness, outburst frequency,
optical colours, and age with orbital period, it does not take much thought to realize
that the selection effects that must be present in all CV samples go in the direction of
making theory and observations consistent. A direct comparison between an observed
CV sample and the predicted intrinsic population is therefore almost meaningless. To
determine whether selection effects are strong enough to reconcile theory and observations,
quantitative modelling of these effects is needed. '

A second long-standing problem concerns the space density of CVs. Almost all obser-
vational estimates are lower than theoretical predictions. However, the incompleteness of
observational samples means that most éxisfing empirical estimates are really lower limits,
so that no obvious inconsistency between theory and observations is implied. Besides the
fact that the completeness of samples is very often misunderstood or overestimated, no
previous observational estimate has been ‘accompanied by a realistic and full estimate of
its associated uncertainty.

By using carefully constructed observational samples, together with numerical mod-
elling, it is possible to constrain both the period distribution and the size of the intrinsic
CV population quantitatively.

I discuss below the methods that I have used, the overall implications of the sepa-
rate studies presented in the three preceding chapters, and some possibilities for future

observational studies of CV evolution.
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6.1 Modelling selection effects

Quantitative allowance for selection effects requires models of the spatial distribution of
CVs in the Galaxy, and of their SEDs and outburst properties. 1 have developed and
implemented a Monte Carlo technique that allows me to model the effects of almost
arbitrary selection biases on observationally constructed CV samples.

I have used this technique to examine the effects of selection cuts based on apparent
magnitude, optical colours, and Galactic latitude. Although the directions of the effects
of these biases on the observed CV period distribution are obvious, the magnitudes are in
some cases surprising. The most important and inescapable result of the investigation of
various biases is that the selection effects commonly present in observational CV samples
are strong and cannot be ignored. |

Earlier work on selection effects in the observed CV population is presented by Ritter
& Burkert (1986), Ritter & Ozkan (1986), and Ritter (1986). In these studies, flux limits
were considered together with Galactic structure, but low-M CVs were not included, little
effort was made to account for DN outburst cycles, and the analytical approach of Ritter
(1986) restricted him to unphysical limiting cases in his treatment of Galactic structure.
It is not possible to compare, e.g., predicted and observed period distributions using the
results of these three papers. Subsequent studies of selection effects were either unrealistic
(Howell et al. 2001) or more qualitative in nature (e.g. Patterson 1998; Génsicke et al.
2002; Aungwerojwit et al. 2006).

The modelling of selection effects presented in Chapter 3 is the first pfactical and
quantitative treatment of the problem. Although details of the model will no doubt be
improved on in future, the underlying method is likely to be used for any successful

interpretation of the results of existing and ongoing surveys.

6.1.1 Possible future applications

Several uniformly selected, independent samples of interacting binaries are currently be-
ing constructed. Surveys such as IPHAS (Drew et al. 2005), and its extension to the
European Galactic Plane Surveys (which is imaging the Galactic plane in u, g, 7, %, Ho,
and He1\5876, down to 21st magnitude; see Groot et al. 2006) are expeéted to produce
large, well-defined samples of CVs. Also, roughly 300 CVs have already been discovered
in the SDSS (Szkody et al. 2002, 2003, 2004, 2005, 2006, 2007). All of these samples will
be affected by complicated observational biases, and their potential for understanding CV
evolution will only be realized if it is possible to deal with these biases.

The code that I have developed is quite versatile, and although I only presented results
for selection cuts based on optical observations, it is trivial to simulate X-ray flux-limited
samples, given a prescription for Ly . For example, equation 16 of Patterson & Raymond
(1985a) estimates Lx as a function of M and M;:

M 1.8 M
Ly = fd>< 8.7 x 103! (0_7M;@) (W) erg/s» (6.1)




where . |
B {1, for M/10'0gs~1 < 0.62

erfc(k=1/2) for M /106 gs! > 0.62

and
. —0.82
k=—In [0.68 (M1/10gs71) " (0 /O.7M@)”1‘28J .

The motivation for this Lx—M relation is that, in the case of low-M CVs, the boundary
layer is optically thin and cools inefficiently, so that about half of the accretion luminosity is
radiated in hard X-rays (with a correction factor of 0.25 for the instrument passband). At
high M, however, observationally inferred values of Ly are lower than would be calculated
under this assumption. The reason is believed to be that most of the boundary layer
luminosity emerges at lower energies (soft X-ray or UV), because the boundary layer is
optically thick and hence cooler. A small, hot region abdve the orbital plane is thought to
still emit some hard X—rays, so that Lx ~ const at high M. The Lx—M relation is thus
semi-empirical, and fits observations reasonably well (see Patterson & Raymond 1985a).
Because this relation flattens off at large Lx, long-period CVs are less over-represented in
X-ray than in optical flux-limited samples.

Fig. 6.1 displays predicted P, distributions for X-ray flux-limited samples with two
flux limits. The fraction of the sample that consists of long-periods CVs, and the impoéed
flux limit, is given in each panel. These histograms should be compared to the period
distributions shown in Fig. 3.2. Note that even for the very bright flux limit of Fx >
2 x 10712 eig em~2s71, the predicted fraction of long-period CVs in the detected sample
is small. Predictions such as these could be quantitatively compared to, e.g., the period
distribution of the CVs detected in the ROSAT Bright Survey (Schwope et al. 2002) or
the ROSAT NEP Survey.

