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Abstract

Due to their wide utility in the study of astrophysical phenomena� from gravitational
waves to extreme quantum interactions� it is di�cult to overstate the importance
of compact binaries in modern astrophysics. Advancements in optical and X-ray
instrumentation have ushered in a new era in the identi�cation of astronomical
systems, and yet the populations of many compact binaries remain small. The
goal of this work was therefore to expand the populations of two elusive classes of
compact binaries: white dwarf pulsars and black hole binaries.

To facilitate the retrieval and analysis of archival data, a Python package,
AstroToolkit, was developed. The search for white dwarf pulsar candidates was
achieved through an exploration of Gaia's third data release, using three known
white dwarf pulsars as reference. An analysis of ZTF photometry resulted in the
identi�cation of 58 candidates, at least one of which shows signi�cant promise. We
are in the process of obtaining spectroscopy to con�rm or refute J2011� 0213 as a
fourth white dwarf pulsar. Through photometry from the Thai National Telescope
and spectra from the Hale and Shane Telescopes, several interesting systems were
revealed� including a previously unidenti�ed pre-polar and an extreme young stellar
object. The search for black hole binary candidates used four reference systems se-
lected from 72 known black hole binaries. Through the analysis of ATLAS and TESS
photometry, these systems were utilised in the identi�cation of 322 candidates in a
cross-match of Gaia's third data release with the �rst data release of eROSITA-DE.
While the time constraints of an MSc limited the depth of this search, 35 candidates
exhibit unambiguous ellipsoidal modulation in their phase-folded photometry and
hence require further follow-up at a later date.

The contaminants in either set of candidates were identi�ed, and improve-
ments to similar searches� including new analytical approaches and upcoming ad-
vancements in instrumentation� are discussed.

xi



Abbreviations

AEN Astrometric Excess Noise

AENS Astrometric Excess Noise Signi�cance

AOVMHW Multi-Harmonic Analysis Of Variance

ATK AstroToolkit

ATLAS Asteroid Terrestrial-impact Last Alert System

CE Common Envelope

CEE Common Envelope Evolution

CV Cataclysmic Variable

eROSITA extended ROentgen Survey with an Imaging Telescope Array

FWHM Full Width at Half Maximum

GALEX Galaxy Evolution Explorer

HMXB High-Mass X-ray Binary

HRD Hertzsprung-Russell Diagram

LIGO Laser Interferometer Gravitational-Wave Observatory

LMXB Low-Mass X-ray Binary

Pan-STARRS Panoramic Survey Telescope and Rapid Response System

xii



RUWE Renormalised Unit Weight Error

SDSS Sloan Digital Sky Survey

SED Spectral Energy Distribution

SIMBAD the Set of Identi�cations, Measurements and Bibliography for Astronomical

Data

STILISM STructuring by Inversion the Local Interstellar Medium

STILTS Starlink Tables Infrastructure Library Tool Set

TESS Transiting Exoplanet Survey Satellite

TNT Thai National Telescope

YSO Young Stellar Object

ZTF Zwicky Transient Facility

M � Solar Mass, 1:989� 1030 kg

au Astronomical Unit, 1 :496� 108 km

xiii



Chapter 1

Compact Binaries in Modern

Day Astrophysics

Binary systems� systems in which two stars orbit a common centre of mass� are of

great importance to astrophysics, in no small part due to them (or higher multiple

systems) being equally or more abundant than single stars (see Whitworth and Lo-

max [2015], Chen et al. [2024]). Furthermore, the presence of a companion allows for

the constraining of stellar parameters that would not normally be possible for single

stars. The focus of this work will be on a subset of binary systems� compact bina-

ries. These are systems containing two (often closely orbiting) components in which

at least one component is a compact object: a white dwarf, neutron star or black

hole. In up to 50% of compact binary systems, the orbital separation is large enough

that the components are `detached' [Podsiadlowski, 2014]. In the other� 50%, the

components are close enough to elicit the transfer of mass from one component to

the other. In this case, the system is described as `interacting'. The characteris-

tic phenomena exhibited by interacting systems provide a unique opportunity for

the study of accretion: the gravitational capture of material by a massive object.

As will be discussed, accretion is the source of some of the most violent and high-

energy interactions in the Universe, from supernovae to active galactic nuclei and

astrophysical jets. Even the least massive compact binary con�gurations, i.e. those

containing a white dwarf, are known to launch these jets [Coppejans and Knigge,

2020].

Perhaps the most extreme of these interactions, however, are mergers. Here,

the binary orbit shrinks until the two components combine to form a single ob-

ject in a violent collision. These collisions, along with the preceding inspiral of

the system's components, have been responsible for all current gravitational wave
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detections. Perhaps the most important example is the �rst detection of gravita-

tional waves by LIGO in 2015 [Abbott et al., 2016], in which the inspiralling and

consequent merging of two black holes was detected. The importance of gravita-

tional waves to modern astrophysics is discussed in detail by LIGO [2024]. The pri-

mary reason is that gravitational waves provide a way to explore the behaviour and

properties of astronomical systems that is completely separate from electromagnetic

radiation � essentially providing a new `sense' with which to explore these phenom-

ena. Furthermore (and unlike electromagnetic radiation), gravitational waves travel

through the Universe essentially una�ected by matter. As a result, they o�er an

opportunity to study these phenomena with far greater precision and accuracy than

would otherwise be possible.

Looking even more broadly at the great unknowns in physics as a whole, an

important question still remains regarding the uni�cation of general relativity with

quantum theory. The fundamental problem is that gravity has yet to be successfully

described in a quantum framework [Kiefer, 2007]. Compact binaries (particularly

those containing a neutron star or black hole) o�er a unique opportunity to study

environments in which neither quantum-mechanical nor strong-�eld gravitational

e�ects can be ignored [Damour, 2009], and so these systems may hold the key to

solving what is arguably the greatest problem in modern physics. Their importance,

therefore, cannot be overstated.

However, before delving into the wealth of physics that governs the formation,

evolution and behaviour of compact binaries, we must �rst consider the more simple

case of single stars.
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Chapter 2

Single Star Evolution

2.1 Nuclear Fusion

Every instant of a main sequence star's life is spent struggling against its collapse.

Inward gravitational forces are balanced with the thermal pressure generated by

fusion in the stellar core, leaving the star in a state of hydrostatic equilibrium.

The majority of the star's life cycle is spent fusing hydrogen into helium,

which occurs primarily via the following process:

4p ! 4
2 He + 2e+ + 2 � e:

Here, four protons contained in hydrogen nuclei are fused into one helium nucleus,

two positrons and two electron neutrinos via the `proton-proton chain' [Adelberger

et al., 2011]. The rest mass of the resulting4
2He nucleus is' 0.7% less than the

combined mass of the four protons that form it, and this mass is released as light.

2.2 Stellar Expansion

It can be shown that in hydrostatic equilibrium,

L /
� 4

�
M 3 (2.1)

where L and M are the luminosity and mass of the star, respectively,� is the mean

molecular mass, and� is the average opacity in the star. As more and more hydrogen

is fused into helium in the core, the mean molecular weight of the star increases, and

the density of free electrons (and hence� ) decreases. It is then clear from Eq. 2.1

that the luminosity of the star increases with age, inducing an expansion of the
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stellar envelope [Kippenhahn et al., 2012].

Expansion of a greater magnitude (and over a signi�cantly shorter timescale)

also occurs as a star evolves o� of the main sequence. As the star ages and the supply

of hydrogen in the core is exhausted, fusion shifts to regions of greater hydrogen

abundance outside the core. The thermal pressure drops due to the lack of ongoing

fusion in the core, and the gravitational potential causes the core to contract as

hydrogen from these bordering regions is drawn in. This then ignites, resulting in

an increased rate of thermal radiation and a consequent expansion of the stellar

envelope [Iben, 1967]. The result is a red giant, a massively in
ated late-stage star

of much lower density, with ongoing hydrogen fusion in a shell surrounding the core

which is itself fusing helium. As will be discussed more thoroughly below, this state

is reached signi�cantly earlier in the most massive stars.

