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On the Structure of Accretion Flows in Compact
Accreting Objects: A Variability Study Across

Scales

Martina Veresvarska

Abstract:

Accretion is the most efficient process in the Universe that we know of generating energy
from matter. It is behind some of the most luminous phenomena ever observed and is
present across all scale sizes, from supermassive black holes at the centres of galaxies through
stellar mass black holes to degenerate dead cores of stars, such as white dwarfs and neutron
stars. Accretion is fundamental for understanding how elements are redistributed across the

Universe and what happens to stars after they run out of nuclear fuel.

This thesis focuses mostly on white dwarfs accreting material via Roche-Lobe overflow from
a donor in a binary system and low-mass X-ray binaries, where the accretor is a neutron
star. The goal of this thesis is to demonstrate the similarities in geometrical structure of
accretion flow around these systems, especially in the context of broad-band aperiodic and

non-coherent quasi-periodic variability.

Firstly, this thesis presents the first detection of an outer edge of the thin accretion disc in
an ultra-compact accreting double white dwarf system SDSS J190+3940. I use this discovery
to showcase the similarity to a disc dominated broad-band variability of X-ray binaries by
adapting an X-ray binary model to model the accretion flows in SDSS J1904+-3940, showing

consistent results with the detected disc edge region.

This thesis also reports on the discovery of a new type of quasi-periodic oscillation in accreting
white dwarf systems, which are analogous to well known quasi-periodic oscillations in X-ray
binaries. Here I propose to explain this behaviour as due to precession of an inner accretion
flow lifted from the accretion disc plane by magnetic warping torque. This model originally
proposed to explain similar phenomena in neutron star binaries also represents another link
between accretion across scales. I further apply this model to a rare class of accreting neutron

stars, so called pulsating ultra-luminous X-ray sources. Currently only three systems show



Abstract ii

these oscillations whilst being confirmed neutron stars. Therefore, measuring their intrinsic
magnetic is still an open question. In this instance the model applied in this thesis also allows

to constrain the lower limit of the magnetic field of the neutron stars to > 10'? G.

Furthermore some transient phenomenology of accreting white dwarfs, referred to as mi-
cronovae are discussed. Micronova bursts serve as a link to thermonuclear bursts in neutron
star X-ray binaries. Here two new systems displaying these bursts are shown. One of them,
an intermediate polar DW Cancri, is also found to be undergoing transient behaviour of

pole-flipping, which begins shortly prior to the burst.

In summary, this thesis pertains to varied observational phenomena in accreting systems.
The overarching theme focuses on the links between different accreting systems, showcasing

the scale-invariant nature of accretion physics as a tool in studying accretion flow geometry.

Supervisor: Dr Simone Scaringi
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Chapter 1

Introduction

For most of the history of astronomy, Newton’s theory of gravity has provided the main and
obvious source of energy considered for the stars and other celestial bodies. The discovery of
nucleosynthesis in stellar cores has shone some new light on the processes that power stars
and explain their lifespans. But it is accretion, the process by which matter can be converted
into energy, or rather by which the potential energy bound in matter can be released as

luminosity, which is at the core of many research branches of astronomy today.

1.1 Accretion as an Energy Source

Accretion is the most efficient process to release energy in the form of luminosity from matter
(Frank et al., 2002a). Even more so, it impacts the entirety of the electromagnetic spectrum,
from radio (Fender & Gallo, |2014) to gamma rays (Narayan et al., 2001)). Furthermore, many
accreting objects, with compact accreting binary systems as a leading example, are predicted
to be important sources for new generation of gravitational wave detectors, such as the Laser
Interferometer Space Antenna (LISA) (Amaro-Seoane et al., 2017; Kupfer et al., 2018; Burdge
et al., 2020; Kupfer et all |2024)). There have been many discoveries over the past decades
which have led to accretion becoming such a prominent field of study in astronomy today.
One of them is the discovery of black holes (BHs) and the magnitude of their gravity’s effect
on their immediate surroundings (Webster & Murdinl [1972). Another great example is the
association of strong X-ray emission to accreting stellar mass black holes and neutron stars
(Remillard & McClintock, 2006]). And one of the fundamental results of the past few years,
the first image of a BH showing the hot gas surround the super massive black hole (SMBH)
at the centre of a face on galaxy M87 (Event Horizon Telescope Collaboration et al., [2019))



1.1. Accretion as an Energy Source 2

and at the centre of the Milky Way Sagittarius A* (Event Horizon Telescope Collaboration
et al., [2022)). All of these advances showcase the power and universal nature of accretion,

highlighting the need for better understanding of this process.

There are many types of systems with active accretion across all scale sizes in the Universe.
On the most massive scale, there are SMBH in the centres of galaxies. These systems,
when actively accreting are known as Active Galactic Nuclei (AGN) (Netzer, 2015) and are
the most luminous persistent objects in the Universe. They play a fundamental role in the
galaxy evolution and feedback, being substantially responsible for the Universe we observe
today (Harrison & Ramos Almeida, |2024). On a smaller scale, there are X-ray binary systems
(XRBs) which host a stellar mass black hole or a neutron star as the accretor (Done et al.,
2007). These stellar remnants provide insight into stellar evolution as they vary on much
shorter timescales, making it easier to probe the high energy processes that regulate their
behaviour. Larger, but less dense are accreting white dwarfs (AWDs), which in binary systems
accrete predominantly via Roche lobe overflow (Warner, 2003, |1995)). Depending on their
donor type and evolution they are divided into cataclysmic variables (CVs) (Warner, 2003))
or AM CVns (Warner, 1995) (see Section [1.3|for more detail). Other types of AWDs are also
symbiotic stars (Munari, 2019), which have extremely long orbital periods (~ years), where
accretion occurs mostly through stellar wind. Most stars end their life as white dwarfs, making
them closest and most numerous population of all the accreting systems (Althaus et al.|
2010). Their relatively fast variability (~minutes to ~years) coupled with most emission
being in the optical part of the spectrum makes them the ideal laboratories for studying
accretion as a process. AWDs are also crucial for understanding the origins of Supernovae,
high energy transient phenomena, which are fundamental to the evolution of the Universe
at large scales. Studying the dynamics of AWDs can also improve our understanding of
the origins of gravitational waves as these systems form some of the most local sources of
gravitational waves in our galaxy (Kupfer et al., [2018; [Burdge et al., 2020} Scaringi et al.,
2023; Kupfer et al., 2024).

As mentioned previously, accretion is the process by which luminosity is released from the
potential energy of the accreted matter (Frank et al., 2002a). The energy released by the
accretion of mass dm onto a compact object with mass M, and radius R, can be approximately

estimated as:

AE,, = GME0m (1.1.1)
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where G is the gravitational constant. Given the released energy AFE,.. the corresponding

luminosity over time dt would be:

GM, dm
L= — 1.1.2
R, dt ( )
by defining the rate at which the matter is accreted, the accretion rate, as:
. om
M=— 1.1.3
50 (1.1.3)
the accretion luminosity from Equation [T.1.2] becomes:
MM
L= GT (1.1.4)

Equation[I.1.4 only holds up under the assumption that all the mass dm is accreted efficiently.
To account for varying accretion efficiency in the process a dimensionless prescription 7 is
adopted, so that 0 < n < 1 (Frank et al., 2002a)). Therefore the resulting accretion luminosity
is scaled by this factor Lge. = nL. For accreting BHs the efficiency is thought to be between
0.06 < n < 0.3, increasing with BH spin (Laor & Netzer, 1989; Bian & Zhao, |[2003)). However,
the lack of consensus on measuring spin of BHs for individual systems means it is impossible
to constrain accretion for any particular systems in a meaningful way. As opposed to BHs,

accreting neutron stars (NSs) are thought to have n ~ 0.15 (Chashkina et al., [2017)).

The above defined accretion rate M represents some matter dm accreted steadily onto the
accretor over time dt. Assuming that accretion is spherically symmetric, steady and the
matter being accreted is fully ionised Hydrogen exerting radiation pressure from Thomson
scattering with a characteristic cross section o7, there should be a theoretical limit as to
how big M can get. Working within the framework of these assumptions this limit can be
obtained by considering the forces affecting the electron and proton pairs in the ionised gas.

The gravitational force exerted on these particles by the accretor is:

_ GM.m,,

F
g 2

(1.1.5)

where m, is the mass of a proton and r is the radial distance of the electron proton pair away
from the centre of the accretor. The other force at play is the outward push of the radiation

pressure, which can be expressed as:
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Lo

F, = (1.1.6)

Aer?

where L corresponds to the luminosity from Equation and c represents the speed of

light in a vacuum. Considering the two forces in Equations [T.1.5] and [T.1.6] the maximum

accretion rate can be obtained for when F,; = F,.. This limit is referred to as the Eddington
limit, and the corresponding limiting luminosity can be expressed through the equated forces

as:

4rGMymy,c

(1.1.7)
or

Lgqq =

Therefore, given the assumptions, for L > Lg4q radiation pressure exceeds the gravitational
pull of the accretor and accretion halts. However, due to the assumptions leading to this
limit, Lggq is only an order of magnitude estimate of the accretion limit. Indeed there are
many astrophysical sources that are known to have exceeded this limit (see [Kaaret et al.,
2017; Fabrika et al., |[2021; King et al., 2023; Pinto & Walton, 2023}, for recent reviews). Some
such Supernovae exceed the Eddington limit due to their asymmetry, violating the spherically
symmetric requirement. Others, such as the pulsating ultraluminous X-ray sources (PULXs)

are also in violation of these assumptions and are discussed in greater detail in Chapter

1.1.1 Accretion Disc and its Timescales

In Section the accretion of matter onto a compact object has been assumed to be spher-
ically symmetrical. This type of accretion is usually referred to as Bondi accretion (Bondi,
1952)). However, for the purpose of this thesis it is necessary to examine accretion that doesn’t
adhere to this assumption. In the example of binary systems, the matter can accrete through
the Lagrangian L1 point (details of such accretion are discussed in greater detail in Section
1.2) with some angular momentum. Assuming therefore that there is a flow of gas through
the L1 point with a given angular momentum it will assume the least energetically taxing
orbit around the accretor, which is circular. By assuming that the gas will continue to flow
steadily, the outward transport of the angular momentum of the matter will eventually cause

a disc to form around the accreting central compact object (Frank et al. 2002a)).

The most commonly used accretion disc (AD) model is the Shakura-Sunyaev model (Shakura
& Sunyaev, 1973)), which has formed the basis of accretion theory for the past 50 years. It

relies on the assumption that the accretion disc can be assumed to be geometrically thin
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and optically thick. Furthermore, it is necessary to assume for this model that it can be

approximated as a 2D flow. Overall, it is often referred to as the thin disc approximation.

In order to understand how an accretion disc is formed and how to estimate its observational
signatures it is important to understand how matter and energy is propagated through it.
Within the disc itself there are 3 different characteristic timescales which govern the transport
of matter and energy within the disc. The details of the plasma physics related to these
timescales from which they can be derived is discussed in great detail in Chapter 3 of [Frank
et al. (2002a)). The shortest of these timescales is the dynamical timescale associated with

the movement of matter around the disc in a Keplerian orbit:

-1 1 R3
Tdyn = Vayn = QK = GM, (1'1'8)

where R is the radial distance in the disc away from the accretor centre, vy, represents the
dynamical frequency and Qg the Keplerian angular frequency. As the AD is a turbulent flow,
which can be subject to instabilities and irradiation, the timescale on which it re-adjusts to

its thermal equilibrium is referred to as thermal timescale:

—1 -1 —1 R3
Tth = Vth = Tdyn = GM (1'1'9)

where vy, is the thermal timescale and « is a dimensionless viscosity prescription of the gas,

such that 0 < a < 1, as defined in (Shakura & Sunyaev, [1973) and is often simplistically
assumed to be constant through the AD. This prescription governs the behaviour of matter
in the AD and is subject of study, with many attempts to constrain it through models and
observations. Magneto-hydrodynamic (MHD) simulations have shown to be the most reliable
way of inferring «, as its value strongly depends on the input magnetic field strength. The
current estimates place it between ~ 0.05—0.1 for geometrically thin discs (Yuan & Narayan),
2014; [Hawley & Balbus, 2002; [Penna et al., 2013). However some observational constraints
suggest that for extremely low mass transfer rates through the disc it can be as low as a ~

0.006 or even a ~ 0.003 (Howell et al., 1995).