Another possibility is variability-based selection criteria. It is impractical to quantify
the selection biases affecting the presently known sample of CVs that were discovered
because of variability, but it could be done for a systematic survey, where the depth, and
area and time coverage is known. Many CVs (mainly DNe) will be detected as large
amplifude variables by, e.g., the Large Synoptic Survey Telescope (Walker 2003), and
many must already be recorded in the SDSS-II Supernova survey (Frieman et al. 2008)
and in the survey described by Kraus et al. (2007). Constructing a large, well-defined CV
sample out of such surveys will require a serious observational effort; it might be worth
while to use X-ray emission as a second selection criterion to decrease the number of CV -
" candidates (see Pretorius & Knigge 2007 for an application of a combination of variability-
and X-ray emission-based selection cuts), although this will entail a sacrifice in depth and
an increase in the complexity of selection effects.

The short-baseline variability surveys mentioned above are useful mainly for detecting
DNe. A second type of large amplitude variability, which has much lower duty cycle, is-
nova eruptions. The observed population of classical novae may be a particularly useful
sample to compare to predictions, since (i) known novae were all discovered in exactly
the same way, namely through their nova eruptions, (ii) all CVs are expected to undergo
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Figure 6.1: Predicted X-ray flux-limited all-sky CV samples, produced by model Al (see
Table 3.2). The flux limit is Fx > 2 x 107 ergem™2s~! in the upper panel and Fx >
2 x 1072 ergem™2s7! in the lower panel. The period distributions of all systems detected are
plotted as bold histograms, the contribution of period bouncers is shaded in dark grey, and the
fine black histograms show DNe that were simulated in outburst. Light grey shading indicates the
period gap. The ratio of short- to long-period systems is 98.7 : 1.3 and 97.4 : 2.6 for the faint and
bright flux limits, respectively. The histograms are scaled in the same way as those in Fig. 3.2.

nova eruptions, (iii) novae at maximum are approximately standard candles, and (iv) the
frequency of nova eruptions depends on M averaged over evolutionary time-scales. The
recurrence time of nova eruptions can be predicted from M; and M (and, therefore, as a
function of P,.; Townsley & Bildsten 2004).

There are 48 known novae with periods below 5 h. This is of course a very incomplete
subset of all CVs that had nova eruptions over the past few centuries. This sample can
be restricted by a cut in peak apparent brightness, but even then, it will contain period-
dependent biases if the brightness of a nova remnant (which affects the probability of
recovering a system and measuring P,) or the peak brightness (which is related to the
discovery probability) is correlated with P,,. Townsley & Bildsten (2005) neglect selection
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biases and conclude that the observed period distribution of classical novae is consistent
with standard CV evolution theory; however, it is really not clear that selection effects
are insignificant. Selection effects impacting on the P, distribution can in principle be
modelled, but thus far only M;-dependent biases have been studied in detail (Ritter et al.A
1991). | '

All my simulations have used the same model for the intrinsic population as input.
The populations resulting from the other models of Kolb (1993), as well as the model
of Howell et al. (1997) are similar to this predicted population. However, it would be
useful to repeat the comparisons to observed samples with different population synthesis
models. It is already clear that the majority of alternative theories does not represent
an improvement over the standard theory (see Section 2.8), but scenarios that would be
worth testing in this way include the weaker magnetic braking law of Ivanova & Taam
(2003). It is also possible to compute an empirical evolutionary sequence, using mass loss

rates derived from observations of donor stars (Knigge 2006).

6.1.2 Limitations of the model

Many details of the modelling can be questioned. Probably the most serious potential
flaw is in the SED model, and particularly the emission from the disc. Very good models
for optically thin discs simply do not exist, and not much progress has been made since
the work by Tylenda (1981a), who assumes a a stationary disc structure, with emission
line formation in optically thin outer annuli. The stationary disc assumption is clearly
incorrect for the majority of CVs, and it is likely that the disc chromosphere is more
important for emission line formation in CVs. The most unreliable predictions of the
SED model are probably emission line strengths and U — B colours—both of these are
important in the surveys discussed in Chapter 3 and 4.

-To assume that discs radiate as blackbodies at all M is clearly not an improvement,
but this assumption can be made the sake of an instructive comparison. I have therefore
made the simple check of using equation A6 of Webbink et al. (1987) to calculate the
absolute V' magnitude of the disc from Md, M and 4, and compared the results to those
obtained using the Tylenda (1981a) disc model. All other SED components were treated
in the same way. With a blackbody disc spectrum, the difference in brightness between
Jow- and high-M discs is slightly smaller than predicted by Tylenda (1981a). This means
that, in a flux-limited survey, the predicted ratio of long- to short-period CVs is smaller
with the blackbody disc assumption: As an example, the ratio of long- to short-period
CVs is predicted to be 13 : 87, using model Al, and a magnitude limit of V' < 16; this
ratio is 19 : 81, using the Tylenda (1981a) disc model (see Section 3.3.1). Therefore, the
PG and SHS CV samples would be even more inconsistent with predictions if, instead of
a more sophisticated disc model, I had simply assumed a blackbody disc spectrum.