2.3 Stellar Winds

Both giants and main sequence stars eject strongly ionised material from their out-

ermost layer through stellar winds [Wood, 2004]. In low to intermediate-mass stars

like the Sun, these winds are thought to be driven by interactions in the magnetic

�eld which accelerate particles in its outer layers to such a degree that they escape

its gravitational �eld [Johnstone et al., 2015]. In higher-mass stars, signi�cantly

stronger winds are instead driven by radiation pressure resulting from fusion.

2.4 Compact Object Formation

Stars on the main sequence and red giant stages can exist for timescales on the

order of millions to billions of years. Given that a star can only support hydrostatic

equilibrium for as long as it has fuel to burn, its lifetime can be expressed as a ratio

of the total available energy from fusion against the rate at which this energy is

released:

� '
E tot

L
(2.2)

where E tot is the total available energy from fusion andL is the star's luminosity.

E tot is directly proportional to the mass of the star, M , since this sets the total

amount of fuel available for fusion. In the case of main sequence stars withM .

10 M� , where M� is the mass of the Sun,L can be derived from the mass-luminosity

relation:
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L / M a (2.3)

where 3:5 . a . 4 [Duric, 2003]. For more massive stars, this relation 
attens to

L / M . Combining Eqs. 2.2 and 2.3, we have:

� '
E tot

L
/

M
M 3:5{4 ;

and hence

� / M � (2:5{3) (2.4)

in the case of typical stars with M . 10 M� . It is therefore clear that a main

sequence star's lifetime is a strongly inverse function of its mass. This relation is

not obeyed by red giants due to the di�erences in their structure and the resulting

fusion pro�le.

In any case, a star's fuel will eventually run out. As fusion ceases, the main

sequence phase of the star's life comes to an end as the gravitational force wins. In

low-mass stars, this manifests in the shrinking of the core and the expulsion of the

majority of the stellar envelope. The fate of high-mass stars is signi�cantly more

extreme. As heavier elements are fused in the core, the energy released by fusion

decreases. Once iron begins to be formed from the fusion of silicon, the energy

released by each reaction is less than the energy required to initiate it. The support

provided by fusion rapidly decreases, and the core undergoes a violent collapse.

If and what mechanisms can support the core from further shrinking/collapse

depends on the mass of the star. When the formation of a compact object occurs in

stars below 8.5� 10 M� , the core is supported from further shrinkage by electron de-

generacy pressure [Chandrasekhar, 1931]. This is a result of a quantum-mechanical

e�ect � the Pauli exclusion principle� which states that two electrons in the same

small volume cannot occupy the same energy state. The star's collapse forces elec-

trons in the core to become increasingly close to one another, pushing them into

higher and higher energy levels as the lower levels become full. The increased kinetic

energy and momentum of the electrons gives rise to an outwards pressure which sup-

ports the core from further collapse [Lamers and Levesque, 2017]. The result is a

white dwarf: an extremely dense stellar remnant in which there is no ongoing fusion.

Despite the lack of energy production, the core is still extremely hot due to the rapid

compression of the highly energetic material that formed it� with the highest mass

white dwarfs having initial surface temperatures of over 105 K [McCook and Sion,

1999].
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There is an upper limit, however, to the mass of a white dwarf that can be

supported by electron degeneracy pressure. This is the Chandrasekhar limit, with

an accepted value ofM ch ' 1:4 M� . If a white dwarf reaches a mass greater than

this, the core becomes unstable and is destroyed in a Type Ia supernova [Belloni

and Schreiber, 2023]. Chandrasekhar also proposed a limit on the density of a white

dwarf, based on the two limiting cases of electron degeneracy pressure. These are

the non-relativistic and relativistic limits, with the relevance of each being set by

the speeds to which the electrons are accelerated. The higher the density of the

white dwarf, the more closely the electrons are packed together, and so the greater

the magnitude of this acceleration. The key is that in either case, the governing

solution is of the form:

P / �� n

whereP is the generated pressure and� is the average white dwarf density. n is the

polytropic index, with a value of 3
2 or 3 in the non-relativistic and relativistic cases,

respectively. This allows for the following to be reached, a full derivation for which

can be found in CU Boulder [2003]:

R / M
n � 1
n � 3 (2.5)

where R is the white dwarf radius and M is the white dwarf mass. In the non-

relativistic case, with n = 3
2 , we then have

R / M � 1
3 :

From this,

�� /
M
R3 / M 2;

where �� is the average white dwarf density. In the non-relativistic case (i.e. when

the mass density is low) the density of a white dwarf therefore increases with its

mass squared. As the mass (and hence the density) of the white dwarf increases, its

electrons become more relativistic and so the second solution (n = 3) can no longer

be ignored. Asn tends towards 3, the radius of the white dwarf as given by Eq. 2.5

tends to zero. Sincen is dependent on the density and hence the mass of the white

dwarf, this occurs at a speci�c value ofM : the Chandrasekhar limit [Chandrasekhar,

1935]. M ch therefore also sets an upper limit on the density of a white dwarf, which

is found to be close to 107 g cm� 3 [Chandrasekhar, 1931]. The formation of a white
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dwarf is the expected end result for 95% of stars in our Galaxy [Antunes et al.,

2024].

For more massive stars, gravity once again wins and the core instead begins

to collapse. The resulting increase in density causes electrons to be captured by pro-

tons to form a gas almost entirely comprised of neutrons. This collapse continues

until it is halted by an even stronger force: neutron degeneracy pressure. The result

is a neutron star, a hotter and even more dense degenerate star. The surface temper-

ature of a newly formed neutron star can be in excess of 107 � 108 K [Geppert, 2016],

approximately 2 � 3 orders of magnitude hotter than was noted above for a white

dwarf. Similarly, comparing the above upper limit on density for a maximally dense

white dwarf with the density of only a typical neutron star ( ' 1015 g cm� 3 [Potekhin,

2010]) shows that the latter can easily be 107 � 108 times more dense. For com-

parison, the central density of the Sun is a mere 102 g cm� 3 [Lamers and Levesque,

2017].

However, as is the case for white dwarfs, there is an upper limit on the mass of

a stable neutron star. Beyond this limit, not even neutron degeneracy pressure can

halt the star's collapse. The result is a further collapse of the core to form a black

hole, with recent research suggesting that this occurs at a limit of' 2 M� [Rezzolla

et al., 2018]. The collapsing material becomes increasingly dense, warping the local

spacetime to such an extent that even light is trapped in a region around it. The

radius of the sphere that encloses this region is the Schwarzschild radius, which is

around 3 km for a black hole with the same mass as our Sun. The surface of the

sphere is known as the black hole's event horizon, beyond which the singularity

awaits any visitor.
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Chapter 3

Compact Binary Formation and

Evolution

With an overview of compact object formation from single stars completed, it is

now time to explore the focus of this work. The formation of most compact binary

systems initially follows the evolution of single stars, with the more massive star in

such a system exhibiting a shorter evolutionary timescale (see Eq. 2.4). This star

then collapses, leaving a compact object and a main sequence companion. Other

possible formation channels include mergers of components within higher-order sys-

tems and dynamical interactions in regions of high stellar density. However, the

contribution to observed compact binary populations from the latter channels is ex-

pected to be insigni�cant. This is largely due to the lower abundance of higher-order

systems and the infrequency of strong dynamical interactions outside dense stellar

regions. Nonetheless, they are still occasionally required to explain the formation of

certain systems which could not have been formed via the standard stellar evolution

pathway [Belloni and Schreiber, 2023].

As noted in the introduction, the orbital separation in around 50% of compact

binary systems is large enough that the components are non-interacting. This is

typically the case for systems with an orbital separation of& 5� 10 au. In this case,

both components simply evolve as if they were single stars. However, for systems

with a small enough separation, the evolution of the higher-mass star can drive the

binary into interactions involving the transfer of mass. In this case, the accreting

object (i.e. the object to which mass is being transferred) is referred to as the

accretor, and the star from which this mass originates is referred to as the donor.

Mass transfer a�ects the structure of both stars and the con�guration of the system

as a whole, and so it is the driving mechanism behind the evolution of interacting
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systems [Podsiadlowski, 2014].