The longest timescale relates to the rate at which matter diffuses inwards through the AD:

~1 —1
_ H\? H\ 2 R3
Tvisc = Vviic = (a (R) ) Tdyn = <Oé <R> ) G, (1110)

where H is the height of the disc at radius R in the vertical z direction. The viscosity
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prescription «, combined with the scale height of the disc H/R, is an important parameter

as it decouples the viscous timescale from the dynamical one.

Here I adopt the definition of dynamical timescale from Equation (as used in e.g.
Lyubarskii, 1997; Ingram & Done, |2011a) but note that the definition of 74y, can differ by a
factor of 27 if considering the Keplerian orbital frequency (as adopted in |Arévalo & Uttley),
2006a; Scaringi, [2014). The dynamical timescale can also be defined through the orbital
period in Kepler’s law (Arévalo & Uttley, 2006a; Scaringi, |2014), leading to a factor of 27

deviation from Equation [1.1.§]

To characterise the AD, a spectral energy distribution (SED) is needed. Therefore, consid-
ering these timescales, the AD can be built up by N number of "rings" of material so that
each ring will have a characteristic temperature, dissipation and luminosity distribution. A
simplified picture of this is shown in Figure @ Hence, gas orbiting at vgy, timescales at
radius R from the accretor centre would experience viscous dissipation per unit area from

Frank et al.| (2002a):

: —1/2
D(R) = % [1 _ (%) ] (1.1.11)

Therefore, the entire luminosity of the disc can be obtained by integrating over all of these

rings with area 2r RdR, where dR is their width:

00 ) o) 2 )
st [ (B98O

Lgise = 2 . D (R)27rRdR = 5 = 7 = 2L
Coincidentally, this estimate of disc luminosity also corresponds to half of the accretion
luminosity estimated by Equation The other half of the accretion luminosity is hence
expected to be radiated closer to the accretor, i.e. in the form of boundary layer/inner flow

that cannot be easily described by the standard Shakura-Sunyaev AD model.

Assuming that the AD is now optically thick in the z-direction (vertically in the disc plane),
the emission of each of the disc rings can be modelled as a black body (BB). Using the
Stefan-Boltzmann law for peak temperature of a BB o0gpT = D(R) the temperature of each

disc ring can be estimated as:

' 1/2\ 11/4
T(R) = l% (1 - (f_:) )1 (1.1.13)

Equation [I.1.13] then describes a radial temperature distribution in the AD, where faster

timescales closer to the accretor correspond to hotter temperatures of the gas and longer
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Figure 1.1: Schematic depiction of an AD model based on [Shakura & Sunyaev| (1973). The
AD is divided into 10 rings each being represented by a black body spectrum. The black
body spectra are colour coded based on their temperature (bluer colours representing hotter
and redder colder temperatures). The Overall SED is shown by the dashed line.
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timescales further out in the AD represent colder material. This translates into the peak
wavelength at which each ring emits, with inner disc regions emitting primarily in shorter
(more energetic) wavelengths and outer regions in longer (less energetic) ones. BB of each

ring in Figure can then be represented by Planck’s distribution:

BT (R) = 21 (1.1.14)

5 hc
)\ e)kaT(R) —1

where h is Planck’s constant, A represents wavelength and T'(R) the temperature of a given
disc ring at radius R. Therefore, the overall flux of the SED of the AD can be obtained by

integrating over all disc rings and their corresponding areas:

2mcos(i) [Fout 4rhccos(i) [Bowt  RdR
Py = T/ B\ [T(R)] Rd = W/ _ el (1.1.15)
. «  eMpTH _ ]

where i represents the inclination of the system and D its distance from the observer. It
is of note that the resulting expression for the SED in Equation [1.1.15] is independent of
the viscosity prescription o due to the BB and steady disc assumptions. There are other
nuances that may not be obvious within the assumptions and approximations of the [Shakura
& Sunyaev| (1973)) disc model. One such assumption is that of steady accretion. Accretion
is not a monotonous process and as a result there are several different distinction between
different "accretion rates". The instantaneous accretion rate of a system represents the mass
being transferred onto the accretor whereas the mass transfer rate described the long-term

transport of mass through the AD.

In many instances it has been shown that this simplistic picture of the AD described in
this Section often fails (Gierlinski & Done, 2004; [Scaringi, 2014; |[Nixon & Pringlel [2019;
Krawczynski et al., [2022). This is particularly true close to the accretor, where we observe
significant X-ray emission that cannot be accounted for by the simple AD model shown in
Figure In many types of accreting sources an inner disc is thought to be optically thin
and geometrically thick. It is often referred to as a corona, or boundary layer in some cases

for accretors with a surface (Done et al. 2007)).

1.2 Anatomy of Binary Systems

Most stars in the Universe are in a binary or multi-stellar system (Duchéne & Kraus, 2013]).

The resulting high stellar multiplicity highlights the importance of understanding the scenario
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of mass transfer between the stars in a system. Overall, there are two main ways matter can

be transferred between 2 stars:

1. Roche lobe overflow (see Section [1.2.1)) - This scenario occurs when either one of the
stars increases in its radius and files its Roche lobe or the orbit of the system itself
shrinks through angular momentum loss until the Roche lobe is completely filled by

one of the stars

2. Stellar wind - one of the stars in the systems ejects substantial part of its mass through

stellar wind part of which is then accreted by the other star

For the purpose of this thesis, Roche lobe overflow is the main mass transfer mechanism

of interest. Therefore, the following Sections [1.2.1] and [1.2.2] delve into the details of mass

transfer via Roche lobe overflow and the resulting geometry (see Chapter 5 of [Frank et al.

(2002a) for detailed review).

1.2.1 Roche Lobe Overflow

For 2 massive bodies in a binary orbit which can be assumed to be spherical and Keplerian
in a given plane (see Figure . In Figure the 2 stars are represented by two black dots,
corresponding to the two stars with masses M; and M, and radii R; and Rs respectively.
The binary separation between between the centres of the two stars (dots) is a, which is

related to the orbital period of the system through Kepler’s third law:

amp2\'?
a_< = ) (1.2.1)

where M = My + My = mMg is the combined mass of the binary and P is the binary orbit.
An important quantity defining the shape of the gravitational potential of the system is hence

the binary mass ratio:

= (1.2.2)

q

The overall shape of the Roche potential in the binary system is hence the combination
of the gravitational potentials of the two massive bodies and the Coriolis centripetal force

experienced by a test mass in the system:
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Figure 1.2: Top: 3D schematic depiction of the Roche potential depicting the potential wells
of the 2 massive bodies in the binary system. Bottom: 2D representation of the above Roche
potential with lines of equipotential marked. The 5 Lagrangian points are denoted as Li_5
with the shape of the Roche lobe highlighted by the bold 8-like shape at the intersection of
the 2 potential wells at the L;. Schematic Credit:https://en.wikipedia.org/wiki/File:
RochePotential _color.PNG|
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R rr R e R

(1.2.3)

where r represents the vector position of the test magnetic b 7 and rp the vector positions

of the two stars and w is the vector angular momentum of the binary system such that:

|GM

where e is the unit vector normal to the orbital plane. Figure displays the shape of the
equipotential surfaces, with the 3D shape of the potential displayed above it. From the shape
of the potential it is clear that ¢ and a play vital roles in the shape the Roche potential takes
and in the positions of its maxima. The potential maxima and minima, or the Lagrangian
points (1 to 5) are also shown in Figure and are denoted by L;i_5. Furthermore the
gravitational potential and the resulting gravitational wells of each star are shown in Figure
1.2| in the 3D diagram and are represented by the concentric circles of equipotential lines
below in the 2D panel. The equipotential line representing the intersection of the 2 wells
(inner 8-like shape in Figure is known as the Roche lobe of the system. The point of
intersection occurs at the Lagrangian L; point, representing a saddle point in the Roche
potential from Equation[[.2.3] Therefore, all matter in the proximity of the L; point is prone

to passing through it from one potential well into another.

Within this geometry there are several scenarios based on the size relationship between in-
dividual objects and their respective Roche lobes. In the case where neither star is filling its
Roche lobe, there is no mass transfer through the L; point. In such a case the system is a

detached binary and mass transfer is only possible through stellar wind.

On the other hand, if one of the stars in the system is filling its Roche lobe then mass
transfer can occur. In such a case the star filling its Roche lobe is known as the donor, or
a secondary star and is transferring material onto the other star, referred to as the primary
or the accretor. In such a scenario ¢ << 1 and the donor filling its Roche lobe is deformed,
assuming a peardrop-like shape affected by the primary’s gravity. At that moment, any
perturbation of the secondary star’s material near the L, point will easily cause the matter
to be "pushed" over into the potential well of the accretor. In this semi-detached state, mass
transfers from the donor to the primary as long as the donor surface remains in contact
with the Roche lobe. Contact binaries are the special case where both of the stars fill their
respective Roche lobes and mass transfer becomes non-trivial (Fabry et al., [2023). However,

such scenario is not of interest to this thesis.
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1.2.2 Geometry of Binaries

The mass ratio ¢ and the binary separation a (and hence binary orbit P by extension) that
govern the geometry of a binary system and hence the behaviour of matter through the
system. However, it is also useful to consider the sizes of the stars’ respective Roche lobes.
Given the shape of the Roche potential in Equation [T.2:3] this is best done analytically
(Eggleton, [1983; |Paczynski & Abramowicz, [1982), giving the size of the donor’s Roche lobe

as:

Ry 0.49¢%/3
a  0.69¢2/3 +in(1 + ¢1/3)

(1.2.5)

/3
. . . . R M.
which for a more restricted range 0.1 < ¢ < 0.8 can be simplified to 72 = 0.462 (MlTQMQ) .

Substituting ¢! for ¢ into Equation gives the size of the accretor’s Roche lobe as:

Ri 0.49¢~2/3
a  0.69g72/3 +in(1+q1/3)

(1.2.6)

As mass transfers into R;, an AD forms as has been discussed in Section [3.5.1] R; hence
represents an absolute limit on the theoretical size of the AD. However, usually when material
free falls from the L; point with some angular momentum it will enter into a circular orbit
around the accretor at a specific radius, referred to as the circularisation radius. It’s semi-

analytical form can be expressed from (King & Wynn, |1999) as:

Rcirc

= (1 + ¢) (0.500 — 0.227log (¢))* (1.2.7)

This follows from a semi-analytical expression linking a distance b; from the primary’s centre

to the L; point (Plavec & Kratochvil, |1964)):

b
-1 = 0.500 — 0.227log (q) (1.2.8)

a

It is possible to transfer enough material to the Roche lobe of the accretor that the formed AD
outgrows the circularisation radius. At such a point, another radius of note is the tidal radius,
a radius where the disc starts to be distorted by the tidal interactions with the secondary.

An analytical expression for this radius is given in (Warner, 2003):

a 1+¢q o
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This expression holds for mass ratios such that 0.03 < ¢ < 1.

As long as accretion is maintained, the binary parameters such as ¢ and P (and consequently
a) are altered. This is due to the angular momentum loss of the system from magnetic
braking and gravitational wave radiation, which then becomes fundamental to the overall
binary evolution (see Section for more detail). Therefore to sustain accretion, other
properties of the secondary, such as the radius of the secondary, must be altered. The details
of binary evolution and its consequences are discussed in detail in Section [I.3.1] specifically

in the context of AWDs which are the main focus of this thesis.

1.3 Accreting White Dwarfs

Accreting white dwarfs (AWDs) are binary systems in which a white dwarf (WD) accretes
material from a donor star. The dominant population of AWDs is referred to as cataclysmic
variables where mass transfer occurs through Roche lobe overflow from the hydrogen envelope
of a low mass star (Warner} 2003; |Knigge et al., 2011). In cases where the donor is a degenerate

or semi-degenerate star they are referred to as AM CVn systems (Solheim) 2010)).