DN outbursts are a second disputable aspect of the model. Although the outburst
treatment is based mainly on empirical estimates of absolute magnitudes at maximum, it

also includes several less secure assumptions.
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In all cases where poorly constrained parts of the model can be expected to be impor-
tant, I have shown that the results do not depend very sensitively on these assumptions.
The conclusions regarding the ratio of short- to long-period CVs derived from the PG and
- SHS CV samples are quife robust.

An improvement to the treatment of Galactic structure would be to use the age of
every CV in the simulation, as given by the population synthesis model, to assign systems
to a larger number of populations, with a much finer division in scaleheights. .Some
surveys might also warrant more detailed Galactic structure models than the smooth,
axisymmetric Galactic discs I assumed. IPHAS might be an example of a survey where
spiral structure has a significant impact (evidence of spiral structure, and also of the warp
of the Galactic disc, in IPHAS data is presented by Witham et al. 2008). Inhomogeneities
may also be important in surveys that cover only small areas (since such a survey may,
e.g., happen to cover an over- or under—densit}; of stars, or an area of unusual extinction).
I used a more detailed extinction model in the work on the NEP survey for this reason, but
still relied on the simple assumption of a smooth distribution of stars. Detailed models of
Galactic structure already exist, and Rogel et al. (2007) present an application to CVs.

Although modelling observational bias is not a simple problem, it has to be faced. The
unavoidable fact is that selection effects must somehow be accounted for in observational

work on CV evolution.

6.2 The orbital period distribution of CVs

The Monte Carlo code was used to model the selection effects acting on two CV samples—
one selected for blue U — B colours from the PG Survey, and the other selected on the
basis of Ha emission from the SHS. _

I showed that selection effects cannot reconcile the predictions of standard CV evolu-
tion theory with the properties of the PG survey CV sample. In particular, the standard
model predicts a much higher fraction of short-period systems and period bouncers than
is observed. This result was confirmed using the new SHS CV sample. Because the Galac-
tic plane Ha-selected sample and the high Galactic latitude blue-selected PG sample are
subject to different selection biases, concerns regarding details of the SED and Galac-
tic structure models are alleviated by the consistent results from these two independent
samples. »

As the largest uniform and supposedly complete (e.g. Ringwald 1994) CV sample,
the PG sample has had fairly large impact in observational studies of CV evolution. It
has been used to estimate the CV space dénsity (Ringwald 1993; Patterson 1998), the
fraction of eclipsing CVs (Ringwald 1994), and the size of the period bouncer population
(Patterson 1998). However, the magnitude distribution of CVs from the PG survey shows
that the depth of the sample was significantly overestimated. This does not imply very
large errors in an estimate of the space density of long-period CVs, since their luminosity

function does not rise steeply towards faint magnitudes, but it certainly matters for placing :
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limits on the size of the intrinsically faint period bouncer population. Considerable care
needs to be taken in understanding thé completeness of a CV sample before it is used in
a quantitative study of CV evolution.

I showed that any F,.;-dependent incompleteness in the Ha-selected CV sample pre-
sented in Chapter 4 goes in the direction of making the sample biased against long-period
CVs, and therefore cannot invalidate rhy result regarding the relative sizes of the long-
and short-period CV populations. HoWever, the low and uncertain completeness would
be a serious concern if this sample is used, e.g., to constrain the CV space density. Fur-
thermore, the sample is quite small and not very deep. These problems are related to
the poor photometric accuracy of the photographic survey. Even with very. conservative
selection cuts, which certainly exclude a large fraction of CVs (see Section 4.4.1), the low
hit rate for identifying emission line objects places a quite severe limit on the number of
CVs that can practically be found using data from the SHS. With the use of large CCDs,
it is now possible to perform surveys with similarly wide area coverage, but much better
photometric quality. It is likely that the Ho-selected CV sample I constructed will soon
be superseded by a much larger sample from IPHAS (the discovery of the first IPHAS
CVs is presented by Witham et al. 2007).

Despite the shortcomings of the PG and SHS CV samples, there are currently no
better observational samples available, and the PG and SHS data are sufficient for deriving
some important results. However, these two samples are not deep enough to have much
sensitivity to period bouncers. Constraints on the relative sizes of the period bouncer and
normal short-period CV populations will require the results of surveys such as IPHAS or
the SDSS.

6.3 The space density of CVs

" The ROSAT NEP survey produced a sample of 4 CVs that is compléte and purely X-ray
flux-limited, and therefore does not suffer from any complicated systematic bias. I used
this survey to estimate the space density of CVs, including, for the first time, all sources
of uncertainty. The resulting estimate is imprecise, but is the first realistic attempt at a
measurement better than an order of magnitude estimate. _

The ROSAT NEP sample is small, and what makes this worse is that it includes a
system with very unusual Lx for its P, (the long-period system, EX Dra). Nevertheless,
there is probably no better CV sample for this particular purpose (although the ROSAT
Bright Survey is a possibility; see below).