3.1 Mass transfer through Roche Lobe Over
ow

The Roche lobe is de�ned as the last equipotential geometry beyond which any

stellar mass is no longer bound to it by the star's gravity. Both stars in an interacting

binary will therefore have their own Roche lobes, which meet at the inner Lagrangian

point where the e�ect of gravity from both stars is felt equally. If a star in an

interacting binary over
ows its Roche lobe, the transfer of mass through the inner

Lagrangian point is initiated (Fig. 3.1) [Lubow and Shu, 1975]. There are two causes

of Roche lobe over
ow: Roche lobe shrinkage and stellar expansion.

The former occurs when the orbital separation of the binary is reduced as

a result of angular momentum loss from the system. As the orbital separation

decreases, the donor feels the e�ect of the accretor's gravity more strongly� while

the strength of its own gravity is unchanged. Material in the donor's envelope is

therefore less bound to it at a given radius, which is by de�nition a reduction in the

size of its Roche lobe. Since the two binary components are equidistant from one

another, the ratio of their gravitational �eld strengths is simply the ratio of their

masses. The Roche lobe radius therefore depends only on the mass ratio of the two

binary components and their separation (Eq. 1.3, Podsiadlowski [2014]).

The latter occurs through the expansion of the companion's stellar envelope

via Eq. 2.1, or its evolution o� of the main sequence. In either case, mass transfer

is only initiated if the expansion is su�cient to cause Roche lobe over
ow. For a

companion of a given mass, the likelihood of this condition being met is set by the

closeness of the binary con�guration. It is important to note that as the density of

each component has a signi�cant impact on the likelihood of it over
owing its Roche

Figure 3.1: An interacting compact binary in which the donor is over
owing its
Roche lobe, leading to the transfer of mass through the inner Lagrangian point (L1)
and the formation of an accretion disc. Adapted from Warner [1995].
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lobe, the donor is not necessarily the component of lower mass. This is particularly

relevant in compact binaries, in which the di�erence in the densities of the binary

components can be extremely large.

3.2 Mechanisms for the Loss of Orbital Angular Mo-

mentum

From the above discussion, it is clear that either method of mass transfer initiation

requires a previous or ongoing period of orbital angular momentum loss. There are

two primary mechanisms through which this occurs in a binary system: gravitational

wave radiation and magnetic braking. It is important to note that since neither of

these mechanisms is restricted to interacting systems, both o�er pathways for a

non-interacting system to eventually become interacting.

3.2.1 Gravitational Wave Radiation

Following their original prediction from special relativity, gravitational waves are

now understood to be a key driver of angular momentum loss in binary systems. The

emission of gravitational waves is expected to occur in any system in which a mass is

either accelerating or is non-symmetric and rotating [Flanagan and Hughes, 2005].

In binary systems, this process carries away energy and orbital angular momentum,

with the large masses and short orbital periods of compact binaries making them a

signi�cant source of gravitational waves. As noted previously, gravitational waves

were �rst detected in 2015 by the LIGO Scienti�c Collaboration and the Virgo

Collaboration [Abbott et al., 2016].

3.2.2 Magnetic Braking

As discussed in the section on single-star evolution, stars drive away ionised par-

ticles through processes that depend on the stellar mass. This material can then

be captured by the star's magnetic �eld lines as it travels outwards, with cou-

pling maintained up to the Alfv�en radius. Beyond this, gravitational and magnetic

forces are no longer strong enough to control the motion of the plasma, and so it is

ejected� carrying away energy and angular momentum. This mechanism is respon-

sible for the gradual spin-down of single stars but is equally applicable to stars in

binary systems. In some cases, magnetic braking may dominate over gravitational

wave radiation as the primary mechanism for the loss of orbital angular momen-

tum [Knigge et al., 2011]. Since the e�ect of magnetic braking increases with the
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magnetic �eld strength (see Eq. 1 in Meynet et al. [2011]), this is particularly likely

to be the case in systems with a strong magnetic �eld. This is also true for systems

with a large orbital separation, in which both components experience a lower mag-

nitude of acceleration and therefore lose less energy to the emission of gravitational

waves. A thorough review of this mechanism can be found in Li [1994].

3.3 Conservation in Mass Transfer

It is clear from magnetic braking that the loss of mass from a system can be a

signi�cant driver of angular momentum loss. In interacting systems, an important

consideration is therefore the amount of mass lost by the donor which is consequently

captured by the accretor. Two fundamental regimes for mass transfer describe the

conservation of the system's mass, and therefore its total angular momentum. In

the following, properties of the accretor and donor will be denoted by the subscripts

`a' and `d', respectively.

3.3.1 Conservative Mass Transfer

Conservative mass transfer describes the case where the system does not lose any

of its total mass during the transfer process, i.e. _ma = � _md. In this case, it is

often also assumed that the total angular momentum of the system is conserved,

i.e. _JT = 0.

3.3.2 Non-conservative Mass Transfer

Non-conservative mass transfer describes the opposite case, where mass is lost from

the system during transfer (i.e. _ma < � _md). The system's total angular momentum

is therefore not conserved, i.e. _JT < 0.

When mass transfer is assumed to be conservative, it is essentially inevitable that

the transfer is only quasi-conservative in reality (i.e. an insigni�cant amount of the

system's total mass/angular momentum is lost during transfer). This is particularly

likely to be the case when the transfer of mass is dominated by the gravitational

capture of the companion's stellar wind [Blondin and Owen, 1997]. For material

that is driven towards the accretor, the resulting mass transfer can generally still be

considered conservative. However, this can not be said for the entire wind, which

is expected to be emitted largely isotropically [Rosen, 2022]. Mass transfer in this

case is therefore clearlynot conservative. Furthermore, it has already been noted

that gravitational wave radiation (which does not require the system to lose mass
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to operate) is expected to occur in all binaries. Regardless of the conservation of

mass, the total angular momentum of any binary system is therefore necessarily not

conserved.

3.4 Orbital Evolution driven by Mass Transfer

The evolution of angular momentum in a binary system ( _J ) can be described in

terms of the orbital separation (a) and the masses of the accretor and donor (M a

and M d, respectively) as

_J
J

=
1
2

 
_a
a

+ 2
_M a

M a
+ 2

_M d

M d
�

_M a + _M d

M a + M d

!

(3.1)

where _x denotes the �rst time derivative of x. Here, it is assumed that the binary

orbits are circularised (i.e. of zero eccentricity) and that the contribution to the

system's total angular momentum from the rotation of its components is negligi-

ble [Pols, 2015]. Of course, this is not always the case� but it is a useful assumption

for the sake of simplicity. It is important to note that _J represents any loss of an-

gular momentum from the system, either from mass loss or via other processes such

as those discussed previously.

3.4.1 Orbital Evolution under Conservative Mass Transfer

In the case of conservative mass transfer, where_J = 0 and _M a = � _M d, Eq. 3.1

simpli�es to

_a
a

= 2
�

M d

M a
� 1

�  
_M d

M d

!

: (3.2)

This equation is of great importance, as it gives a simple condition for orbital ex-

pansion/shrinkage as a result of mass transfer. Since_M d < 0, the sign of _a
a is only

dependent on the mass ratioq = M d
M a

. We therefore have the following conditions:

For q > 1 ! _a
a < 0, the orbit shrinks.

For q < 1 ! _a
a > 0, the orbit expands.

3.4.2 Orbital Evolution under Non-conservative Mass Transfer

As noted previously, the assumption that total mass and angular momentum are

conserved cannot often be made in real systems. It is therefore important to also
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consider the opposite case. The need to consider the loss of angular momentum

and mass quickly complicates the situation, so all that will be discussed here are

the parameterisations used in its description. The following can be derived in the

non-conservative case:

_a
a

= � 2
_M d

M d

�
1 � �

M d

M a
� (1 � � )( 
 +

1
2

)
M d

M d + M a

�
: (3.3)

Here, � parameterises the amount of mass lost from the system during transfer:

_M a = � � _M d:

Similarly, 
 parameterises the loss of angular momentum:

_J
_M a + _M d

= 

J

M a + M d
:

While the equation describing this situation (Eq. 3.3) is still relatively simple, the

complexity arises from the need to obtain accurate values of� and 
 . Any reasonable

estimate of these parameters will depend heavily on the individual system and the

processes that drive mass transfer and/or angular momentum loss. This quickly

becomes a di�cult problem [Pols, 2015].