1.3.1 Cataclysmic Variables

The general geometry of these systems is depicted in Figure CVs in general have a
long history of observations, with novae and Supernovae detections dating back thousands
of years (Warner, 2003). The more common use of wide-field photography in the late 19"
century made the discovery of new systems easier. The term "dwarf nova', representing
one of the main classes of CVs, was first coined in 1938 (Payne-Gaposchkin & Gaposchkin,
1938)), however, the first recorded dwarf novae (DN) observed in 1850s (see Warner| (1986]) for
summary of early observations of archetypal DN U Gem). The nature of the central accretor
was then confirmed as a white dwarf in 1965 (Luyten & Hughes, |1965a.b). For an in-depth
review of CVs and their history see Warner| (2003).

In the "standard" model of CV evolution they evolve from detached binary systems with long
orbital periods by losing angular momentum through gravitational waves (Paczynski, |1967;
Webbink, 1976]), but mostly through magnetic braking (Rappaport et al., [1982, 1983} Spruit
& Ritter, [1983). When they reach about P, ~ 6 hours the donor star fills its Roche lobe and
mass transfer through the L1 point begins. From this point on, the evolution to lower orbital

periods is driven predominantly not by angular momentum loss through gravitational waves,
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Accretion
disk

“Hot spot™

Figure 1.3: Schematic depiction of a CV system showing the WD accreting through the
Lagrangian L1 point from a low mass donor star. An accretion disc with a bright spot, where
the matter falls onto the accretion disc from the L1 point are shown as well. Schematic
Credit: Lopez Coto (2017)

but through magnetic braking. Magnetic braking is generally thought to be associated with
the magnetic stellar wind originating from the donor star in the CV case. Therefore in CVs, a
highly ionised and weak stellar wind co-rotating at the Alfvén radius exerts spin-down torque
on the donor star. Due to the synchronisation of the Roche lobe overflow with the binary
orbit, the wind extracts the momentum from the binary system itself, evolving it towards
lower orbital periods at much faster rate than gravitational wave angular momentum loss.
As such, the donor star is kept out of thermal equilibrium whilst mass transfer is occurring.
There are many models for magnetic braking in CVs, with the main candidates (Verbunt &
Zwaanl (1981} [Rappaport et al., [1983; Kawaler| (1988} Mestel & Spruitl, [1987; |Andronov et al.|
2003; Ivanova & Taam) |2003)) discussed in detail in Knigge et al.| (2011)).

When the system orbital period reaches ~ 3 hours it is generally agreed that the donor
star becomes fully convective, causing an abrupt end to the magnetic braking in the system
(MacGregor & Charbonneaul 1997; |Charbonneau & MacGregor} 1997)). In the absence of
this mechanism that shrinks the orbit and hence the size of the Roche lobe, the donor keeps
shrinking in order to reach its thermal equilibrium. As the donor is shrinking it detaches from
the Roche lobe, which is shrinking at a much slower rate, only due to angular momentum loss

from gravitational waves. This causes the overall mass transfer through the L1 point to stop



1.3. Accreting White Dwarfs 15

All systems
175 =] Dwarf Novae
=] Novalikes

o 1207 CV Period Gap |
=

L 125 _
2
w

S 100 A
3

c 75 .
>
=

50 .

25 .

0 L 1 1 L
109 2 x10° 3x10° 4x10° 6 x 10°
Porb (hrs)

Figure 1.4: Orbital period distribution of CVs as using Ritter & Kolb (2003) catalogue
v.7.21. Systems below the period gap are predominantly populated by dwarf novae (black
lined distribution) as opposed to above the period gap populated by novalike systems (blue
lined distribution). The period gap between 2 to 3 hrs is highlighted by a pink shaded region,
populated by mostly magnetic systems.

as well, making the CV undistinguishable from other detached binary systems containing a
near MS star and a WD. The slow evolution through this stage lasts until the orbital period
reaches ~ 2 hours. At this stage the Roche lobe has shrunk down so that the secondary star

fills it again and mass transfer is restarted.

As such the orbital period range between ~3 and ~2 hours, where the system doesn’t expe-
rience a phase of active mass transfer, is referred to as the period gap. This arises from the
lack of observational evidence in this evolutionary stage that points to the potential past of
a CV. These systems therefore go uncategorised as CVs and hence the overall period distri-
bution of CVs shows a dearth of systems in this period range. A distribution of the orbital
periods across the non-magnetic CV population is shown in Figure . It is clear that the
systems above the period gap are dominated by high accretion rate novalike systems whereas
the orbital period is below the period gap are mostly populated by outbursting dwarf no-
vae. This distinction is thought to be related to a progression of systems through different

evolutionary stages, with younger, high mass transfer systems above the period gap evolving
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into the outbursting, low mass transfer rate in quiescence systems below it. It is not yet well
understood why the systems change their behaviour in this fashion after emerging from the

period gap.

Based on the majority of population synthesis studies of CVs (Kolb), [1993; Kolb & Baraffe,
1999a; Barker & Kolb, 2003), there is an expected pileup of systems at a theoretically pre-
dicted minimum value of orbital periods that CVs should reach. This minimum is predicted
at ~65 minutes, and is expected to be a sharp cut off of the period distribution at low pe-
riods with majority of the galactic systems present near it. This is however at odds with
observations due to the nature and shape of the orbital period distribution, which has sys-
tems <65 minutes. Furthermore, the observed period minimum has been determined to be
82.4 £+ 0.7 minutes from the Sloan Digital Sky Survey (SDSS) CV sample (Génsicke et al.,
2009). There have been several suggestions that could explain this discrepancy, such as the
potential effect of excess of spots on the donor star (Littlefair et al.l [2008) and the possibility
of continuing angular momentum loss above the rate from gravitational waves during the
period minimum Patterson| (1998)). A revised version of the standard model produced by
Knigge et al.| (2011) based on the evolution of the donor radius reproduces the observed pe-
riod minimum as well as the upper boundary for the period gap. Furthermore, these models
predict that about 40% of all CVs should have evolved beyond this period minimum. After
reaching the period minimum, the donor star stops shrinking since the mass loss occurs at
much slower rates than the star’s thermal timescale. As a consequence the orbital period
of the system starts to increase again and the system "evolves back" towards longer orbital
periods. As such, the models predict that there should be an abundance of these "period
bouncers" forming up to 38-75% of the galactic CV population (Kolb, [1993; Goliasch & Nel-
son, 2015; Belloni et al., |2018)). However, up to date only a handful of the systems have
been found. A favoured explanation for this is the neglect of intrinsic WD magnetic field
and its effect to the evolution of the system and angular momentum loss which could reduce
the expected number of period bouncers down to 8-30%(Schreiber et al., [2023). However,
this issue should be resolved by upcoming space-based gravitational waves detectors, such as

LISA | which should be able to detect any "missing" period bouncers (Scaringi et al., 2023).

Classification of CVs

CVs have a long history of phenomenology with different classes of systems based on their

displayed observational properties (Warner, 2003). Many of these categories are rooted in
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purely observational phenomenology, and may not reflect underlying differences in physics
driving the systems’ behaviour. In this Section I will discuss the different CV categories
and classes. A fundamental division of CVs lies in the intrinsic strength of their magnetic
field. Whereas all accretors in CVs posses a magnetic field, CVs are generally divided into
magnetic and non-magnetic based on whether the strength of the magnetic field is large
enough to disrupt the accretion disc or to synchronise the binary orbit with the WD spin to

some extent.

1. Non-magnetic CVs

Non magnetic CVs, with the WD field < 10% G, are more common, representing ~ 64%
of the volume limited sample of CVs (Pala et al., 2020). The main 2 dividing categories
of non-magnetic CVs are dwarf novae and novalikes. As mentioned previously in Section

these are very likely related to different evolutionary stages of individual systems.

(a) Dwarf Novae
Dwarf novae (DN) are a type of non-magnetic CVs showing semi-periodic bursts
during which the magnitude of a system increases by ~ 4 — 5 magnitudes. These
bursts can last several days up to weeks and recur on weeks to years timescales.
They have been named after the first discovered dwarf nova U Gem and the resem-
blance of its bursts to the much more energetic novae known previously (Warner,
1986)). Generally speaking a dwarf novae outburst is understood to be caused by
a temporary increase in mass transfer rate through the AD (Smakl |1971; |Osakil,
1974). As a consequence the accretion disc grows in size and the extra material
is deposited on the white dwarf. The disc starts to deplete and cool down, slowly
returning to quiescence. The main theoretical explanation for these bursts is the
Disc Instability Model (DIM), which has been extensively applied to explain out-
bursts in many accreting systems, from CVs to XRBs (Osaki, |1996; Lasotal, 2001}
Dubus et al., 2018; Dubus & Babusiaux, [2024)). In the DIM the increase in ac-
cretion rate is driven by changes in local viscosity in the disc. In quiescence the
low viscosity implies long timescales for matter propagating through the disc and
leads to accumulation of material. In outburst the viscosity increases to ~ 0.1 and
timescales become faster driving the increase in accretion rate. Since change in
viscosity translates to a change in surface density, a DN burst in the DIM frame-
work can be illustrated by an effective temperature-surface diagram as shown in

Figure Recent detailed studies of DIM applied to explain DN outbursts were
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conducted by Dubus et al. (2018); Dubus & Babusiaux| (2024) extended the treat-
ment to include the effect of magnetic field on the system Gaia colour evolution.
Following DIM treatment of DN outbursts the recurrence between DN outbursts

becomes an indirect tracer of quiescent value of viscosity a (Howell et al., {1995;

Hilton et al.l 2007)).

Some DN systems also experience so called superoutbursts, which last marginally
longer than regular DN outburst. The rise of the superoutburst is similar as
in a normal outburst, but accompanied by superhumps (see below) and achieving
larger peak luminosity. Majority of systems that undergo superoutbursts are below
the period gap with P,., < 2 hrs, and are often referred to as SU UMa systems
(Warner}, 2003]).

A very rare subtype of SU UMa systems are so called WZ Sge systems which only
experience a superoutburst every couple of years (every ~33 years in the case of
WZ Sge). These systems show superoutburst of ~ 8 —9 mag in amplitude that last
~30 days. They also show positive superhumps as they are evolved systems with
P,p < 2 hours. Superhumps are observationally coherent signals appearing close
to the orbital period of the system in the power spectrum. If the frequency of the
superhump signal (vsg) is higher than that of the orbit (v4), it is referred to as
a negative superhump, so that vg, > v (see next Section on novalikes for more
details). If on the other hand the superhump frequency is lower than the orbital
period it is known as a positive superhump, so that V;H > Vyrp (Patterson et al.)
2005). The signal is associated with the tidal stresses exerted by the secondary
on the disc. These cause the disc to become eccentric and undergo apsidal pre-
cession in the prograde direction (Lubowl 1991)), resulting in a 3:1 resonance. So
the growing disc in a DN superoutburst easily reaches the tidal radius triggering
the prograde precession of the accretion disc just after the superoutburst reaches
its luminosity peak (Smak| 1993} Patterson et al., |2005; [Smakl 2009; Katol 2015;
Hameury, |2020)). As opposed to SU UMa type systems however, WZ Sge superout-
bursts experience several rebrightenings or "echoes" during the decay phase, which
cannot be explained by the standard DIM implementation. There are many po-
tential explanation for these "echos", such as a potential propeller state (Campana
et al. 2018), inner disc evaporation (Kimura et al., [2020; Castro Segura et al.,

2021) or magnetic field effects (Kato| 2015).

Another rare class of DN are Z Cam stars. These systems exhibit regular DN
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Figure 1.5: Effective temperature-surface density diagram showing the surface density and
temperature evolution of a DN outburst Schematic Credit: Frank et al. (2002a))
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outbursts and periods of "standstill" where the system luminosity doesn’t quite
return to the regular quiescent levels. Instead it stays at about third of the outburst
luminosity exhibiting a novalike behaviour. The transition between these states is
not yet well understood, but it has been suggested that novalikes are Z Cam like
systems with extremely prolonged standstills (Szkody & Wade, [1981)).
Novalikes

Novalikes (NLs) are a type of non-magnetic CV often referred to as the VY Scl
type systems. They are characterised by their high accretion rate, as opposed

to the quiescent levels of DNs (Warner} [2003). Their orbital periods are usually

Porb 2

~

3 hrs, as can be seen in Figure where they are shown as blue-lined
distribution. Another characteristic behaviour of NLs is changes of state. These
tend to be highly non-periodic, occurring every ~ hundreds of days and they
consist of sudden changes in brightness by more than 1 mag (Rosino et al., [1993;
Hameury & Lasotal 2002; Hoard et al., |2004; [Honeycutt & Kafkal [2004). In the
general high state, it is thought that NLs live in the upper branch (between points
D and E) of the curve in Figure

The high states of these systems are marked by high variability in the optical
(~30% root mean square (rms), as seen in Scaringi et al. (2012a)). They also dis-
play characteristic negative superhumps (Bruch| 2023)), though these are not ex-
clusive to NLs. As opposed to the positive superhumps, negative ones are thought
to be caused by the retrograde nodal precession of a tilted accretion disc (Wood
et al |2009). The orbital excess of negative superhumps (e = %) shows an
inverse correlation with the orbit of the system (Bruch, 2023|) suggesting that the
precession of the outer disc is in some sense related to the disc size.