It is not simple to compare the results of the Ha-selected or PG samples to the new
p measurement, since.the samples both have rather uncertain completeness. I found (see
~ Section 4.6.2) that the Ha-selected sample is consistent with a'space density of 10~6 pc=3
for long-period CVs, although it requires a quite low completeness (8%, compared to the
15% estimated from recovery of previously known CVs). The same comparison can be
made for CVs from the PG Survey. Again setting p; = 107%pc™3, and assuming that
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the model mass transfer rates of long-period CVs, as well as the Galaxy and SED models
described in Chapter 3, are correct, ~ 18 long-period CVs should have been detected in
the PG survey if the completeness of the survey is,100% (here a limiting magnitude of
B = 15.5 + 0.4 is assumed; see Section 3.5). There are 14 or 15 non-magnetic CVs with
periods between the top of the period gap and 5 h in the observed sample. This means
that the long-period PG CV sample is consistent with the prediction—a completeness of
about 78% is required for the predicted and observed numbers to agree!.

Both the PG and Ha long-period CV samples then seem to be consistent with the
model, provided that p; ~ 107®pc~3. The available observational estimates of p; are
~ 2.5 x 107® and ~ 8 x 107 (Patterson 1998; Chapter 5). These are both higher than,
but consistent with p; ~ 1076 pc™2 (especially considering that the p; measurement of
Chapter 5 is expected to be high,' because of the unusually low Lx of EX Dra). However,
thé uncertainties are so large that this is not a very. constraining result.

Theoretical predictions of p are very uncertain, since they depend on knowledge of
the space density of single white dwarfs, the evolutionary time-scales of CVs and pre-CVs,
the efficiency of common envelope evolution, and the formation rate and distribution of
primordial binaries in P, and ¢g. The dependence of p on the more uncertain aspects of
CV formation and evolution theory has not been fully explored. However, an observational
constraint on p clearly has potential value in guiding theory. I have found that the space
density of CVs with Ly > 5 x 10®ergs™! is 1.1723 x 10~ pc~3. The predicted ~
2 x 1074 pc3 requires Lx < 2 x 10 ergs™! for the majority of CVs in the intrinsic
population.. '

It is possible to give an indication of whether this limit on Lx is consistent with the
other properties of the predicted CV population. I again use the relation of Patterson
& Raymond (1985a), repeated as equation 6.1 above, to find the Lx distribution of the
model intrinsic CV population, for both the assumptions M = (M ) and M = My In
the calculation using M = Mj, My was obtained as described in Section 3.2.4, and it is
assumed that the probability of a DN being in outburst equals the outburst duty cycle.
This gives the PDF of Lx at a single epoch. For about 20% of CVs in the model population,
M =0 is assumed (see Table 3.1); for these I set Lx = 0.

The ROSAT passband (0.1 to 2.4 keV) is narrower and softer than the 0.2 to 4.0 keV
passband used by Patterson & Raymond (1985a). I have not accounted for this difference,
but, for a thermal bremsstrahlung spectrum with &7 between 5 and 20keV, the resulting
error in Ly is only a factor of =~

Fig. 6.2 shows the PDF of Ly for both M = (M ) (fine histogram) and M = My
(bold histogram). The majority of CVs in the intrinsic population is predicted to be much
‘brighter than 2x 102 ergs~! in X-rays. Errors introduced by the X-ray spectral shape and
the mismatch of band-passes cannot reduce Lx by the 1 or 2 orders of magnitude required
to make a large fraction of the model population fainter than Lx < 2 x 10 ergs™.

'Green et al. (1986) estimated that the PG survey completeness to B = 16.16 is between 66 and 86%,
but I showed in Section 3.5 that this cannot be true for the CV sample.
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Figure 6.2: The PDF of the intrinsic' CV population in Lx. The fine histogram uses M = (M) in
the Patterson & Raymond (1985a) relation, whereas M = M is assumed for the bold histogram.
For the bold histogram, roughly 20% of the distribution is not shown on the scale given, because
My = 0 for these systems in the model (see Section 3.2.4).

It could be that, during quiescence of low-M systems, no material reaches the white
dwarf surface, perhaps because the inner accretion disc is truncated?. While the scatter of
data around the Lx—M relation is large (see fig. 7 of Patterson & Raymond 1985a), there
is no observational evidence that it predicts X-ray luminosities that are systematically
high for low-M CVs. However, very few of the low-M CVs in the sample of Patterson &
Raymond (1985a) can be expected to be period bouncers, so that the relation certainly |
is not proven to be valid for period bouncers. Neither of the confirmed period bouncers
has been detected in X-rays, so that perhaps the most useful specific example to look at
is WZ Sge. It is not clear whether WZ Sge is a period bouncer (Steeghs et al. 2007),
but it is considered a good candidate (e.g. Patterson 1998; Howell et al. 2004). It has
Ly ~ 4 x 10¥ergs~! (Wheatley et al. 2000) and My ~ 10" gs™! (estimated from the
quiescent bright spot luminosity; Patterson et al. 2002b). It is expected to be brighter
than most period bouncers, because it has either not reached the period minimum yet,
or has not evolved very far away from it (it has P,.;, = 81.63 min.; Krzeminski & Smak