3.5 Stability of Mass Transfer

The stability of mass transfer is one of the primary parameters that determine an

interacting binary's evolutionary pathway and is set by the response of the donor's

radius and Roche lobe to its mass loss [Belloni and Schreiber, 2023]. Once mass

transfer has begun, the process can only be stable for as long as the donor can

shrink at a rate equal to or greater than that of its Roche lobe. If this condition

is not met, the transfer of mass becomes a runaway process asj _mj increases as a

result of ongoing mass loss. The following is largely a summary of the information

found in Pols [2015], which may be read for further information.

To provide a more quantitative description, we introduce the mass-radius

response exponents:

RRL / M � RL
d Rd / M � d

d

whereRd and RRL are the radii of the donor and its Roche lobe radius, respectively,

M d is the mass of the donor, and the mass-radius response exponents for the donor

and its Roche lobe are given by:
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� RL �
d logRRL

d logM d
� d �

d logRd

d logM d
:

These exponents parameterise the rate at which the donor and its Roche lobe shrink

as a response to mass loss, which allows us to write the previously stated condition

for stability as:

� d � � RL ! stable mass transfer

� d < � RL ! unstable mass transfer

3.5.1 Response of the Donor

However, the use of a single exponent to describe the rate of donor shrinkage is

an oversimpli�cation. When a star loses mass, it must adjust its structure to re-

store its previous state of hydrostatic and thermal equilibrium. These occur on

two greatly di�erent timescales: the dynamical timescale (� dyn ) and the thermal

timescale (� KH ), respectively. The dynamical timescale is signi�cantly shorter than

the thermal timescale, i.e. � dyn << � KH , and so the dynamical response of the donor

to the onset of mass transfer can be considered adiabatic (i.e. there is assumed to be

no local heat transfer). In light of this, a new mass-radius exponent is introduced:

� ad �
d logRd

dMd

�
�
�
�
ad

with a corresponding condition for dynamical stability of mass transfer, � RL � � ad.

For dynamically stable mass transfer, the donor must therefore shrink to a radius

smaller than that of its Roche lobe within � dyn and restore its state of hydrostatic

equilibrium. A thermal equilibrium determined by the star's mass, composition and

evolutionary stage is then recovered over the signi�cantly longer timescale of� KH .

The corresponding mass-radius exponent in the thermal timescale is then given by

� eq �
d logRd

dMd

�
�
�
�
eq

,

with the now familiar stability condition of � RL � � eq. This improved description

gives rise to three regimes of mass transfer:

1. Stable mass transfer,� RL � � ad and � RL � � eq

In this case, the donor settles into a hydrostatic and thermal equilibrium

without initially �lling its Roche lobe. Mass transfer is then only initiated

by either expansion of the stellar envelope due to ageing/evolution, or Roche
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lobe shrinkage through the loss of orbital angular momentum. In this regime,

mass transfer therefore takes place either on the evolutionary timescale of the

donor, � nuc, or the timescale of orbital (and hence Roche lobe) shrinkage.

2. Stable mass transfer on� KH , � eq < � RL � � ad

Here, mass transfer is still dynamically stable (as� RL � � ad), but is driven

by the expansion of the donor due to thermal recon�guration. Despite not

being in a state of thermal equilibrium, the resulting mass transfer is stable

and self-regulating ( _M decreases/increases to maintain stability).

3. Unstable mass transfer,� RL > � ad

As noted above, unstable mass transfer occurs when the donor is not able to

shrink faster than its Roche lobe, resulting in a runaway process of increasing

mass loss.

Together, these three regimes describe the response of the donor to mass transfer.

It is important to note that more than one of these regimes will likely be exhibited

by a given system as it evolves.

3.5.2 Response of the Roche Lobe

When describing the response of the Roche lobe to mass loss, the aforementioned

regimes of conservative/non-conservative mass transfer are once again relevant. In

the case of conservative mass transfer, the response of the Roche lobe (� RL ) depends

almost entirely on the binary mass ratio q = M d
M a

, whereM d and M a are the masses of

the donor and the accretor, respectively. The stability condition can then be written

in terms of a critical mass ratio, qc. The case of non-conservative mass transfer is less

simple as� RL then also depends on the amount of outgoing mass that is lost from

the system, and any mechanisms driving this mass loss. As it did when discussing

orbital evolution (Eq. 3.3), this complicates the estimation of � RL signi�cantly. It

was previously noted that mass transfer is very rarely fully conservative in reality,

and so the stability of mass transfer is often an incredibly complex problem.

Now that the various regimes and modes of mass transfer have been discussed, our

focus can shift to their structural and evolutionary consequences.

3.6 Common Envelope Evolution

Initially proposed as a mechanism for the formation of cataclysmic variables (a

subtype of compact binaries, more on these later), a phase of common envelope evo-
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lution (henceforth CEE) can be initiated in two ways: the unstable decay of a binary

orbit, or the evolution of a binary component o� of the main sequence [Paczynski,

1976]. The process driving the decay in the former is often considered to be one of

unstable mass transfer [Ivanova et al., 2013b]. As has been already discussed, un-

stable mass transfer occurs when the Roche lobe shrinks faster than the adiabatic

response of the donor as a result of its mass loss (see regime three of mass transfer

stability). This leads to a runaway process in which the rate of mass loss from the

donor rapidly increases. If the rate of mass transfer exceeds the rate at which it

can be accreted, the result is a common envelope (henceforth CE): a large cloud of

material which envelopes both stars. This occurs most commonly in systems where

the donor is a giant or supergiant with a convective envelope, as these stars often

expand as a result of mass loss [Podsiadlowski, 2014]. Additionally, donors of greater

mass than their companion are more likely to exhibit unstable mass transfer due to

the response of the orbit in Eq. 3.2. The latter path to the formation of a CE occurs

when a main sequence binary component evolves into a red giant. If the expansion

of the companion is large enough, the secondary component will be engulfed in its

stellar envelope [Ivanova et al., 2013a].

During the CE phase, the binary components continue to orbit one

another� losing energy and angular momentum to the envelope. This tightens the

orbit of the binary signi�cantly and, if enough energy is gained by the envelope,

may cause the envelope to be ejected [Ivanova et al., 2020]. This gives rise to two

fundamental pathways through the CE phase:

1. The envelope is ejected before the inspiralling components merge, stopping or-

bital shrinkage. The system emerges in a signi�cantly tightened con�guration.

The system consequently orbits on a much shorter period on the order of hours

to days, and the companion is relatively unchanged owing to the brevity of the

CE phase prior to ejection [Podsiadlowski, 2014]. The small orbital separa-

tions observed in many compact binaries imply that the compact component's

giant progenitor was orders of magnitude larger than the current system, and

therefore that the binary experienced signi�cant orbital shrinkage during this

component's formation [Belloni and Schreiber, 2023; Ivanova et al., 2013a].

CEE is therefore accepted as an essential process in the formation of close,

short-period compact binaries [Ivanova et al., 2013a; Taam and Sandquist,

2000].

2. The envelope is not ejected, and the binary components continue to spiral in

until they collide. The result of this is the merging of the binary components to
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form a single star with increased mass, and often a rapid initial spin due to the

transfer of orbital angular momentum into the spin angular momentum of the

merger remnant. If the star formed by the merger exceeds the relevant mass

limit, the merger may also initiate further evolution through collapse [Ivanova

et al., 2020]. As noted in the introduction, mergers are key sources of many ex-

treme astrophysical phenomena, such as gamma-ray bursts [Belczynski et al.,

2006] and gravitational waves. The aforementioned �rst detection of gravita-

tional waves by LIGO was the result of a black hole� black hole merger.

Despite the clear importance of CEE, physically accurate and detailed models are

severely lacking. Of course, a condition separating the two above outcomes would be

of great utility for predicting a system's evolution. However, as noted in Marchant

et al. [2021], such a condition is not yet known. Furthermore, the lack of a com-

plete physical picture of CEE means that existing models rely on the use of often

poorly de�ned free parameters. This problem is only worsened by the fact that the

exact values of these parameters are also expected to di�er greatly between sys-

tems [Ivanova et al., 2013a]. In fact, Ivanova et al. [2013a] states that \common

envelope evolution is one of the most important unsolved problems in stellar evolu-

tion, and is arguably the most signi�cant and least-well-constrained major process

in binary evolution".