The low states of NLs are much shorter in duration than the high states, lasting
a couple of weeks to months as opposed to years. The reason why NLs enter
low state is not yet well established (Rosino et all |1993; |[Hameury & Lasotal,
2002; [Honeycutt & Kafkal [2004), but it is thought to be related to the changes
in the long-term mass transfer rate through the AD. In comparison, in the high
state the average accretion rate is > 1078Mgyr~!, whereas in the low state it
drops down to < 10~" Myyr~!. In the low state quasi-periodic ~30 minute long
bursts have been detected in the optical, recurring roughly every a2 hours. These

magnetically gated bursts (see Section [1.3.1), are thought to be the result of a

magnetically truncated disc at the magnetospheric radius rj;, due to the sudden
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drop of accretion rate. Hence, as material builds up the r,;, blobs of matter
get quasi-periodically accreted via the magnetic field lines, similarly as observed
in NS. In this state it is possible to probe the magnetic field of these classically
"non-magnetic" systems, by measuring the properties of the bursts (Scaringi et al.,

2017a)).

2. Magnetic systems

On the other hand, systems with magnetic field strength above ~ 10° G are referred
to as magnetic (Warner, [2003). Depending on the WD magnetic field strength only an

outer accretion disc may form. The inner parts will be inhibited by the Alfvén radius:

271'2 M4 7
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where p is the stellar magnetic dipole moment such that p = BR3, M is the accretor
mass, R is the accretor radius, M its accretion rate, G is the gravitational constant
and pg is the vacuum permeability. Hence the inner disc will be truncated at the

magnetospheric radius:

1
22yl 7
o ) 1.3.2
M= A n(u%GMM2> (13.2)

where 7 is a dimensionless parameter describing the geometry of the accretion flow and

the relation between the Alfvén and magnetospheric radius. It is usually set to 0.5 for

magnetic systems (Ghosh & Lambl [1979a; |Monkkonen et al.), 2022).

At rp; the matter attaches to magnetic field lines and is accreted onto the magnetic
poles of the WD via accretion columns. In these systems, the spin period of the WD is
not synchronized with the orbital period; they generally display a periodic modulation
on the WD spin frequency associated with emission from the accretion column. Such
systems are known as Intermediate Polars (IPs), where the matter is accreted via an
arc-shaped curtain (Rosen et al., [1988). For larger magnetic fields the magnetospheric
radius can lie outside of the disc co-rotation radius rcp, such that rps > rco, which
inhibits entirely the formation of an accretion disc. In majority of these systems, the
WD spin and binary orbit are synchronised and are commonly known as Polars, with

the exception of rare discless IPs such as V2400 Oph (Buckley et al., [1995).
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Bursts in CVs

CVs and AWDs in general display various types of transient-like brightness increases. Some

of these bursts, micronovae in particular, are discussed in detail in Chapters [6] and

1. Dwarf Novae

The most common and well-established bursts in CVs are dwarf nova outbursts, in
which a sudden increase in accretion rate, thought to be driven by thermal-viscous disc
instabilities (Osaki, |1996; |Lasotal |2001; |Dubus et al., 2018)), causes the temperature, disc
size and hence luminosity of the disc to increase. These outbursts usually last several
days to months. With longer orbital period systems tend to have longer outbursts due
to their larger discs. Once a cooling wave due to a lower ionisation level passes through
and stops the outburst, the temperature of the disc will return to its quiescent level
(Lasotal 2001)). The outbursts occur semi-periodically with some special cases where
they increase in luminosity amplitude, leading up to a superoutburst. Whereas dwarf
nova outbursts are very common in non-magnetic AWDs, they are extremely rare in
magnetic systems (Hameury & Lasotal [2017), due to their smaller, truncated discs

inhibiting formation of sufficient instabilities.

2. Novae

Classical Novae (CN) and Recurrent Novae (RN) are luminous bursts in AWDs, where
a WD accreted from a non-degenerate companion (Gallagher & Starrfield, 1978]) reach-
ing ~6 to 19 mag increase in luminosity lasting weeks to years. These bursts occur
when an accreted layer of material on the WD’s surface undergoes unstable nuclear
burning and reaches critical mass (Starrfield et al., |1972; Townsley & Bildsten, [2004]).
This thermonuclear runaway (TNR) effect results in an envelope of the accreted mate-
rial being ejected at high speeds creating a nova shell moving through the interstellar
medium as it cools. This process transports heavy elements from outer layers of the
WD into the surrounding environment and can be detected thousands of years after
the nova explosion itself. For a more detailed review see (Chomiuk et al. (2021). The
novae are more common in high mass WD, due to the WD being close to the Chan-
drasekhar mass, with some heavy (M p > 1.2Mg) and extremely high accretion rate
systems showing recurring novae bursts (Yaron et al., 2005; [Shara et al., [2018). Overall

2nd

after the type I X-ray bursts (see Section for more details) novae are the most

frequent TNR eruptions with ~20 to 70 occurring per year in the Milky Way (Darnley
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et al., 2006} [Shafter, 2017). Novae are also sometimes thought to be the transition link

between dwarf novae and novalikes evolutionary stages of CVs. This is referred to as

the hibernation scenario (Prialnik & Sharal, [1986; |Shara et al., 1986} Kovetz et al., [1988;

Hillman et al., 2020), where a DN will undergo a novae explosion once enough material

has built up on the WD. After the nova the system will enter a high accretion rate
state where no DN outbursts occur - the system "hibernates'. Over time the system
may cool down and so the accretion rate slows enough for the system to morph into a

DN again.

3. Magnetic Gating

A different type of burst exhibited by AWDs is the so-called magnetic gated bursts,

which appear only in systems with low magnetic field WDs (Scaringi et al., 2017a)). In

these systems, the material is accumulated at the edge of a truncated inner disc close
to the WD surface, confined by the spinning magnetosphere. When the disc pressure
exceeds the pressure of the spinning magnetosphere matter can then accrete onto the
WD. Several systems have now shown magnetically gated bursts (MV Lyrae:

2017a, TW Pic: [Scaringi et al.|[2022al V1233 Sgr: [Hameury et al|[2022, V1025
Cen: [Littlefield et al.|2022]).

4. Micronovae

A very different kind of burst is displayed by a growing number of systems. They are
fast (= 1 day), bright, and somewhat isolated bursts which cannot be fully reconciled

with magnetic gating. One example is TV Col, which has been shown to display fast

outflows during burst maximum (Szkody & Mateo, [1984). These bursts, which appear

phenomenologically different from all of the aforementioned types of bursts are usually

referred to as micrononvae (Scaringi et al., |2022d). One hypothesis for the origin of

these bursts is that they are the result of a localised thermonuclear runaway occurring

on the WD magnetic poles(Scaringi et al. [2022¢]), however their true physical origin

is yet to be unambiguously determined. These bursts can last from ~ 10 hours up to

a few days. To date, there have been very few targets reported to show these bursts

(Scaringi et al., [2022d; [Veresvarska et al. 2024a; [tkiewicz et al., [2024; Irving et al.
2024)), however with the advent of new synoptic sky surveys (e.g., BlackGEM;
2024 and LSST; [Ivezi¢ et al[2019), the number of detections is expected to rise

allowing for a better population characterisation of these systems.
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Figure 1.6: Diagnostic diagram from Itkiewicz et al. (2024) showing parameter space of burst

properties, namely their energy, luminosity, duration and recurrence. Figure Credit: |[ltkiewicz
et al.| (2024)

A convenient way to potentially distinguish between the observational characteristics of the
various types of bursts observed in AWDs via diagnostic diagrams has been introduced in
Itkiewicz et al|(2024). The diagnostic diagrams show that the burst-related energies, peak
luminosities, durations, and recurrence times of dwarf novae, micronovae, and magnetically-
gated bursts occupy distinct regions of parameter space, which suggests that these phenom-
ena all arise from distinct physical mechanisms. The diagrams are shown in Figure as

published in [Itkiewicz et al. (2024).

1.3.2 AM CVns

AM CVn systems are compact interacting binaries in which both stars possess degenerate
equations of state, and have orbital periods in the range of ~ 5 min to about ~ 65 min for the

known objects. Such short orbital periods places them well below the CV theoretical period
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minimum of 65 minutes (Kolb & Baraffe, [1999b; Howell et al., 2001) and observational one
of 82.4 £ 0.7 minutes from the Sloan Digital Sky Survey (SDSS) CV sample (Génsicke et al.
2009). Additionally to their relatively short periods they differ in their formation channel

when compared to CVs. [Ramsay et al.| (2018) discusses three widely accepted evolutionary

paths AM CVn systems can take, with (2010) providing a general overview. In some

scenarios, AM CVn systems can also be considered as progenitors of type Ia Supernovae.
Broadly speaking however, there are 3 main evolutionary channels that can lead to an AM
CVn system. The first 2 channels both rely on the decreasing orbital period driven by angular
momentum loss, similarly to CVs. As opposed to CVs however, pre-AM CVn systems undergo

2 separate common envelope (CE) evolutionary stages (Solheim, 2010). In a CE stage one

of the stars expands its surface sufficiently to include the secondary star in it as well. This

is particularly complex stage and is the subject of many studies (Passy et al., 2012} Ricker|
& Taam, [2012; Kramer et al., 2020; Sand et al., [2020; Répke & De Marco, [2023). The first

of these evolutionary channels consists of 2 WDs with Roche lobe overflow, with the donor

being the the smaller and more He rich one (Paczynski, |1967; Faulkner et al., |1972). The

other stage also relies on accretion, but from a low mass non-degenerate He donor (Savonije

et al.l [1986; Iben & Tutukov, 1987). The last evolutionary channel and unconfirmed until

very recently (Burdge et al. 2022) is known as the CV channel. In the CV channel the AM

CVn is a CV in which the donor has been stripped off all of its H envelope, triggering He
accretion (Tutukov et al., |1985; Podsiadlowski et al., 2003).

AM CVns are quite rare systems, with <100 known up to date. However, they show many
striking similarities to CVs. For example, some AM CVns also show bursts, which are thought

to be driven by viscosity changes, similarly to DN outbursts and can be explained by the DIM

(Tsugawa & Osakil [1997; |Cannizzo & Nelemans, 2015). Furthermore, their accretion rates

correlate with the orbital period, such that M o PD_Tg/ 2 (IWarnerL |1995|; |Tsugawa & Osakil,
1997). Similarly to CVs, AM CVns can be broadly divided into 2 groups, based on their

state and orbital period (Green et al., 2024). The "high" state systems, resembling novalikes,

which have orbital periods in the range of ~ 5 < P, < 25 minutes. The "quiescent" systems

have orbital periods so that ~ 25 < P, < 60 minutes and resemble DN in CVs. Similarly

to CVs, AM CVn systems are known to show superhumps (Patterson et al.l [1993), which is

to be expected for extremely compact object. Some AM CVn also show coherent pulsations

thought to be potentially associated with the WD stellar pulsations (Kupfer et al., 2015)).

AM CVn systems also currently comprise 11 out of 16 LISA verification sources (Stroeer &
'Vecchiol, 2006; ?; Marshl, 2011; Kupfer et al., 2018) for gravitational wave detection. Given
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their relatively small size, these systems are also well suited for MHD simulations of the entire

accretion disc (Kotko & Lasotal 2012; |Coleman et al., 2018)).