1971), but its X-ray luminosity is about an order of magnitude below what the relation of

2Tt has been suggested that truncation of the disc might explain some of the phenomenology of low-M
systems, e.g., the size of the UV delay (see Section 2.3.1.1) and the absence of DN outbursts in VY Scl
stars in the low state (e.g. Livio & Pringle 1992; Hameury et al. 1999 Hameury et al. 2000; Hameury &
Lasota 2002).
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Patterson & Raymond (1985a) gives for this M (note, however, that the measured M is
not M in quiescence, and is not very precise). Therefore, if WZ Sge is a period bouncer,
and if its Lx and M are representative of the values for period bouncers, it is possible
that many CVs do not obey the Patterson & Raymond (1985a) Lx—M relation (although
it is not clear why pefiod bouncers should generally be fainter in X-rays than normal
short-period CVs with similar M).

Unless the Lx—~M relation does overestimate Lx by a factor of 10 or more for a
large fraction of CVs, most CVs in the predicted intrinsic population have Lx > 2 x
10% ergs™1. This cannot be decreased by lowering M, because it already assumes that
angular momentum loss in short-period CVs is driven by gravitational radiation alone.
Then a space density as high as ~ 2 x 10~% pc ™2 is inconsistent with 'the NEP survey data.

6.3.1 Possible future measurements of p

As mentioned in Chapter 4 and 5, and Section 6.1.1, there are several ongoing surveys
that will produce large new samples of CVs; these include the Hamburg Quasar Survey,
the SDSS, and IPHAS. The PG survey CV sample is already available, but since the
completeness of this sample is somewhat questionable, it is perhaps not ideal for a rigorous
measurement of p.

At present only one other CV sample is really well suited to another measurement
of p. This is the sample of non-magnetic CVs detected in the ROSAT Bright Survey.
The measurement of Schwope et al. (2002) can be repeated with a full accounting for
uncertainties and better distance estimates. This would complement the NEP survey
measurement, since, while the ROSAT Bright 'Survey CV sample is not as deep, it is
significantly larger than the NEP sample. '

The XMM-Newton Large Scale Structure Survey will cover 64 deg? of sky to a flux
limit of 3x 1015 ergecm™2s7! (e.g. Valtchanov & Pierre 2003). Of all large present surveys,
this will probably provide the best CV sample for the problem of placing tight constraints
on the space density of CVs. The main difficulty in obtaining this measurement will be
the follow-up required to identify all CVs in the survey.

It would be of some value to have a new estimate of the Galactic scaleheight (or, more
correctly, scaleheight distribution) of CVs, but it is not often acknowledged how challeng-
ing such a measurement really is. Existing observational estimates of the CV scaleheight
probably all reflect the increasing incompleteness of samples with distance, rather than
the Galactic distribution of CVs. An illustrative example is the recent measurement by
Ak et al. (2008), using a sample of CVs with uncertain distance estimates, and unknown
completeness. In the bottom panel of Fig. 6.3, I have plotted the 2z histogram from which
Ak et al. (2008) measured a scaleheight of 179 & 13pc. CVs in this sample are not dis-
tant enough to probe the radial density distribution of the Galaxy. Therefore, in the
absence of serious biases, the same vertical density profile should be obtained if the sam-
ple is divided into sub-samples consisting of systems inside concentric cylindrical shells

with axis perpendicular to the Galactic plane. However, when the sample is divided into
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Figure 6.3: The distribution in z of CVs in the sample of Ak et al. (2008). The bottom panel
shows the z-distribution of all systems in the sample used to measure h = 179 & 13 pc (these are
CVs with estimated Jy < 16.5). In the two upper panels, the sample is divided, using the distance
component perpendicular to z, into systems at distances in the Galactic plane greater than or less
than 300 pc. The three distributions clearly have very different scaleheights, although the radial
scalelength of the Galaxy is too large for the vertical density profile to vary measurably in the area
within several 100 pc of the Sun.

systems with cylindrical radial distances greater or less than 300 pc, the z-distributions
of the sub-samples are markedly different (see the upper panels of Fig. 6.3). It is clear '
that a scaleheight measurement based on this sample is suspect, and that the quoted er-
ror of £13pc is incorrect. The same problem probably affects the CV samples used for
scaléheight measurements by Patterson (1984) and Duerbeck (1984).
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6.4 Implications for CV evolution theory

With the small CV samples available at the moment, it is already possible to recognize
the qualitative changes that are needed to reconcile theory with observations.

If the formation of CVs inside some period interval is unimportant compared to the
number of systems entering the period interval by evolving down from longer periods, then
the number of CVs in that interval is proportional to the time taken to evolve through
it. It is then possible to constrain the ratio of time-scales of distinct phases of evolution,
using the ratio of the numbers of systems detected in those phases. This is because the
function that accounts for the relative severity of the selection effects acting on CVs in
distinct period intervals is monotonic (at least for the simple case of a sample in which
the most important bias is due to a flux limit). Together with the assumption that the
model is correct for long-period CVs, this allowed me to find the constraint J > 3Jgr for
short-period CVs from the Ha-selected sample (see Section 4.6.3). .