3.7 Accretion Disc Formation

So far the accretion geometry, i.e. the path taken by infalling material, has not been

considered. The most simple con�guration would be a radial in
ow of material from

the donor, where the material has been assumed to have zero angular momentum.

In reality, however, this is rarely the case. As material with non-zero angular mo-

mentum falls towards the accretor, it begins to rotate around it rather than falling

directly inward � being accelerated to supersonic speeds as it leaves the inner La-

grangian point. The infalling material can therefore be considered as approximately

following the path of a free particle [Spruit, 2014]. When these supersonic particle

streams are decelerated, usually by intra-stream collisions, shocks develop [Caditz,

1998]. These shocks propagate outwards as waves that heat and compress the in-


owing material, further increasing the frequency of collisions. As a result, angular

momentum and energy are both in constant exchange among the orbiting particles.

Angular momentum is conserved while energy is dissipated via collisions, and so the

largely random paths eventually settle into the lowest-energy orbit: a ring [Spruit,

2014]. The radius of this ring is the circularisation radius, which is approximately
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equal to the radius of a Keplerian orbit of zero eccentricity which would have the

same angular momentum per unit mass as the infalling material [El Mellah et al.,

2019]. Tidal forces resulting from the gravitational �eld and rotation of the accretor

align this ring with the rotational axis where, if the ring exhibits su�cient viscos-

ity, it then spreads inwards and outwards radially to form a disc. Friction due to

gravity and di�erential rotation in the disc heats the material signi�cantly, causing

it to travel inwards as it loses angular momentum. As it does so, it releases its

gravitational potential energy which� along with the heating of the material� makes

accretion discs extremely luminous [Lewin and van der Klis, 2006]. The structure

and behaviour of an accretion disc can provide key insight into the properties of

the binary system in which it was formed and so, along with their clear importance

to binary evolution, accretion discs are also of great importance to observational

astronomy.

3.8 X-rays and the Boundary Layer

The boundary layer, a region between the accretor and the inner region of its disc, is

of fundamental importance to the evolution of compact binary systems. In addition

to its role as a mediator of the transfer of mass and angular momentum between

the binary components [Popham and Narayan, 1995], the boundary layer is also a

signi�cant emission region: in non-rotating systems, this region can be responsible

for up to half of the total luminosity produced via accretion [Popham and Narayan,

1995]. The small size of the boundary layer causes it to dominate emission at high

energies, which is in no small part responsible for the signi�cant X-ray emission

observed in many compact binary systems. This X-ray emission is often split into

two (not well-de�ned) types: `hard' and `soft' X-rays. Hard X-rays are emitted by

extremely hot material with a typical temperature of ' 107� 108 K. These X-rays are

therefore very energetic (& 10 keV) and hence highly penetrative. Soft X-rays are

emitted from signi�cantly cooler material ( ' 106 K), and are therefore less energetic

(. 10 keV) and more easily absorbed. The contribution of either to a system's total

luminosity in X-rays largely depends on the optical thickness of the emission region,

and hence on the rate of mass transfer. For low accretion rates of. 10� 10 M � yr � 1,

the boundary layer is optically thin and hence signi�cantly hotter; the contribution

from hard X-rays increases. If the mass accretion rate is instead much larger, the

boundary layer becomes optically thick and consequently cools to temperatures that

favour soft X-ray emission [Hertfelder et al., 2013].
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3.9 Accretion as a Source of Energy

It has been established that in addition to accretion's role as a driver of interacting

binary evolution, it is also a signi�cant source of energy. However, it would be useful

to place this in context by providing a more quantitative comparison to the other

primary mechanism of energy production in stars: fusion. Due to the equivalence

of mass and energy, the key parameter to consider here will be the e�ciency of

conversion: the fraction of input mass that is radiated as heat. This is given by:

� =
E

mc2 (3.4)

whereE is the released energy,m is the rest mass of the material andc is the speed

of light [Fabian, 2009].

3.9.1 The E�ciency of Fusion

In the earlier section on single stars, it was noted that' 0:7% of the input mass of

hydrogen is released as energy during fusion. By de�nition, this sets the e�ciency

of the nuclear fusion of hydrogen at' 0:7%. It was also noted that this e�ciency

decreases with the fusion of heavier elements, and so this is in fact the maximum

possible e�ciency of fusion in stars.

3.9.2 The E�ciency of Accretion

The gravitational potential energy released by the accretion of material (i.e. by a

given mass falling into a body due to gravitational capture) is given by

� Eacc =
GMm

R
(3.5)

where G is the gravitational constant, M and R are the mass and radius of the

accretor, respectively, andm is the mass of the infalling material. Most of this energy

is expected to be released via radiation processes [Juhan et al., 2002]. Combining

Eqs. 3.4 and 3.5, we acquire the accretion e�ciency:

� =
GM
c2R

(3.6)

where all terms have been de�ned previously. From this, it is clear that the e�ciency

of accretion only depends on the ratio of the accretor's mass and radius� i.e. its

compactness. Considering the case of an average neutron star of massM = M �

and radius R = 10 km, Eq. 3.6 gives an e�ciency of ' 15%. The e�ciency of
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accretion onto a black hole is made more complicated by the presence of an event

horizon but is found to be ' 6% for a non-rotating black hole [Thorne, 1974]. The

distinction of a non-rotating black hole is actually an extremely important one,

as the accretor's spin (which is not taken into account in Eq. 3.6) has a signi�cant

e�ect on the accretion e�ciency. In the case of a neutron star of maximally fast spin,

the e�ciency of accretion can be as high as 67% [Sibgatullin and Sunyaev, 2000].

Similarly, the e�ciency of accretion onto a black hole of maximal spin can reach

up to 32% [Thorne, 1974]. In any case, comparing the derived accretion e�ciencies

to that of fusion clearly shows accretion onto a neutron star or black hole to be a

signi�cant source of energy.

When considering interacting white dwarf binaries, however, this conclusion

is not so simple. An average white dwarf with a massM = M � and a radius

R = 7 000 km [Lamers and Levesque, 2017] in Eq. 3.6 suggests an e�ciency of only

0.02%� 35 times less than that of the nuclear fusion of hydrogen. However, just

like neutron stars and black holes, white dwarfs do not actively produce any energy

through nuclear fusion. Despite its limited e�ciency, accretion therefore still stands

as the primary means of energy production in interacting white dwarf binaries.

3.9.3 The Eddington Limit

In the above, it has been implicitly assumed that a compact object can accrete

material from its companion without limitation. However, a limit does exist. The

Eddington limit sets the maximum luminosity (the Eddington luminosity) of a star

in hydrostatic equilibrium. Assuming spherical symmetry:

L Eddington =
4�GMc

�

where G is the gravitational constant, c is the speed of light,M is the mass of the

star, and � is the electron scattering opacity [Sanyal et al., 2015]. Radiation prop-

agating within the star is prone to scattering by free electrons, and so� is set by

the free electron density. If the rate of mass transfer in a given system is su�ciently

large to generate 
ux in excess of the Eddington luminosity, the accretion e�ciency

is consequently lowered by radiation-driven mass loss away from the accretion sur-

face (see Owocki et al. [2004] for a thorough review). The limiting rate of mass

transfer is known as the Eddington mass-accretion rate [Podsiadlowski, 2014] and is

an important indicator of whether a system's mass transfer can be considered con-

servative. It is worth noting that we have said here that the Eddington luminosity

can be exceeded, despite its de�nition as anupper limit . So-called super-Eddington
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accretion is indeed possible and is thought to be caused by a non-spherical accretion

geometry or various instabilities, although the exact details of this process are not

well-understood [Brightman et al., 2019].

With the primary mechanisms that drive the formation and evolution of

compact binaries illuminated, we can now explore the various kinds of systems that

arise. The initial focus will be on compact binaries containing a white dwarf accretor.
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Chapter 4

White Dwarf Binaries

4.1 Formation Channels

Figure 4.1 shows the major formation channels for white dwarf binaries (for those

arising from a more massive initial con�guration, see Fig. 5.1). The initial binary

depicted here (a) consists of a more massive primary star (the leftmost star in

all stages), which consequently evolves o� of the main sequence faster than its

lower mass companion to form a red giant. The resulting expansion of the primary

component's stellar envelope initiates mass transfer via Roche lobe over
ow (a! b),

but it is important to note that the evolution of the donor in this stage is not

necessary; the same state could be achieved through Roche lobe shrinkage. We then

see the importance of our previous considerations of mass transfer stability.