1.4 X-ray Binary Systems

Binary systems where a stellar mass BH or a NS accrete from a non-degenerate companion
star emit most of their energy in X-rays and are called X-ray binaries (Tauris & van den
Heuvel, [2006). These systems are thought to originate from a binary system where one of the
stars collapses and forms a BH or a NS. For this to occur a moderately massive progenitor is
required (Fryer & Kalogera, 2001). Generally speaking, these systems can be divided into 2
groups based on their accretion mode into high mass XRBs (HMXBs) and low mass XRBs
(LMXBs) (Podsiadlowski et al., [2003; [Tauris & van den Heuvel, 2006]):

1. HMXBs are mostly young systems where the BH/NS orbits the donor star and accretes

predominantly through stellar wind

2. LMXBs are systems where the donor orbits the compact object and accretion occurs

via Roche lobe overflow

Considering that LMXBs (see |Bahramian & Degenaar (2023) for a review) share the most
similarities with AWDs, they are of more interest for this thesis. Similarly to AWDs, XRBs
have a similar structure as binary systems, with an accretion disc forming as a consequence of
mass transfer (Done et al., 2007)). Similarly to AWDs, XRBs also display a variety of bursting
behaviour (Lewin et al.l|1993; |Strohmayer & Bildsten, 2003). However, in XRBs these bursts
are usually classified into two shorter transient types, type I and type II and longer bursts,
akin to DN in AWDs. Type II bursts are usually accretion flares in a magnetically truncated
discs, similarly to magnetic gating bursts in AWDs (Kouveliotou et al., [1996). All of these
types of bursts are briefly reviewed in the following Sections, with long mass transfer driven

outbursts discussed in Section and type I and II in Sections and respectively.

1.4.1 XRB Outbursts

The general geometry of an XRB is influenced by these long outbursts and changes of states
which occur in cycles on timescales of ~years and bear strong similarities to the DN bursts.

One such cycle is shown in Figure as adopted from the review [Fender & Gallo| (2014).
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Figure 1.7: XRB hardness evolution "q" diagram during an outburst showing the changes in
X-ray hardness, luminosity and system geometry. Schematic Credit: Fender & Gallo| (2014)
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Similarly to DNs, these bursts in XRBs are thought to be driven by viscosity changes in the
AD and can be explained by DIM. In quiescence (Fender & Gallol 2014) the systems are X-

039732 ergs~!). X-ray "hardness" represents

ray "hard" and with low X-ray luminosities (~ 1
the difference in energy emitted in the more and less energetic X-ray bandpass scaled to the
total energy emitted over both of the bandpasses. Therefore the "hard" state corresponds to
more high energy photons being detected and in the "soft" state more low energy photons are
detected. However, considering the low luminosity of sources in quiescence, there is significant

observational bias influencing their population, especially at the lower luminosity end. This

low, quiescent state is marked as "A" in Figure

The viscosity change driven burst shown in Figure consists of several state changes as-
sociated with changes of X-ray hardness, i.e. the change in relative strength of spectral
components and geometry. As the system emerges from quiescence the main change is in
drastically increasing luminosity, but the hard spectral state is maintained (Motta et al.,
2009). From the DIM point of view, a sudden increase in viscosity is accompanied by in-
crease in accretion rate and luminosity (> 1038 ergs™!) on timescales of days (Coriat et al.,
2012). In this state it is expected that the emission comes from the thermal Comptonisation
in the hot plasma (corona) close to the accretor and is accompanied by high X-ray variability
(~40 % root mean square (r.m.s.). Whereas in this state, a significant proportion of energy
is expected in the UV, which unfortunately cannot be observed due to the substantial dust
extinction in the galactic plane. Consequently, XRBs in this state are observed as "harder

when brighter" (Plotkin et al., 2014]). This transition corresponds to section of A to B in
Figure

At peak luminosity (L, ~ 1037 ergs™!), the system then transitions from hard to soft state
(from B, through C to D in Figure (Dunn et al., [2010) on the timescale of several days
to weeks. It is at this stage where the appearance of quasi-periodic oscillations (QPOs) is
very common (Casella et al., |2005al). QPOs are variations in the light curves of accreting
systems which exhibit a Lorentzian-like shape in the broad-band power spectrum (see Ingram
& Mottal (2019)) for a detailed review). They are more closely discussed in Section They
are broadly divided into 3 types, A, B and C, based on their coherence and most common
time and duration of occurrence (Casella et al., 2005a)), with type B being the most common
during this state transition. Furthermore it is thought that this state transition may be
associated with the jet launch (Soleri et al., [2008; [Fender et al., 2009; Miller-Jones et al.,

2012)) and is accompanied by radio flares.



1.4. X-ray Binary Systems 29

In general, in the soft state (D to E) the spectrum of the system is dominated by a thermal
component represented best by a multi-temperature black body spectrum peaking at ~ 1 keV.
This is associated most usually to an optically thick AD and is accompanied by a drastic
drop in X-ray variability (~5%) and radio emission from the synchrotron emission associated
with the radio jet. Overall the difference between hard and soft states can be summarised by
strong, quasi-steady jets with weak disc wind in the hard state |Castro Segura et al.| (2022]).
This is opposed to very weak jets and strong disc winds in the soft state (Miller et al., 2006}
Neilsen & Lee, 2009)).

1.4.2 Type I X-ray bursts

The other type of bursts in XRBs, type I, are generally short ~1 minute long X-ray flashes
resulting from unstable thermonuclear burning on the NS surface in LMXBs. The thermonu-
clear runaway process is triggered by ignition of an accreted layer of material. The unstable
burning of the bottom of this layer then spreads across the whole surface of the NS in under
10 seconds. As a result the accreted Hydrogen and Helium are converted to heavy-element
ashes. The bursts themselves have a distinct shape following a fast rise, a variable, sometime
multi-peaked maximum and a slow exponential decay. At peak of the bursts, the system can

reach close to Eddington luminosity (Lewin et al., (1993).

Type I bursts can in general be classified into 3 separate classes, based on the burst luminosity,
duration and recurrence. The "classic" type I bursts last ~1 minute and repeat frequently
(every hour or so) (Grindlay et al., |[1976; |Lewin et al., 1993)). The "intermediate" bursts have
extended duration of ~30 minutes and substantial radiation pressure effects (in’t Zand et al.|
2011). As opposed to the mixed H and He burning in the classic bursts these are thought
to be the result of pure He layer being ignited after being accreted at low accretion rates
over longer period of time. The mass that is burnt in these intermediate bursts is thought
to be 10 to 100 times larger than that of classical bursts (in’t Zand et al., [2005; (Cumming
et al., 2006). The last class is the "superoutburst” class. These bursts last ~10 hours and
are thought to be the result of C ignition at large column depths (Cornelisse et al., |2000;
Cumming & Bildsten) 2001; |Strohmayer & Brown, |2002). Some systems experiencing type I
bursts re-ignite before a new layer is reformed completely due to leftover fuel from a previous
burst. This results in repeated bursts with lower peak luminosity and shorter decay times in

shorter succession (Boirin et al., [2007).
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1.4.3 Type II X-ray bursts

Type II bursts are particularly short in duration, from ~100 ms to ~10 minutes and with

recurrence times of couple of seconds up to an hour (Bagnoli et all 2015). These bursts are

semi-periodic with peak luminosities reaching up to L4 and showing correlation between the

burst energy and their recurrence time (Lewin et al., [1993). A common explanation for the

bursts, similarly to magnetically gated bursts in AWDs (see Section [1.3.1)), is accumulation

of material at the magnetically truncated inner disc radius, which is accreted episodically in

an burst of accretion instability (Lewin et al., 1993} Spruit & Taam), |1993; Lewin et al., 1995;
Bagnoli et al., [2015).

1.4.4 Ultraluminous X-ray Sources

Ultraluminous X-ray sources (ULXs) are a class of X-ray binaries with luminosities Lx 2

~

103 ergs—!, exceeding the Eddington limit (Lgpp ~ 1.3 x 1033 M /M ergs™!, with M being

the mass of the accretor) of a ~10 Mg black hole (BH; see [Kaaret et al.,|2017; Fabrika et al.)

2021} [King et all, [2023; Pinto & Walton, [2023, for recent reviews). First detected by the

FEinstein Observatory in the off-nuclear regions of nearby galaxies (Fabbiano, 1989), they were

considered as possible intermediate-mass black hole (IMBH) candidates with Mgy ~ 102 —

10% My, accreting at sub-Eddington rates (see e.g.|Colbert & Mushotzky, [1999). The presence
of mHz QPOs in some ULXSs (see e.g.Strohmayer et al., 2007; Strohmayer & Mushotzky, 2009;

Pasham et al., |2015; [Atapin et al., 2019), interpreted as the low-frequency counterparts of

QPOs in Galactic BH binaries (van der Klis, [1989), was proposed to support this hypothesis.

Furthermore the inferred masses from the QPO frequencies based on the mass-frequency

scaling derived from Galactic BH binaries (e.g. |Aschenbach) 2004; Remillard & McClintock),

2006; [Smith et al., [2018) with suggested masses in the IMBH range (see e.g. (Casella et al.
2008 and Figure 4 of Smith et al. 2018)). However, the lack of concordance with other

expected behaviours, e.g. the relative location of characteristic timescales, cast doubt on

such simple analogies (Middleton et al., [2011)).

With the advent of Chandra (Weisskopf et al., [2000)), XMM-Newton (Jansen et al.,|2001]), and

later NuSTAR (Harrison et al., 2013), high-quality spectra of ULXs showed the presence of

peculiar spectral states (Gladstone et al.,[2009; Sutton et al.| 2013)), consistent with them har-

bouring either a stellar-mass BH or NS accreting at super Eddington rates (King et al., 2001}

Poutanen et al., 2007; |Zampieri & Roberts|, 2009). A definitive confirmation of this scenario

came when Bachetti et al.| (2014) detected spin pulsations at a period P ~ 1.37s in M82 X-2,
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the first pulsating ULX (PULX) powered by an accreting NS. Since then, other ~3 persistent
PULXs mostly emitting at super-Eddington luminosities (as high as ~ 1000Lg4q) have been
discovered (First et al., |2016; |[Israel et al., |2017ab; |Carpano et al., |2018; Sathyaprakash
et al., 2019; Rodriguez Castillo et al., [2020)).

1.5 Variability in Accreting Systems

Being able to resolve the individual components of an accreting system through imaging
is impossible at the current state of technology. Therefore, there is a need for alternative
methods for indirect inference of the geometry and study of behaviour of accreting systems.
Variability in general refers to changes in the emission of the system over time and can
give invaluable insights into the workings of the accretion process itself. Variability can in
general be best studied through frequency domain as opposed to the time domain, making
Fast Fourier transforms (Oppenheim & Schafer, 1975) and similar algorithms such as Lomb-

Scargle (Lomb, |1976|) very useful tools.

In the frequency domain it is easier to constrain and quantify what frequencies (and hence
timescales) govern the variability of a system and at which times most energy is emitted. As
such, the Discrete Fourier Transform (DFT) for a given time series a; with associated times
kdt, where k is an integer number of data points within the time series from 1 to IV, the

expression for for the DFT is:

1

A=

N . .
>~ ape?mkN (1.5.1)
k=1

The inverse of this DFT, i.e. the conversion of A; back to aj, where A; contains N data
points in frequency space sampled by v; = jdv = j/(Ndt) and with integer j sampled from
—N/2+1to N/2 is:

N/2
ap= Y. Aje kN (1.5.2)

—N/2+1
Therefore for a; to be a physical signal it has to be real and complex conjugate symmetric
so that A; = Aj. The power spectra considered here are the amplitude of the DFT |A;]2.

Using Parseval’s theorem for a time series with mean p and variance o and duration T so

that T'= Ndt, it can be shown that:
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Nz |Ayjo2dv o2
A2dy — EN2LTT T 1.5.3
;r j|dv 5 5T (1.5.3)

It is hence possible to normalise the power spectrum so that the integral under all positive
frequencies gives the variance of the time series. The limiting factor on the highest possible
frequency (and the shortest timescale) that can be probed by a DFT, or an equivalent, is

given by the Nyquist frequency:

1

YNya = 5A; (1.5.4)

where At is the sampling of the time series. The low frequencies (long timescales) are on
the other hand limited by the total length of the time series T', hence the lowest possible
frequency is 1/T. For a more conservative estimate 3/ may be adopted, in order to insure
that the longest timescales considered has several cycles present. This is useful in particular

when considering long coherent signals comparable to the timescale of the data set.