For the PG CV sample, I found (n;/ns),eq = 10/90, compared to an observed ratio
of (ni/ns)yps = 14/13, in Section 3.5. With the same reasoning as in Section 4.6.3, this
implies that the evolutionary time-scale of short-period CVs in the model is too long
by more than a factor of 9. This is surprisingly large, especially when compared to the
result of Patterson (2001), who finds that —J = —3.Jgg for short-period CVs provides a
satisfactory fit to his data. This hints that the assumption (T1) preq = T may be wrong. The
observational constraints on the size of the long-period CV population and M above the
period gap are not sufficiently precise to answer this question definitively, but it certainly
has been suggested‘ that the Verbunt & Zwaan (1981) magnetic braking law used in the
model is too strong (e.g. Ivanova & Taam 2003). The model may therefore not only
predict too many short-period CVs, but also too few long-period CVs.

In this regard, it is also worth noting that recent estimates of M in a small sample
of short-period CVs are consistent with the values expected from angular momentum loss
through gravitational radiation (Littlefair et al. 2006; Littlefair et al., in preparation)?.
However, Townsley & Bildsten (2003) found M higher than predicted for short-period CVs
and lower than predicted for long-period CVs, using measurements of white dwarf T,y
tabulated by Winter & Sion (2003). It is not clear how to reconcile these results, but a
‘possible resolution is that many white dwarf T, sy measurements in non-eclipsing CVs are
unreliable, because contamination from light originating from the disc or boundary layer
is not correctly accounted for.

~J > —3Jgr for short-period CVs from the SHS sample is obviously in itself con-
sistent with —J > —9Jgg from the PG survey. It is also to be expected that the SHS
sample has produced a weaker constraint. The reasons for this are the very conserva-
tive assumptions about variability and EW—dependent biases made in the case of the Ha
sample, and also the larger number of CVs in the Ha-selected sample without period mea-

3Littlefair et al. (2007) have also estimated M for SDSS J 150722.30+523039.8, but they find that this
system probably has an unusual evolutionary history (it is argued that SDSS J150722.304-523039.8 did
not evolve through the period minimum, but rather formed with a secondary_ of substellar mass).

139




surements. Basically, the factor of > 3 is an underestimate unless (i) all the CVs without
periods are short-period systems, (ii) the EW-based bias does not preferentially exclude
long-period CVs, and (iii) it really is the case that variability has excluded a significant
number of short-period systems but no long-period systems. Clearly these assumptions
are conservative, rather than reasonable. ‘

Although it is not possible to distinguish between too short (Tl)pred and too long
(Ts)prea Using the PG and SHS CV samples, 75 < (Ts)preq 18 favoured as the dominant
effect explaining the large predicted ratio of short- to long-period CVs. Amongst the
reasons are that —J > —Jgg for short-period CVs may in addition solve the problem of
the theoretical position of the period minimum (see also the discussion in Section 2.8.1
and 4.6.3). | - |

Higher angular momentum loss rates in short-period CVs may also be important to
the problem of mass transfer cycles. Large scatter is seen in estimates of M and absolute
magnitudes of CVs at fixed P, (see Warner 1987 and especially fig. 7 of Patterson 1984).
However, since these measurements are subject to large uncertainties, the fact that DNe
and NLs are observed in the same ranges of Pyrp is often taken as the most compelling
evidence for mass transfer cycles (e.g. King et al. 1995, 1996). The explanation of DN
outbursts in terms of the thermal instability (see Section 2.3.1.1), and the faint absolute
magnitudes of DNe relative to NLs (see e.g. fig. 9.8 of Warner 1995) leave little doubt that
DNe typically have lower average M than NLs.

~The implicit assumption that a large difference in M is required for NLs and DNe to
exist at the same P, is, however, incorrect. The P, histograms displayed in, e.g., Fig. 3.2
show that the standard model does allow for long-period DNe. The model population in
fact contains similar numbers of DNe and NLs at long periods, but no short-period NLs.
Fig. 2.3 shows that short-period NLs are rare in the observed CV sample, while the non-
magnetic, long-period CV sample is almost evenly split between DNe and NLs?.

The model pbpulation would contain short-period NLs if —J is increased below the
period gap. Again using equations 38 and 39 of Hameury et al. (1998) to distinguish
between stable and unstable discs (see Section 3.2.4), short-period NLs appear in the

model population when (M) in short-period systems is increased by a factor of 4. Fig. 6.4

shows the distribution of the predicted intrinsic population over (M) and P,, after the
predicted (M ) of short-period CVs is increased by a factor of 6; for secondaries near the
main sequence, this is equivalent to J = 6Jgr (see e.g. equation 2.17)5. In the lower
panels of Fig. 6.4, DNe and NLs are shown separately; a small population of short-period
NLs is predicted.