For dynamically stable mass transfer (b! c), the system remains stable on

a timescale set by the response of the orbit to mass loss (Eqs. 3.2 and 3.3). If

the system's response to mass transfer is to decrease its orbital separation, the

result is a close binary in which the core of the primary star has shrunk to form

a white dwarf (c ! g). In the opposite scenario, the orbital separation increases

until neither component �lls its Roche lobe. In this case, the system is `detached'

and mass transfer can only occur through the signi�cantly slower mechanism of

gravitational capture of the stellar wind (c ! e). If the timescale for signi�cant

orbital angular momentum loss is su�ciently short, it may once again be observed

as a close white dwarf� main sequence binary (e! g). Failing this, fusion in the

secondary eventually ceases and, asM 1 & M 2, the system becomes a wide, double-

degenerate white dwarf� white dwarf binary (e ! h).

For dynamically unstable mass transfer (b! d), a CE phase is initiated fol-

lowing rapid orbital shrinkage from runaway mass loss. If the envelope is ejected,
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Figure 4.1: Possible evolutionary pathways of a main sequence� main sequence bi-
nary to form various types of compact binaries. The leftmost star in the initial
binary con�guration is more massive and hence evolves on a shorter timescale. Both
stars have an initial mass. 10 M� , and arrows denote transitions between stages
of evolution. Information adapted from [Belloni and Schreiber, 2023].

orbital shrinkage is halted and a signi�cantly tightened binary emerges. Fusion in

the red giant eventually ceases, and a white dwarf� main sequence binary is born

(d ! g). If the envelope is not ejected, orbital shrinkage continues until the two
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components ultimately collide� a merger (d! f). Much like the initial onset of

mass transfer, the period of unstable interaction from which a CE phase arises can

be initiated either by Roche lobe shrinkage (in this case as a response to mass loss)

or by the evolution of the primary. In most cases, any further evolution then stems

from the now-familiar con�guration of a close (near-interacting) white dwarf � main

sequence binary (g).

If the timescale for nuclear evolution of the secondary is su�ciently shorter

than the timescale for orbital angular momentum loss, a symbiotic binary is born

as the secondary evolves into a red giant without engul�ng the white dwarf (g! i).

For dynamically stable mass transfer, the timescale on which the system remains in

this con�guration is once again set by the response of the orbital separation to mass

transfer.

If the mass transfer is instead dynamically unstable, a second CE phase is ini-

tiated following rapid orbital shrinkage (i ! k). Again, it is important to remember

that a second phase of CEE could also have been initiated were the orbit su�ciently

close at the time of the secondary's evolution� bypassing the formation of a symbi-

otic binary (g ! k). If the system survives the resulting CE phase by ejecting the

envelope, the result is a white dwarf� evolved secondary binary (k! m). Here, an

`evolved secondary' is either a helium star (the remains of a formerly massive star

that has lost its hydrogen-rich envelope) or a white dwarf. If the envelope is not

ejected, the components spiral in before colliding in a merger (k! l). Assuming the

system survives the second phase of CEE and the secondary completes its evolution

to form a white dwarf, the system becomes an AM CVn as mass transfer is initiated

(m ! n).

We return now to the alternative case in the original con�guration of a close

white dwarf� main sequence binary (g). If the orbit instead shrinks su�ciently on

a timescale shorter than the secondary's nuclear timescale, a cataclysmic variable

is born as mass transfer onto the white dwarf is initiated via Roche lobe shrinkage

of the secondary (g! j). Once fusion eventually ceases in the secondary and it

collapses to form a white dwarf, the endpoint of an AM CVn system is once again

reached (j! n).

As was noted in the section on single stars, any white dwarf can only remain

stable for as long as its mass remains below the Chandrasekhar limit. Many of the

various forms of accreting white dwarf binary are therefore expected to be potential

progenitors to Type Ia supernovae. See [Belloni and Schreiber, 2023] for a full

review.
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4.2 Symbiotic Stars

With an understanding of the main evolutionary pathways from which white dwarf

binaries arise, we can now look at these systems in greater detail. The focus here

will largely be on cataclysmic variables, but we should �rst consider the result of

the alternative pathway: symbiotic binaries.

As established in the above discussion, symbiotic systems are wide binaries in

which a compact primary accretes from an evolved secondary. Figure 4.1 only shows

the formation of a symbiotic binary containing a white dwarf, but similar systems

have also been found to support a neutron star accretor [Bozzo et al., 2022]. In this

case, the system is known as a symbiotic X-ray binary. The evolved secondary is a

typical red giant [Mikolajewska, 2002] in approximately 80% of symbiotic systems,

with the remaining 20% being primarily Mira variables. These are cool red giants

which emit radial pulsations, brightening by up to 2:5 mag on a period of 150�

1000 d [Mattei, 1997], with a typical mass of. 2 M� [Ireland et al., 2004]. Symbiotic

systems typically have an orbital period on the order of hundreds to thousands of

days and, like many other white dwarf binaries, are expected progenitors of Type Ia

supernovae [Luna et al., 2013]. The rate of accretion onto the compact primary can

be large enough to support stable nuclear burning on its surface, with the energy

released by this process being radiated as X-rays. Accretion is rarely driven by

Roche lobe over
ow in these systems, instead resulting from gravitational capture

of the giant companion's stellar wind [Belloni and Schreiber, 2023]. As a result, the

typical accretion rate in these systems is low: 10� 11 � 10� 7 M � yr � 1 [Lima et al.,

2024].

4.3 Cataclysmic Variables

4.3.1 Properties and Evolution

Cataclysmic variables (henceforth CVs), named after the violent interactions that

they exhibit, are the most abundant form of interacting compact binaries [Belloni

and Schreiber, 2023]. Figure 4.1 shows the formation pathways that lead to a CV,

with the majority of these systems being formed from a CE phase in which the core of

a red giant shrinks to a white dwarf in a tight binary. Many of the resulting systems

are initially in a detached state upon ejection of the envelope, until mass transfer is

initiated through orbital shrinkage. The system then evolves as a CV, with magnetic

braking and gravitational wave radiation further decreasing the orbital separation

(and hence the orbital period) [Warner, 1995].
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A key manifestation of the angular momentum-driven evolution of a CV is

the existence of a period gap and a period minimum.

4.3.1.1 The Period Gap

The period gap� an observed lack of CVs with orbital periods in the range 2�

3 h� can be explained through the mechanism driving angular momentum loss: mag-

netic braking. As noted previously, the orbital period of a CV continues to decrease

after its initial formation due to magnetic braking. Once the orbital period reaches

' 3 h, the e�ect of magnetic braking is thought to be signi�cantly reduced by a recon-

�guration of the donor's magnetic �eld [Rappaport et al., 1983]. The donor, which is

larger than it would be at thermal equilibrium due to prior angular momentum loss,

then shrinks back to its equilibrium radius and mass transfers ceases as it no longer

�lls its Roche lobe. Since the system is no longer interacting during this phase, it

will not be observed as a CV. The range of orbital periods for which this occurs is

largely set by analysis of known CV populations, with recent observations �nding

a signi�cant lack of systems in the period range of 2:15 . Porb . 3:18 h [Knigge,

2006]. Gravitational wave radiation supersedes magnetic braking as the dominant

driver of angular momentum loss as systems tend towards shorter orbital periods,

resulting in much slower evolution. The separation (and hence the orbital period) in

these systems continues to decrease until mass transfer is reinstated and the system

re-emerges as a CV with a period below the period gap [Knigge et al., 2011].