DFT has a requirement for strictly regularly sampled data, as can be seen from Equation
For dealing with real astrophysical data this can be quite problematic, due to the
data being prone to gaps. The many possible issues that may arise, causing considerable
data gaps are observability constraints (i.e daytime, weather, target may be observable only
during limited time of the year), but also instrumental effects intrinsic to many instruments
(see Section for the K2 issue). Whereas it is possible to interpolate between the gaps
or sacrifice some of the high frequency sensitivity, there are other alternative methods that

can be used instead to handle unevenly sampled data.

Lomb-Scargle (Lomb), 1976) is a well known and used algorithm for detecting periodicities in
unevenly sampled data. For a detailed description on the algorithm, its uses and shortcom-
ings, see [VanderPlas (2018)). As opposed to a DFT in Equation m its periodogram can

be expressed as:

_A? B?

2 2
P(v) 5 <Z gncos(2mv(t, — TD) + - (Z gnsin(2mvt, — T])) (1.5.5)

where A, B and 7 are arbitrary functions of frequency v and time series observations at times
t;. Assuming that A and B are such that the power spectrum is indistinguishable from a DF'T
if the observations are evenly sampled, the power spectrum can be analytically computed and

is not sensitive to global time shifts in the data. Equation [1.5.5| can be expressed as:
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1 (X, gncosavft, — 7)) (X, gnsin(2mv[t, — 7))
P, =— n L 1.5.6
s (V) 2 ( >, cos?(2mvt, — 7)) * >, sin?(2wv[t, — 7]) ( )
To ensure time invariance for each frequency:
1 1 (X, sin(4mvty,) )
= —t =t - 1.5.
T (Zn cos(4mvty,) (15.7)

Throughout this thesis, Lomb-Scargle (LS) is used in all AWD cases instead of the DFT due
to the length of the observations with unpredictable sampling. DFT and LS algorithms are
primarily used to detect periodic variability, i.e. signals not changing or changing negligibly
over the course of the observation duration. These signals, often appearing as dé-like spikes
in the power spectral distribution (PSD) correspond usually to orbital periods of the bina-
ries P, the spin frequencies of the accretors and the beats between the respective signals
and superhumps (for more details on superhumps see Section . However, non-periodic
signals still contribute significantly to the PSD and this creates the broad-band component
of the PSD. They can be very roughly, split into aperiodic variability, often called flickering
and quasi-periodic variability. In the following Sections the broad-band and quasi-periodic

variability in accreting systems are discussed in greater detail.

1.5.1 Flickering

Flickering (aperiodic broad-band variability) is present in all types of accreting systems
(Scaringi et al., [2012a; |Uttley & McHardy, 2001; Uttley et al., [2005; [Van de Sande et al., [2015;
Gandhil, 2009). Although there has been plenty of observational evidence for this (Belloni
et al., 2002; [McHardy et al., [2006; |Scaringi et al.l 2012b)), the generally accepted explana-
tion is that the variability is driven by local accretion rate fluctuations propagating inwards
through the accretion flow on local viscous timescales (Lyubarskii, [1997; |Arévalo & Uttley),
2006al, also referred to as the fluctuating accretion disc model). The inward transfer of ma-
terial is triggered by the outward transfer of angular momentum. This in turn is caused by
the viscous stresses of the separate disc rings as the material flows around the disc at dif-
ferent Keplerian velocities (Frank et al., [2002al). The standard Shakura-Sunyaev disc model
(Shakura & Sunyaev, [1973)) defines a dimensionless viscosity prescription parameter «, which
in many circumstances is assumed constant through the disc. Flickering is however thought
to be caused by local fluctuations in the viscosity of the disc (Lyubarskii, |1997). MHD sim-

ulations have shown to be the most reliable way of inferring «, as its value strongly depends
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on the input magnetic field strength. The current estimates place it between ~ 0.05 — 0.1

for geometrically thin discs (Yuan & Narayan| [2014; Hawley & Balbus, 2002; [Penna et al.

2013).

In many cases the fluctuating accretion disc model has been successfully applied at X-ray

wavelengths to an optically thin, geometrically thick, inner flow (sometimes referred to as a

corona) in X-ray binaries (van der Klis| 2006) and at optical wavelengths in CVs (Scaringi|

o

Rms-flux relation

A fundamental property of broad-band variability in all accreting systems is the rms-flux

relation (Uttley & McHardy, [2001}; |Gleissner et al., [2004; Uttley et al., 2005; Heil & Vaughan),

20105 Scaringi et al., [2012a). It is the linear relation between the rms variability amplitude

and the flux level of a source in a stationary state, signifying that accreting systems are more
variable when they are brighter. In principle, because of the relation holds even when the
source is stationary, it is showcasing that this variability is intrinsic to the accretion process
itself and not related to a change of state. Further implications are that the variability at low
frequencies (long timescales) are linked to that in high frequencies (short timescales) (Uttley|
. In essence, it can be explained by the propagating accretion rate fluctuations
model, where the variability of each disc "ring" (Figure is the product of all the previous

ones. This means that the inward propagation of matter is a multiplicative process.

The rms-flux relation has been reported in all accreting systems, from AGN to XRBs (Uttley

& McHardy, 2001} Uttley et al., [2005). In AWDs, it has been seen in NLs (Scaringi et al.
2012a) and DNs (Van de Sande et al., [2015) alike.

Propagating Accretion Rate Fluctuations Model

The most common explanation for flickering is related to propagating local fluctuations in

the accretion rate through the accretion disc on viscous time scales (Lyubarskii, [1997; Ingram|

& Done, 2011ay, 2012; Ingram & van der Klis|, [2013)). In this scenario the variability is caused

by local perturbations to the viscosity parameter a and/or % as defined within the standard

accretion disc model (Shakura & Sunyaev, [1973)). The viscosity perturbations are hence

translated into local perturbations in the accretion rate. A change in accretion rate changes

the variability of the light curve, such that the affected timescale is governed by where the
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Figure 1.8: A schematic representation of how Lorentians representing inwardly propagating
accretion fluctuations combine to construct the overall broad-band shape of the power spec-
trum of an accreting system. The accreting system here is assumed to be a 0.8M white
dwarf.

driving change is occurring. This means that an initial perturbation of the viscosity at the
outer disc edge initiates a slow mass transfer rate variability. As this propagates inwards,
again on the local viscous timescale, the initial perturbation couples with other perturbations

generated further in the disc.

I implement this model using the prescription of Ingram & van der Klis (2013]). This divides
the disc into N rings which are logarithmically spaced between the inner and outer disc edges,
such that the % quantity remains constant, with r,, representing radius from the centre of the
compact object to the middle of N** annulus and dr,, its width. This assumption enforces the
linear rms-flux relation (Uttley & McHardy 2001} [Uttley et al., [2005; [Scaringi et al., 2015
and ensures the model adheres to observations of the linear rms-flux relation in accreting
systems. Within Ingram & van der Klis| (2013)) and [Scaringi| (2014)) the intrinsic variability
of each annulus is modelled as a zero-centred Lorentzian peaking at the viscous frequency

associated with a specific disc radius:

S (1.5.8)
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where Av, is the viscous frequency at r, so that vys.(rn) = « (%)Qden(rn% o2 is the
variance of the light curve of the annulus and T the corresponding duration of the light
curve. This equation generates the intrinsic PSD of each annulus within the disc. The
overall PSD is then a series of nested convolutions of these individual Lorentzians moving

from the outside inwards.

Accretion rate fluctuations are converted to luminosity fluctuations via the emissivity e(ry,).
The emissivity profile is governed by the emissivity index v and boundary condition b(ry,),
such that e(ry,) o r,;7b(ry,). For a flow extending all the way to the white dwarf surface a
stressed b = 1 boundary condition as adopted in [Scaringi| (2014) is a reasonable assumption.

In contrast, black hole and stress-free conditions are used in [Ingram & van der Klis (2013

where b(r,,) = 3(1 - ﬁ)

In [Ingram & Done| (2011a) the model was applied to XRBs where the « (%)2 parameter is
treated as a power-law. Scaringi (2014) adapted the model for white dwarfs by simplifying
the treatment of « (%)2 as a constant through the disc, effectively assuming a single flow
responsible for the variability. This was a reasonable assumption within the data considered as
it was used to only fit to the highest frequency break corresponding to an inner geometrically

thick and optically thin flow extending all the way to the white dwarf surface.

1.5.2 Quasi-periodic variability

Quasi-periodic variability in light curves of accreting systems is a very well known and studied
phenomenon (Warner et al., 2003} Ingram & Motta,|2019). However, not all accreting systems
use the same definition of such variability. For the purpose of this thesis, all quasi-periodic
oscillations (QPOs) are taken to refer to the variability of the signal in frequency at which
it is observed, not to the time-dependent nature of a coherent signal. Therefore, in the
following sections, the main observational properties and theoretical explanations for these
QPOs are outlined in the context of XRBs. The history of the use of the term QPO in AWDs
is summarised in the introduction to Chapter

QPOs in XRBs

Quasi-period oscillations (QPOs) are non-coherent brightness variations in the X-ray flux,
widely recognised in X-ray binary systems (XRBs). In the context of XRBs the flux fluctua-

tions manifest as characteristically broad features in the power spectra, due to the unstable
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quasi-periodic nature of the signal. They are present both in neutron star (NS) and black
hole (BH) XRBs with a variety of different types (see Ingram & Motta| 2019 for a detailed
review). BH XRBs exhibit low (< 30 Hz) and high (2 60 Hz) frequency QPOs, with low
frequency QPOs being somewhat more common. The low frequency QPOs show different
broad types depending on their strength, width and frequency, one of which is known as
Type-C. The broadness of a QPO is characterised by its quality factor @ = 5%, where g
is the centroid frequency of the Lorentzian representing the QPO and A its half width at
half maximum. Type-C QPOs in particular are strong and narrow, with @) 2 8, and are
also known to display strong harmonics. Similarly, NS XRBs show kHz QPOs and low fre-
quency QPOs, however as opposed to BH XRBs the kHz QPOs are more common. They also
display colour evolution on the hardness-intensity diagram, similarly to BH XRBs (Homan),
2001; Belloni & Mottay, 2016). Based on the QPO-colour evolution they are classified as FBO
(flaring branch oscillations), NBO (normal branch oscillations) and HBO (horizontal branch
oscillations). Type-C and HBO QPOs are known to follow a linear correlation with a broad-
band aperiodic low-frequency break (Wijnands & van der Klis, [1999), with a characteristic

decrease in power with increasing frequency.

QPOs in ULXs

Numerous ULXs are known to show QPOs, particularly in the mHz regime (see e.g.|[Strohmayer
et al.l 2007; Strohmayer & Mushotzkyl 2009; Pasham et al., [2015; Atapin et al., [2019) with
various models proposed to explain their presence. Middleton et al. (2019)) proposed that
mHz QPOs arise from a precessing inner flow of the disc. The general relativistic frame-
dragging torque (inducing Lense-Thirring precession) is then communicated to the launched
winds, whose precession is expected to cause the much longer super-orbital period seen in
many (P)ULXs (see e.g. Kong et al., 2016; Walton et al., 2016; Fiirst et al., | 2018; [Vasilopoulos
et all [2020; Brightman et al.l 2020, 2022)). /Atapin et al. (2019), instead, proposed that the
propagating fluctuations mechanism from [Lyubarskii (1997) can explain both the QPO and
the flat-topped noise observed in a sample of ULXs. [Majumder et al.| (2023) followed Das
et al| (2021)) to link the QPO frequency to the infall time towards the inner radius of the
disc, and hence proposing to use the QPO frequency to infer the masses of the central object,
assumed to be a BH. A similar mechanism for generating quasi-periodic variability but for

NSs is also explored in |Mushtukov et al.| (2024)).

Contrary to BHs, in the case of PULXs the presence of a magnetosphere is unavoidable and
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it is expected to induce additional torques to the inner flow. This has been proposed for both
magnetised NSs and T Tauri stars by [Lai (1999) and more recently for weakly magnetised
accreting white dwarfs (WDs) by [Veresvarska et al.| (2024a)) (discussed in detail in Chater

and referred to as the magnetically-driven precession model (MDP) in Chapter [5)).