Therefore, accepting that gravitational radiation is not the only angular momentum

loss mechanism in short-period CVs, and if the 6bservati0nally-inferred values of M that

4There are 387 known DNe and NLs. Roughly the same numbers of the two subtypes occur above the
period gap (82 DNe and 75 NLs), while only about 7% of short-period, non-magnetic CVs are NLs, and
the majority of short-period NLs are in the period gap.

5Note that, realistically, the position of the evolutionary track cannot only be shifted upward in the
(M)—P,, plane—an increase in (M) below the period gap also shifts the position of the period minimum.
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Figure 6.4: The distribution of the predicted intrinsic CV population in the (M) vs P,y plane,
after (M ) of short-period CVs is scaled by 6. The grey-scale is logarithmic, and represents the
number of systems in each ((M),P,.3) bin. The upper panel shows all model CVs. In the lower
panels, the population is divided into DNe (left) and NLs (right). Short-period NLs exist in the

predicted population if (M) is increased for short-period CVs.
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do not rely simply on CV subtype (those of e.g. Warner 1987 and Patterson 1984) are not
considered compelling evidence for mass transfer cycles, then such cycles are not required
by observations. '

Another motivation for assuming —J > —Jgg for short-period CVs is that it would
mean that the lifetime of a CV may be shorter than the age of the Galaxy, thereby
reducing the predicted space density of CVs. In Section 6.3 above I have shown that the
high theoretical values of p can only be consistent with the NEP survey result if a quite
extreme assumption is made about the relation between L x and M. It has of course long
been argued that the predicted values of p are t00 high, but this was based on incomplete
samples that, in a realistic calculation, could not decide the issue.

All of the alternative scenarios for CV evolution discussed in Section 2.8 rely on
some aspects of the standard model (and none of them has yet been shown to be very
successful). A few more radically different theories have also been proposed, but these seem
to be seriously flawed. Clemens et al. (1998) suggest that the period gap is caused by a
change in the slope of the secondary mass-radius relation, but this has been discredited
by Kolb et al. (1998). Motivated vby the proposal that magnetic braking is much weaker
than usually assumed (Andronov et al. 2003), Andronov & Pinsonneault (2004) discuss the
the possibility that the period gap is produced by two bursts of star formation, together
with the finite age of the Galaxy (in this model, the present-day long-period CVs do not
have time to evolve into short-period CVs, while the shoft—period CVs were formed in the
earlier star formation burst). However, it is of course essentially impossible to reproduce
the sharp edges of the observed period gap in this way.

It is worth bointing out that available population synthesis models generally assume
a Galactic age of 10 Gyr or more. There is evidence that the Galactic thin disc is only
7 to 8 Gyr old, while the thick disc is no older than 10 Gyr, and has a scaleheight of
~750 pc and a density more than a factor of 10 lower than that of the thin disc (e.g.
Reylé & Robin 2001; S_iegel et al. 2002; Reid 2005). If this is correct, the oldest CVs in
the predicted populations should be removed, which would reduce the predicted number
of period bouncers.

A successful model of CV evolution has to predict a smaller ratio of short- to long-
period CVs, and very likely also a smaller space density, than the standard theory. It
may be that both these requirements can be met without any fundamental change to the
standard evolution model, but simply by assuming a smaller Galactic age, and a weaker
magnetic braking law. However, this will not change the predicted position of the period
minimum. It seems that the only promising way of adjusting the predicted minimum
period is an increase in the angular momentum loss vrate‘ below the period gap (e.g. Kolb
& Baraffe 1999), and that this would also be a solution to other discrepancies between
theory and observations. If the additional angular momentum loss is supplied by magnetic
bréking (which would be in accord with the indications that magnetic braking does act in
fully convective stars; e.g. Tout & Priﬁgle 1992a; Jones et al. 1996; Andronov et al. 2003)
then this needs to be done in a way that still leads to a period gap. King et al. (2002)
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point out that the conventional explanation of the period gap requires only that magnetic
braking is at least temporarily interrupted; the period gap would be preserved if magnetic
braking resumes at periods below ~ 2h.

Although surveys now in progress will in future be capable of providing much better
observational constraints on CV evolution than can be derived at the moment, it is already
clear that the standard magnetic braking model is in need of revision. Furthermore, it
seems that the correct approach to take is to investigate primarily angular momentum loss

- " rates in excess of the gravitational radiation rate in CVs below the period gap.
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Chapter 7

Conclusions

I have presented empirical constraints on the space density and composition of the intrin-
sic CV population. Some of these constraints were obtained by applying more rigorous
modelling to the existing PG survey CV sample, but I also constructed two new samples
with specific goals in mind. One of these is a complete X-ray flux-limited sample of CVs
detected in the ROSAT NEP survey. The second is a Galactic plane CV sample, se-
lected on the basis of Ho emission from the SHS. This the largest Ha-selected CV sample
constructed to date. )

The new observations obtained for the definition of the Ho-selected and ROSAT NEP
CV samples represent a significant fraction of the work presented here. I discovered 18
CVs in total, and measured the orbital periods of 13 of these systems.