4.3.1.2 The Period Minimum

As discussed in Paczynski and Sienkiewicz [1983], the period minimum is a result of

the donor's response to mass transfer. The thermal timescale of the donor increases

as its mass decreases (� KH / M � 2) until, similarly to what occurs at the upper

edge of the period gap, it can no longer adjust its radius on a su�ciently short

timescale. The donor therefore becomes `bloated' as its radius is left too large for

its mass. At roughly the same point in the evolution of the system, the mass of the

donor drops to . 0:08 M� at which point the core can no longer sustain hydrogen

burning. This robs the star of its source of thermal energy, and the core begins to

become electron degenerate. The radius of electron degenerate stars increases with

decreasing mass, and hence the CV turns around in its period evolution� the radius

and period now grow upon further mass loss. This sets an approximate minimum

period below which the orbit `bounces' back. Observations of CV populations place

this minimum period at 80 � 86 min, owing to a signi�cant spike in the number of
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systems in this range [G•ansicke et al., 2009].

4.3.2 Classical Novae

Classical novae occur when accreted hydrogen builds up on the surface of the white

dwarf, increasing the density and temperature of the innermost layers as more and

more material accretes on top of it. Once this shell of material reaches a critical

density, it ignites in a runaway hydrogen fusion reaction. The shell produces a vast

amount of energy as it burns and rapidly expands, eventually being ejected from

the system entirely [Chomiuk et al., 2021]. This may also a�ect the evolution of the

system through frictional angular momentum loss [Schreiber et al., 2016]. Eruptions

typically last a few to several hundred days and can increase the luminosity of a

system by � m = 8 � 15 mag. When a classical nova has been observed to occur

multiple times for a single system, the system is instead referred to as a recurrent

nova.

4.4 Non-magnetic Cataclysmic Variables

Within the CV class, there are several subtypes with di�ering physical and observ-

able properties. The presence of a strong magnetic �eld is particularly important

when drawing distinctions between these subtypes, due to its e�ect on disc formation

and the accretion geometry [Warner, 1995]. On account of this, the magnetic/non-

magnetic subtypes will be discussed separately.

As noted above, CVs are named as such due to the violent (and in many cases

frequent) interactions that take place within them. The observable manifestations

of these interactions can be largely summarised as spikes in luminosity on varying

timescales and of varying magnitude. One source of these spikes was seen in the

eruptions of classical novae, for which the primary means of energy production is

fusion. The second source, dwarf novae, are instead driven by gravity. Unlike

classical novae, which can be observed equally in both magnetic and non-magnetic

CVs, dwarf novae are largely restricted to non-magnetic systems.

4.4.1 Dwarf Novae

The dwarf novae class contains a number of subtypes and is the most abundant

form of CVs. In the 1970s, two models were battling to explain frequent luminosity

spikes (`outbursts') that were observed in known CVs [Yoji, 1996]. The �rst, Bath

[1973], proposed that these outbursts are caused by an unstable rate of accretion
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Figure 4.2: Left panel: g-band ZTF light curve of the dwarf nova
J023517.98+411402.25, KW And. The light curve shows seven dwarf novae out-
bursts of ' 3 mag, with one highlighted in red. Right panel: zoomed-in light curve
of the highlighted outburst showing a rise and consequent decay to quiescence over
' 20 d.

onto the white dwarf. In contrast, the second suggests that mass transfer rates from

the secondary are in fact stable and that these spikes are instead caused by growing

instabilities in the system's accretion disc [Osaki, 1974]. After this instability reaches

a maximum and causes the disc to outburst in a dwarf nova, the disc cools and the

cycle repeats (see Fig. 4.2). Following the proposal of a solid mechanism for the

thermal instability of the accretion disc in 1980 and further supporting discoveries

shortly thereafter, the latter has since become the accepted mechanism of dwarf

nova outbursts [Yoji, 1996]. The resulting spikes in brightness usually last' days,

and increase the magnitude of the system by' � m = 2 � 5 [Warner, 1995] with a

frequency of one per' 10 � 200 d [Osaki, 1974]. The following subtypes (SU UMa,

ER UMa, WZ Sge, and Z Cam dwarf novae) are all forms of dwarf novae, with any

remaining systems being classi�ed as U Gem dwarf novae.

4.4.1.1 SU UMa Dwarf Novae

The key property of SU UMa novae is the presence of occasional `superoutbursts',

which are greater in magnitude than standard outbursts by ' 1 mag [Osaki and

Kato, 2013b], and last weeks to months [Warner, 1995]. Superoutbursts typically

occur before and after a phase of smaller outbursts: a `supercycle', where the smaller

outbursts are the disc instability novae described above [Osaki and Kato, 2013a].

These supercycles have a typical recurrence time of a few hundred days [Vogt, 1980].

Perhaps the most important characteristic of these superoutbursts is the presence

of superhumps caused by tidal instability of the accretion disc, which are periodic

oscillations in luminosity during the outburst decay [Warner, 1995]. These occur on
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Figure 4.3: Light curves of J081228.27+623622.43, SU UMa� the prototype of its
class. Top left panel: g-band ZTF light curve, showing frequent superoutbursts.
Errors are too small to be seen. Top right panel: TESS light curve of one of its
superoutbursts. Bottom left panel: TESS light curve, zoomed in on superhumps in
the region indicated by the grey region in the top right panel. Bottom right panel:
Lomb-Scargle power spectrum of these superhumps, suggesting a superhump period
of ' 1:92 h� 4.9% longer than the system's orbital period.

Figure 4.4: Left panel: g-band ZTF light curve of J094711.95+515408.9,
ER UMa� the prototype of its class. Errors are too small to be seen. One of many
visible superoutbursts is highlighted in red. Right panel: zoomed-in light curve of
the rise and decay of the highlighted superoutburst.
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Figure 4.5: Left panel: g-band ZTF light curve of the WZ Sge dwarf nova
J123225.80+142042.30, AL Com. The light curve shows one clear outburst of
' 7 mag in the total coverage of' 5:5 years.

a period only fractionally (2 � 3% [Osaki and Kato, 2013b]) higher than the orbital

period (see Fig. 4.3).

The mechanism behind superoutbursts and supercycles in SU UMa stars is

not fully understood, but there have been three proposed models. These are the

thermal-tidal instability model, the enhanced mass-transfer model, and the thermal

instability model [Osaki and Kato, 2013a]. No consensus on the most physically

plausible mechanism has yet been reached. For further description of these models,

see Osaki and Kato [2013a].

4.4.1.2 ER UMa Dwarf Novae

ER UMa dwarf novae are a sub-set of SU UMa systems, with the de�ning character-

istic of signi�cantly more frequent superoutbursts and far shorter supercycles. The

same supercycles that take place in SU UMa systems occur an order of magnitude

more frequently, with a typical recurrence time of only 19 � 44 d. The standard

(disc instability) outbursts within these supercycles also occur with a much shorter

recurrence time of only 3� 4 d [Kato et al., 1996] (see Fig. 4.4). This is thought

to be caused by mass transfer rates up to an order of magnitude higher than what

is observed in SU UMa systems, leading to greater thermal and tidal disc instabili-

ties [Kato et al., 1996].

4.4.1.3 WZ Sge Dwarf Novae

On the opposite end of the spectrum in terms of superoutburst frequency are WZ Sge

systems, with a typical recurrence time of' 10 yr between superoutbursts. While

infrequent, these superoutbursts are extremely bright� increasing the luminosity of
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Figure 4.6: Left panel: g-band ZTF light curve of the Z Cam dwarf nova
J203104.53+472200.32, V507 Cyg. Errors are too small to be seen. The light curve
shows three distinct periods of standstill and the start of a fourth at ' 2000 d, with
the third and longest such period lasting ' 800 d. Right panel: zoomed-in light
curve showing the �rst period of standstill, which is followed by an outburst and a
consequent decay to quiescence.

the system by � m � 8 [Kato et al., 2002]. They are also often followed by smaller

`echo' outbursts which brighten the system by multiple magnitudes and occur'

days to months after the initial superoutburst [Patterson et al., 1998]. It has been

proposed that these are caused by irradiation of the secondary following the increase

in 
ux from the initial outburst [Buat-M�enard and Hameury, 2002]. An important

point in support of this model is that it successfully predicts the observed decay

pattern in these systems, which is essentially unchanged by the presence of echoes:

the echoes simply appear to be superimposed on top of the outburst decay. This

suggests that echoes are not caused by the same mechanism that drives the initial

outburst, as the decay continues as it would if they were absent [Augusteijn et al.,

1993]. In contrast to ER UMa systems, the infrequency of superoutbursts in WZ Sge

systems is thought to be a result of a low mass transfer rate from a low-mass

companion. A light curve of a known WZ Sge system is shown in Fig. 4.5.