1.6 This Thesis

In this thesis I will discuss the physics of accretion as applied mostly to AWDs and the
links between the accretion in AWDs and other accreting systems. For this purpose, most of
the relevant data discussed here comes from optical to near infrared missions such as TESS
and Kepler. As data from these telescopes is used across most of the Chapters, in Chapter
2] T will introduce these missions and instruments in greater detail. I will also outline the
type of observations they provide and their calibration to absolute luminosity using ground
based missions such as ASAS-SN and ATLAS . For the remainder of the thesis, each Chapter
corresponds to a separate publication, as outlined in the Declaration. In Chapter [3| I will
showcase the broad-band properties of an AM CVn system SDSS J1908+3940. Furthermore I
will highlight the first detection of the outer region of the thin disc as confirmed by empirical
fit and an analytical implementation of the propagating accretion rate fluctuation model.
In Chapter [ I will present the first detection of a new type of QPO in AWDs, showing
direct observational analogies to type-C QPOs in XRBs. I will also present a new application
of the magnetically driven precession QPO model which allows the prediction of magnetic
field strength of the accretor. In Chapter [5] I will show an application of this model to
the mHz QPOs in PULXs. Chapter [7] centres around newly detected micronova bursts in
a novalike CP Pup. Chapter [7] discusses another micronova, in a well known IP DW Cnc
and the accompanying strange behaviour of pole-flipping prior to the burst. In Chapter

summarizes the overall conclusions of this thesis and comments on the future work.



Chapter 2

Observations

2.1 Space-based Observations

In the following Section I will discuss the configurations and data obtained by space-based
telescopes such as TESS and Kepler whose data are exhaustively used in Chapters [3] [] [5], [6]
and [7] Since the same methods and instruments have been used throughout these chapters,
the broader details are gathered here, with more specific details and techniques mentioned in

the relevant chapters.

2.1.1 TESS

The Transiting Exoplanet Satellite Survey (TESS ) is a NASA sponsored Astrophysics Ex-
plorer class mission operated by Massachusetts Institute of Technology (MIT) (Ricker et al.,
2015). It is a near all-sky survey, covering over 95% of the sky at optical to near infrared
wavelengths. TESS ’s primary science goal is to discover new sub-Neptune exoplanets around
smaller (redder) stars with the possibility of spectroscopic follow-up. The spectroscopic
follow-up is intended with instruments such as the James Webb Space Telescope (JWST) in

order to study the planets atmosphere’s and constrain their masses.

The telescope itself is mounted on a NGIs LEOStar-21750 satellite and carries a single sci-
entific instrument. The instrument, a photometer, is composed of 4 identical wide Field of
View (FOV) optical cameras. Apart from the cameras themselves the telescope also contains
the hoods shielding the cameras’ aperture, the mount, Sun shield and the Data Handling
Units (DHU). The cameras point such that the their respective FOVs lined up one above the
other (see Figure with combined FOV of 24°x96°. The lens diameter is 10.5 ¢m, with

39
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Figure 2.1: TESS spacecraft and instrument pre-launch. Schematic Credit: MIT

focal ratio of f/1.4. More detailed information on the instrument is summarised in
2015).

The wavelength range, ~ 600 — 1000 nm, and response of the instrument is shown in Figure
The bandpass is centred on the Cousins I-band (Aeentrar ~ 786.5 nm). This bandpass
was chosen to complement the primary science objective of the mission, since it has increased
sensitivity to small transiting planets as compared to other similar missions with bluer band-
passes, like Kepler (Section . It was also chosen to reduce the photon counting noise,
however the red end of the bandpass is limited by the quantum efficiency of the CCD. The
blue end on the other hand is limited by the long-pass filter coating on the camera lenses.
Since TESS is an all-sky survey with wide FOV, the resulting pixel size is also on the larger
end at 21".

TESS launched in April 2018 and is situated in a unique elliptical HEO orbit, with an orbital
period of 12 to 15 days at 2:1 resonance with the Moon. The observing strategy is composed
of observing individual "Sectors", i.e. one FOV for 2 consecutive orbits (~ 27 days). At the
time of launch, TESS was intended to have a 2 year long primary mission and has since had

2 extended missions, with a third being planned.

The primary mission was composed of 26 consecutive Sectors, with 13 in the northern and
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Figure 2.2: TESS FOV and camera line up projected on the sky with visualisation of the
first 26 Sectors from the primary mission. Schematic Credit: https://heasarc.gsfc.nasa.
gov/docs/tess/telescope_information.html

13 in the southern hemisphere, as shown in Figure 2.2l To observe each hemisphere took a
year, with the southern one being observed first. The cadence of TESS observations in the
primary mission was 2 minutes for all targets in the TIC catalogue, composed of the primary
catalogue and ~10 000 Guest Investigator (GI) targets. On top of this, TESS also takes a
Full Frame Image (FFI) of the entire FOV every 30 minutes.

The 1% extended mission lasted 2 years, and again observed both hemispheres in a similar
fashion to the primary mission. However, in contrast to the primary mission, 4 Sectors (42 to
46) were designated for ecliptic pointings, hence increasing TESS sky coverage. As opposed
to the primary mission, around 80% of TESS targets were designated from the GI proposals.
Another point of difference was the introduction of higher 20 s cadence option for a small
number (~600) of targets. This also allowed the FFI cadence to be altered to 10 minutes,

instead of the original half hour.

The 2" extended mission was planned for 3 years, covering a range of Sectors in both northern

and southern hemisphere, as well as some ecliptic ones. Each Sector had a limit of ~8000
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Figure 2.3: TESS and Kepler bandpass sensitivity curve compared to a spectrum of an M
dwarf and a G dwarf. Schematic Credit: https://heasarc.gsfc.nasa.gov/docs/tess/
telescope_information.html

2 minute and ~ 2000 20 second cadence targets. Furthermore, the FFI cadence was lowered

to 200 seconds.

TESS provides excellent relative photometry in the units of e”s™!. TESS data can be
accessed on the Mikulski Archive for Space Telescopes (MASTE[). A convenient way to access
and download TFESS data is through the LIGHTKURVE packageﬂ All TESS data has an

associated quality flag, with values ranging from 0 to 32768 based on the severity of the

effect (Fausnaugh et all [2018)). For all data analysis in this thesis, only data with quality

flag 0 (i.e. no effect) is considered. Cosmic rays are also filtered out on board of the space

craft (Ricker et all 2015)). TESS provides two separate types of flux. The Simple Aperture

Photometry (SAP) flux, corresponds to the raw, calibrated flux with no further alterations.
Pre-search Data Conditioning (PDCSAP) flux is an alternative option with transit detection

optimisation included in the flux, which can remove long-term intrinsic variability of the

"https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
®https://lightkurve.github.io/lightkurve/
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Figure 2.4: An example of TESS light curve of a novalike MV Lyr from Sector 54 (shown
in grey). The TESS light curve has been calibrated to absolute flux (in mJy) through the
quasi-simultaneous ASAS-SN light curve (black circles), details of which are discussed in

Section @

source. It is for this reason that in this thesis, only SAP flux is used, to conserve all the
intrinsic variability. An example of TESS light curve, with flagged data is shown in Figure
24

TESS data were downloaded and cosmic rays were removed using the LIGHTKURVE packageﬂ
The Simple Aperture Photometry (SAP) flux is used to retain intrinsic variability of the
systems while avoiding the transit detection optimisation of the Pre-search Data Conditioning

(PDCSAP) flux. Data points are further excluded if their quality flag > 0.

An extensive, but not exhaustive list of Guest Investigator (GI) TESS programmes pertaining
to compact and accreting binaries, from which the data used in this thesis comes from is
shown in Table[2.I] The overall number of accreting white dwarfs and accreting white dwarf

candidates in these programs is 23100.

3https://docs.lightkurve.org/index.html
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TESS Cycle GI Program number

Primary Investigator

Cycle 1
Cycle 1
Cycle 1
Cycle 2
Cycle 2
Cycle 2
Cycle 2
Cycle 2
Cycle 2
Cycle 2
Cycle 2
Cycle 3
Cycle 3
Cycle 3
Cycle 3
Cycle 3
Cycle 3
Cycle 3
Cycle 4
Cycle 4
Cycle 4
Cycle 4
Cycle 4
Cycle 5
Cycle 5
Cycle 6
Cycle 6
Cycle 6
Cycle 6
Cycle 6
Cycle 6
Cycle 7
Cycle 7
Cycle 7
Cycle 7
Cycle 7
Cycle 7
Cycle 7

G011268
G011123
G011235
G022055
G022071
G022237
G022254
G022126
G022230
G022116
G022078
G03284
G03071
G03127
G03180
G03240
G03245
G03044
G04208
G04165
G04009
G04046
G04152
G05094
GO05135
G06152
G06143
G06027
G06156
G06158
G06101
G07007
G07025
G07074
GO07108
GO07145
G07154
G07187

Scaringi
Schlegel
Garnavich
Coti Zelati
Scaringi
Rivera Sandoval
Sion
Schlegel
Littlefield
Wood
Kemp
Schwab
Scaringi
Maccarone
Rivera Sandoval
Wood
Littlefield
Scaringi
Littlefield
Rivera Sandoval
Ramsay
Scaringi
Schlegel
Scaringi
Rivera Sandoval
Rivera Sandoval
Sokolovsky
Scaringi
Kashyap
Pichardo
Rucas
Martin
Scaringi
Hinkle
Unnati
Rivera Sandoval
Pichardo
Walter

Table 2.1: List of TESS GI programmes, their numbers and primary investigators concerning
programs focussed on compact and accreting binaries. All TESS data used in this thesis is

drawn from this list.



2.2. Ground-based Observations 45

2.1.2 Kepler

Another mission that is featured to a lesser extent in this thesis is Kepler, particularly in
Chapter |3l Kepler is the 10" low-cost and low-development time mission operated by NASA
and it is part of the Discovery class science missions. Kepler , similarly to TESS was designed
to discover low mass Earth-like exoplanets through their transits (Van Cleve et al., |2016)).
However, as opposed to TESS, Kepler focused on planets around orbiting sun-like stars. It
was launched in March 2009 with a single instrument on board and was retired in 2018 after
running out of fuel. The instrument was composed of 21 CCD modules, each of which had
two 2200x 1024 pixel CCDs, as shown in Figure Each module had a FOV of ~ 5deg?
with 116 deg? in total. The instrument itself contained a 0.95 m aperture Schmidt telescope
with a single bandpass spanning from ~ 420 — 900 nm, as shown in Figure with TESS

redder bandpass as a reference.

The spacecraft itself is in an Earth-trailing heliocentric orbit, with the first Kepler mission
focusing on observing a single field for ~ 3 years. The footprint of this field is shown in Figure
2.6l The default cadence of the targets observed in Kepler field was 60 seconds. However, in
2013 the 2" reaction wheel on the spacecraft stopped working, requiring a redesign of the
mission operations and objectives. The new mission was named K2 and it observed a series
of fields around the ecliptic plane as a replacement for Kepler. The new method of orienting
the spacecraft utilised a combination of the 2 remaining reaction wheels, the limiting torque
on the spacecraft when pointed towards the ecliptic fields and the radiation pressure on the
solar panels. Combined with the Sun angle constraints the length of time each field could be
observed was limited to ~80 days. As opposed to the primary mission, all K2 targets were

chosen from GI proposals.

For the purpose of this thesis, only downloading and handling TESS data is relevant. All
Kepler data used in this thesis (see Chapter [3)) was provided in its reduced form in |Kupfer
et al. (2015). However, LIGHTKURVE provides similar tools and procedures to handle TESS ,
Kepler and K2 data, with all relevant information being detailed in (Lightkurve Collaboration
et al., [2018).