The constraints these‘data, together with the simulations described in Chapter 3, 4
and 5, place on both the size and period distribution of the intrinsic CV population are
the most quantitative available. Beyond these results, the work may be of lasting value,
since the method for modelling observational biases developed here is likely to be the
only practical approach’ to confronting a theoretical evolutionary scenario for CVs with
observations.

The most important conclusions from the three different studies presented in this

thesis are repeated below.

1. A simulation of the selection effects present in the PG survey shows that obser-
vational biases are not sufficient to reconcile the intrinsic population predicted by
standard CV evolution theory (with strong magnetic braking above the period gap
and only gravitational radiation below the gap) with the observed PG CV sam-
ple. The intrinsic CV population cannot contain as large a fraction of short-period

systems as is predicted by theory.

2. 1 confirmed the result based on the PG survey by cofnparing a homogeneous new
CV sample, selected for Ha emission, to the same model population. Standard CV
evolution theory predicts relatively too many short-period CVs; this is true even

with the assumption that 'period bouncers are undetectable,
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10.

. The high Galactic latitude, blue-selected PG CV. sample and the Galactic plane,

Ha-selected SHS CV sample are independent, and subject to very different selection
biases. The consistent result from these two surveys relieves concerns regarding

uncertainties in the modelling of Galactic structure and the SEDs of CVs.

. The f_avou‘red explanation for the mismatch between the predicted and observed

ratio of short- and long-period CVs is that short-period systems evolve faster than
predicted by the disrupted magnetic braking model, so that the predicted population
of short-period CVs is too large. The relative numbers of long- and sﬁért—period
CVs included in the Ha-selected sample, together with the modelling of selection
effects, indicates that the disrupted magnetic braking model underestimates —J of
short-period CVs by a factor of at least 3 (assuming that the predicted evolutionary

time-scale of long-period CVs is correct).

The same argument, applied to the PG CV sample, indicates that the model —J
of short-period CVs is at least a factor of 9 too low. This is surprisingly large and
suggests that the model may predict not only too many short-period CVs, but also
too few long-period CVs.

It is clear from these observations (as well as from the position of the period min- |
imum) that the standard magnetic braking model of CV evolution is in need of
revision. Furthermore, it seems that the change required is a mechanism of angular

momentum loss, besides gravitational radiation, acting on CVs below the period
gap.

In the standard model, both DNe and NLs occur at all periods above the period gap,
and if predicted angular momentum loss rates for short-period CVs are increased to
—J > —4JGR, then the predicted population also contains short-period NLs. With
such higher angular momentum loss rates below the period gap, mass transfer cycles
are thus no longer required to explain the eXistence'of DNe and NLs in the same
P, intervals.

With the assumption that the 4 CVs included in the ROSAT NEP survey are rep-
resentative of the intrinsic CV population, the space density of CVs is 1.132):% X

10~3 pc3. ,

Space densities as high as the theoretically predicted ~ 2 x 107%pc~? are ruled
out by the NEP survey data, unless the dominant CV population is fainter than
~ 2 x 10¥ ergs™! in X-rays. '

Assuming that the L x—M relation of Patterson & Raymond (1985a) does not under-

estimate Lx for low-M CVs by about an order of magnitude, only a small fraction of

the predicted intrinsic CV population consists of systems with L, < 2 X 102 ergs—!.
Since —J > —Jgr, short-period CVs cannot have lower M than predicted by this
model. The CV spabe density then cannot be as high as ~ 2 x 1074 pc=3.
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11.

12.

13.

14.

15.
_ short-period CVs. However, for existing UV-excess surveys, the systems that would

16.

17.

r

Stellar populations of different typical ages have different Galactic scale heigh’cs.
Significant errors result if this fact is neglected when deriving the total Galactic
numbers of long-period CVs, short-period CVs, and period bouncers from the mid-

plane space densities of these three populations.

The apparent magnitude distribution of the sample of all known non-magnetic,
hydrogen-rich CVs with period measurements suggests this sample is not approxi-

mately complete, even to V = 13.

For practically achievable optical flux limits, no flux-limited CV sample can be ex-
pected to be representative of the intrinsic CV population. It is therefore quite
inappropriate to compare an observed sample with the predicted intrinsic popula-

tion.

The properties of the period distribution of a magnitude-limited sample depend
strongly on the magnitude limit. The ratio of short- to long-period systems and the -
prominence of the spike near the period minimum decrease at brighter magnitude

limits.

A blue selection cut of U — B g —0.7 introduces a serious bias against detecting

fail to be detected because of this bias are already excluded by the survey flux limits.

Magnitude-limited surveys at high Galactic latitude are expected to yield CV sam-
ples that are very different from those produced by Galactic plane surveys, because
they detect a larger fraction of all systems inside the volume defined by the galactic
latitude range. However, even a deep, high-|b| survey such as the SDSS is not volume
limited for CVs.

The mass-transfer rates predicted by standard CV evolution theory are inconsistent
with empirical estimates of the absolute magnitudes of DNe in outburst, unless

the outburst duty cycles of most CVs are much lower than is generally assumed

. (specifically, < 10% for normal DN and < 0.5% for period bouncers).
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