4.4.1.4 Z Cam dwarf Novae

When the rate of mass transfer in a CV is high enough, the disc can become ther-

mally stable [Kato, 2018]. In Z Cam systems the mass transfer rate is thought to

be near this critical level, resulting in temporary periods of thermal stability in the

disc. This temporary stability manifests as `standstills' in brightness between the

quiescent and peak outburst luminosities [Warner, 1995] (see Fig. 4.6).
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Figure 4.7: Left panel: g-band ZTF light curve of the AM CVn system
J191905.18+481506.05, showing extremely frequent outbursts of' 3 mag. Right
panel: g-band ZTF light curve of the AM CVn system J092638.73+362402.46,
YZ LMi, showing infrequent outbursts of ' 2:5 mag and eclipses of' 1 mag.

4.4.1.5 U Gem dwarf Novae

The U Gem subtype encapsulates all systems that do not fall into the previously

discussed (SU UMa, ER UMa, WZ Sge, and Z Cam) dwarf novae subtypes.

4.4.2 Novalike Variables

As noted in the description of Z Cam systems, an accretion disc can become ther-

mally stable given a high enough rate of mass transfer. This is also the case in nova-

like variables, where extreme mass transfer rates result in the disc being in a constant

state of thermal stability [Kato, 2018]. Consequently, a key property of non-magnetic

novalike variables is that no outbursts occur� they are non-eruptive [Fabian, 2009].

There are several subtypes within the non-magnetic novalike variable category, ow-

ing to particularities in observed luminosity variation [Warner, 1995].

4.4.3 AM CVn

The key characteristic of AM CVn systems is accretion onto a white dwarf from

a hydrogen-de�cient donor, usually a lower mass white dwarf or an evolved and

therefore helium-rich star [Ramsay et al., 2018]. In any case, the evolution of the

donor requires the system to undergo signi�cant orbital shrinkage in order for mass

transfer to be initiated through Roche lobe over
ow. As a result, AM CVn systems

have very short orbital periods of . 65 mins [Solheim, 2010]. While three di�erent

channels have been proposed for the formation of these systems, a consensus on the

most physically plausible pathway has not yet been reached [Ramsay et al., 2018].

Depending on the orbital period (and hence orbital separation) of a given
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AM CVn system, di�erent structural properties arise. Due to similarities with the

previously discussed CV subtypes, this can make the classi�cation of AM CVn sys-

tems di�cult. For systems with the shortest orbital periods ( . 12 min), no sig-

ni�cant accretion disc can form. Systems with an intermediate orbital period of

12� 20 min can support a large accretion disc and hence show fairly constant emis-

sion from the hot, stable disc, much like some novalike variables. For orbital periods

of 20� 40 min, the system supports the formation of a thermally unstable disc which

may give rise to both outbursts and superoutbursts. The light curves of these sys-

tems are therefore very similar to those of SU UMa systems. The �nal group, with

orbital periods of & 40 min, only support the formation of a cool, stable disc. The

light curves of these systems are therefore similar to those of any dwarf nova in qui-

escence. Despite the apparent similarity of AM CVn systems to many non-magnetic

CV subtypes, no analogue to strongly magnetic CVs (see below) has yet been found.

This may be a result of the lack of a representative population, however, with only

' 60 AM CVn systems being known [Inight et al., 2023]. See Solheim [2010] for a

full review.

4.5 Magnetic Cataclysmic Variables

As noted at the start of this section, the presence of a strong magnetic �eld around

the white dwarf is of particular importance to categorising CVs due to its e�ect

on mass transfer and the accretion geometry. A strong magnetic �eld causes the

in
owing ionised stellar material to be coupled to �eld lines, where it travels towards

the white dwarf and is directly accreted onto its surface near one or both of its

magnetic poles [Oliveira et al., 2017]. The formation of an accretion disc is therefore

either disrupted or stopped entirely, with the former resulting in the truncation of

the disc close to the white dwarf. A `strong' magnetic �eld is typically considered

to be B & 1 MG. While no consensus on the origin of these magnetic �elds has

yet been reached, a promising mechanism has recently been suggested by Schreiber

et al. [2021]. This will be further discussed later.

4.5.1 Polars

The �rst polars were found as a result of polarisation measurements which suggested

the presence of an unusually strong magnetic �eld [Smith, 2006]. Also known as AM

Her type systems after their prototype star AM Herculis, polars are magnetic CVs

with a typical magnetic �eld strength of more than 10 MG [Warner, 1995]. The

strength of the �eld results in the Alfv�en radius extending beyond the circulari-
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Figure 4.8: Left panel: g-band ZTF light curve of the polar J161007.50+035232.77,
V519 Ser, showing transitions between two distinct brightness states. The presence
of a strong magnetic �eld stops the formation of an accretion disc, resulting in a
complete lack of outbursts.

sation radius, stopping the formation of an accretion disc as the trajectory of the

infalling material is dominated by its motion along magnetic �eld lines [Cropper,

1990]. Accretion therefore follows the mechanism outlined above, with material

being transported onto the magnetic poles of the white dwarf. As the infalling

material is decelerated near the white dwarf surface, shocks develop which result

in the emission of hard X-rays. Most of these are reprocessed by the white dwarf

surface, and so are detected at much lower energies [Cropper, 1990]. The spiralling

of charged particles along magnetic �eld lines releases optical cyclotron radiation

which is strongly polarised, and it is this property that was responsible for the ini-

tial magnetic white dwarf detections mentioned above [Warner, 1995]. Another key

observable property of polars is the presence of distinct high and low states in their

luminosity variation, which is thought to be a result of changes in the rate of mass

transfer [Wu and Kiss, 2008]. An example is shown in Fig. 4.8. These systems can

also be identi�ed through their orbital and white dwarf spin periods, due to interac-

tions between the strong magnetic �eld of the white dwarf and the weaker magnetic

�eld of the donor which cause the two to become synchronised [Smith, 2006]. Violent

events such as novae outbursts and classical novae eruptions are thought to knock

some polars slightly out of synchronisation, in which case the system is known as

an asynchronous polar [Barlow et al., 2006].

4.5.2 Intermediate Polars

In terms of the strength of their magnetic �eld, intermediate polars (also referred to

as as DQ Her stars after their prototype star, DQ Herculis) sit between polars and

non-magnetic CVs [Smith, 2006]. The reduced strength of the magnetic �eld results
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Figure 4.9: Left panel: g-band ZTF light curve of the intermediate polar
J114338.49+714120.56, DO Dra, showing its distinct brightness states. The mag-
netic �eld is not strong enough to completely stop the formation of an accretion
disc, leading to disc instability outbursts.

in the Alfv�en radius extending beyond the white dwarf radius, but not reaching the

circularisation radius. Infalling material then forms an accretion disc which extends

inwards to the Alfv�en radius, beyond which the motion of the material is dominated

by the e�ect of the magnetic �eld. The disc is therefore truncated in these inner

regions, with material being transported to the magnetic poles [Giovannelli, 2008].

As with their more magnetic counterpart, intermediate polars are therefore signi�-

cant sources of X-ray emission [Warner, 1995]. The successful formation of the outer

region of the disc means that, unlike polars, intermediate polars can support disc

instability novae through the mechanisms discussed for non-magnetic CVs [Warner,

1995]. An example is shown in Fig. 4.9. Another important result of the weakened

magnetic �eld is that the white dwarf spin is no longer synchronised to the orbital

period, and so Pspin << P orb [Giovannelli, 2008]. In many cases, the di�erence

between these is up to an order of magnitude [Smith, 2006].

4.5.3 Pre-Polars

Also known as low-accretion rate polars, pre-polars are detached systems in which

mass transfer only occurs via capture of the donor's wind. As a result, the accretion

rate is more than two orders of magnitude lower than in polars [Kafka et al., 2010].

The motion of captured material is once again dominated by the e�ect of the white

dwarf's strong magnetic �eld. There has been signi�cant debate as to whether
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