2.2 Ground-based Observations

In this Section I will briefly describe the ground-based facilities whose data are discussed

in Section [6] and All ground-based data of interest here is from surveys, not targeted
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Figure 2.5: Kepler CCD modules layout with the corresponding channels. Schematic Credit:
Van Cleve & Caldwell (2016))
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Figure 2.6: Kepler FOV with the footprint of the CCD modules overlayed on top. Constel-
lations and clusters are marked in the field as well, with stars down to 6 mag. Schematic

Credit: |Van Cleve & Caldwelll (]2016[)
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observations and is often used to calibrate more high cadence photometry from space-based

instruments mentioned in Section 2.11

2.2.1 ASAS-SN

The All-Sky Automated Survey for Supernovae (ASAS-SN ) is an optical survey scanning the
entire sky every night down to ~ 18 mag. It comprises of 24 fully robotic 14 cm telescopes
across several locations in Hawaii, Chile, South Africa, Texas and China. It started operating
in V-band (Hawaii and Chile), but now transitioned into g-band in all stations since 2018.
ASAS-SN g-band (Shappee et al.l |2014; Kochanek et al. [2017)) is centred at 475 nm with 140
nm in width. All ASAS-SN observations are carried out in sets of 3 dithered 90 s exposures,

with the data being accessible via an online portaﬂ

2.2.2 ATLAS

ATLAS is an asteroid early warning system developed by University of Hawaii and is funded
by NASA. It comprises of 4 telescopes, with 2 in Hawaii, one in Chile and 1 in South Africa.
It scans the whole sky several times a night down to almost 20 mag. The telescopes observe
in a series of 4 30 s exposures per night over 1 hour period (Tonry et al., [2018). As opposed
to the ASAS-SN g-band, ATLAS uses its own 2-coloured bands. ATLAS o-band covering
the redder part of the ATLAS visible spectrum from 560 to 820 nm and the c-band extends
from 420 to 650 nm. The data reduction and forced photometry process is described in detail

in Tonry et al. (2018); |Smith et al.| (2020).

2.3 TESS Calibration with Ground-based Photometry

TESS provides excellent precision relative photometry in units of e~s™!, which does not
provide any information on the absolute flux of the target, only relative brightness. To
obtain absolute photometry in mJy, we convert these measurements using quasi-simultaneous
ground-based observations from ASAS-SN , without accounting for any bolometric correction.
This conversion is based on assuming a linear relation between the TESS and ASAS-SN fluxes
(an example shown in Figure reference). This method has been previously used (Scaringi

et al., 2022d}; |Veresvarska et al. [2024a)), but it requires quasi-simultaneous coverage of the

“https://asas-sn.osu.edu/
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target by both TESS and ASAS-SN , which for this purpose is assumed to consist of all ASAS-
SN observations within a TESS cadence. The ASAS-SN g-band is centred at 475 nm with
140 nm width, with a partial overlap with the TESS band-pass (600 - 1000 nm). Although
the pass-bands do not exactly overlap, we assume here that any colour-term variation are
minimal. The conversion is done separately for each half Sector, to avoid any instrumental
effects and offsets. Assuming a linear relation between the 2 bands a direct conversion can

be established in the form of:

Fasas—sn [mJy] = A x Frgss {6_8_1} +C (2.3.1)

where Fagas—gn is the ASAS-SN flux in mJy and Frggg is TESS SAP fluxin e~ s~ . A and
C are the conversion coeflicients as defined by the linear relationship between the two fluxes.
In the framework of the aforementioned assumptions, the TESS light curves in the ASAS-SN
mJy units can be converted to luminosity using the Gaia DR3 parallax. Such calibration
can provide lower limits on energies emitted in the TESS band, but should be treated with
caution as the linear relationship tends to break for fainter sources, or for systems with poor
ASAS-SN coverage. Lack of ground-based calibration often prohibits any measurements of
the energetics being made. However, with the advent of more synoptic sky surveys (e.g.
BlackGEM |Groot et al.|2024) space-based calibrations will be more easily achieved due to

wider sky coverage.

Despite the non-complete overlap of TESS and ASAS-SN passbands, no bolometric correction
is applied in this calibration. This is to avoid any effects due to a potential change in the
SED during the observations, which would affect any bolometric correction. In general,
astrophysical systems tend to be bluer when brighter. As a result the obtained luminosities
of the corrected TESS light curves should be treated as a lower limit, with more uncertainty
in brighter targets. It is however possible to estimate the effect the bolometric correction
could have on the luminosity. This can be done by comparing luminosities of the sources in
different bandpasses, from X-ray to UV in accreting sources, to estimate a factor by which
the actual luminosity is most likely underestimated. Future missions, such as PLATO, that
will offer timing observations of similar cadence and length but in multiple bands will be able

to help this issue (Rauer & Heras, 2018).
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Figure 2.7: Example showing the linear relation between quasi-simultaneous TESS and
ASAS-SN light curves. The example shows the relation for 15 half of TESS Sector 54,
whose result is shown in Figure



Chapter 3

Outer disc edge: properties of low
frequency aperiodic variability in

ultracompact interacting binaries

Abstract

Flickering, and more specifically aperiodic broad-band variability, is an important phenomenon
used in understanding the geometry and dynamics of accretion flows. Although the inner re-
gions of accretion flows are known to generate variability on relatively fast timescales, the
broad-band variability generated in the outer regions have mostly remained elusive due to
their long intrinsic variability timescales. Ultra-compact AM CVn systems are relatively small
when compared to other accreting binartes and are well suited to search and characterise low
frequency variability. Here I present the first low frequency power spectral analysis of the
ultracompact accreting white dwarf system SDSS J19084+3940. The analysis reveals a low
frequency break at ~ 6.8 x 10~7 Hz in the time-averaged power spectrum as well as a second
higher frequency component with characteristic frequency of ~ 1.3 x 10™% Hz. I associate
both components to the viscous timescales within the disc through empirical fits to the power
spectrum as well as analytical fits using the fluctuating accretion disk model. My results
show that the low frequency break can be associated with the disk outer regions of a geomet-
rically thin accretion flow. The detection of the low frequency break in SDSS J1908+3940
provides a precedent for further detection of similar features in other ultracompact accreting
systems. More itmportantly, it provides a new observable that can help constrain simulations

of accretion flows.

Co-author contribution
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I have conducted the analysis as described in this Chapter and reported in
under the supervision of Dr Simone Scaringi.

3.1 Introduction

AM CVn systems are compact interacting binaries with orbital periods well below the ob-

served and theoretical minimum orbital period of CVs (Kolb & Baraffe| 1999b; Howell et al.l

2001; McAllister et al) 2019). A review of their properties and evolutionary channels is

given in Solheim| (2010)) and Ramsay et al. (2018)), with an introduction to these systems and

summarised overview being given in Section [1.3.2

AM CVn systems currently comprise 11 out of 16 LISA verification sources (Kupfer et al.
2018; Marsh), 2011} [Stroeer & Vecchiol, [2006) for gravitational wave detection. Given their

relatively small size, these systems are also well suited for magneto-hydrodynamic (MHD)

simulations of entire accretion discs (Coleman et al., 2018 Kotko & Lasotal, [2012). In this

Chapter, I aim to leverage the compactness of these systems to study the low frequency

broad-band variability.

The detection of SDSS J1908+3940 (hereafter J1908) was first reported by |[Stoughton et al.|
(2002)) and [Yanny et al.| (2009)) and identified as an AM CVn system by Fontaine et al.| (2011])

through the use of Kepler photometry. Its accretor has a reported white dwarf mass of 0.8 M
(Fontaine et all, [2011; [Kupfer et al., |2015) with a binary mass ratio of ¢ ~ 0.33 (Fontaine|
et al., 2011; Kupfer et al., 2015). Kupfer et al.|(2015]) followed-up this system through phase-

resolved spectroscopy to measure the orbital period of ~ 18 min, making this system one

of the very rare AM CVns with an orbital period below 20 minutes. Though inconclusive,

Kupfer et al.| (2015) identified a potential negative superhump of the system at 75 cd~! and

excluded a multitude of scenarios for the origin of the rest of the signals detected through

photometry. The likely candidate explanation for these periodic photometric signals remains

white dwarf g-mode pulsations (Hermes et al., [2014).

With the spectroscopic orbital period measured, J1908 joins AM CVn itself and HP Lib

as one of 3 known high state AM CVn systems (Ramsay et al., 2018). High state AM CVn

systems may be somewhat akin to CV nova-likes with similarly high accretion rates. In J1908

the inferred mass transfer from Ramsay et al.| (2018)) is ~ 6.6 x 10~ Mgyr—! based on fitting

the spectral energy distribution of the source, while |Coleman et al.| (2018) report a value of

3.5—8x 1072 Muyr~! based on non-local thermodynamic equilibrium (NLTE) accretion disc

fits to optical high resolution spectra.
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In this Chapter I will examine the broad-band properties of J1908 based on the propagating

accretion rate fluctuations model discussed in detail in Section [[L5.11

In many cases, as detailed in Section the fluctuating accretion disc model has been
successfully applied at X-ray wavelengths to an optically thin, geometrically thick inner flow
(sometimes referred to as a corona) in X-ray binaries (van der Klis, 2006) and at optical
wavelengths in CVs (Scaringi, [2014). Assuming the fluctuations propagate through the disc
from the very outer edge, it should also be possible to observe variability originating from the
geometrically thin, optically thick, outer-disc regions. However, this requires the assumption
that the fluctuations originating in the outermost disc regions are not completely damped
by the time they reach the emitting region generating the variability signal. In XRBs the
variability generated from a geometrically thin disc component is generally assumed to have
negligible influence and power on the observed high frequency variability (Kawamura et al.,

2022).

The viscous timescale of interest at the outer-edge disc radius can be defined by Equation
(Shakura & Sunyaev} [1973) and is related to the dynamical timescale (Equation[L.1.8)).
The viscosity prescription «, combined with the scale height of the disc H/R, is an important
parameter as it decouples the viscous timescale from the dynamical one. Under the strong
constraint that the outer disc cannot exceed the 1% Lagrangian point, the viscous timescale
associated with CVs and X-ray binaries can be inferred to be a few tens to a few hundred
days for « (%)2 ~ 1073 — 107°. Because of their smaller size, the viscous timescale of the
outer disk in AM CVn systems with orbital periods of ~ 20 minutes is substantially shorter.
The corresponding viscous frequency associated with the outer-disk edge in this case is in the

range of ~ 107"Hz - 10~°Hz. In comparison CVs and XRBs with an orbital period in the ~

6 hours to ~1 day range would yield viscous frequencies in the range ~ 107?Hz - 10~ "Hz.

A convenient way of visualising the amount of power output by a system at a given timescale
is through Fourier analysis and PSDs described by a combination of Lorentzian-shaped com-

ponents (see Section for further detail).

The highest frequency Lorentzian component is generally detectable, unless the system is
too faint, in which case the highest frequencies are dominated by Poisson-induced white
noise. The lowest frequencies are generally only described with a red-noise power law, but
this does not necessarily exclude the existence of lower frequency Lorentzians. The fluctuat-
ing accretion disc model associates the broad-band aperiodic noise components observed as

Lorentzians to somewhat discrete regions in the accretion flow (Section [1.5.1)). Alternatively,
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transitions between different emission mechanisms and/or changes in disc viscosity or scale
height can also alter the shape and positions of the Lorentzian components. Nonetheless,
the lowest frequency Lorentzian would be associated with the outer-disc regions, while the
highest frequency Lorentzian would be associated with the inner-disc ones. Naturally, the
low frequency break could also be associated with a specific feature present in the outer disc
region, such as the bright spot where the stream of material from the donor impacts the out
accretion disc edge. Any variability resulting from such features would also mark the outer
disc region. A different interpretation may instead be that the lowest frequency variability
directly traces mass loss variations from the donor star at the L1 point. Changes in the
mass transfer rate may then directly affect the outer disc. The observed variability could
still contain signals generated in-situ at the outer disc and be driven by viscous interactions.

Disentangling these two variability generating processes remains non-trivial.

In this Chapter I discuss the Kepler data of the AM CVn system J1908 in Section Data
analysis and empirical model fits to the PSD are presented in Section I also describe
the analytical propagating fluctuations model as adapted from Lyubarskii| (1997)), Ingram &
van der Klis (2013) and |Scaringi| (2014)) with the corresponding multi-component changes
that I employ here in Section In Section I discuss the results of the empirical
PSD fit and as well as the inferred physical system constraints. In Section [3.5] T explore the
physical implications of the accretion disc structure before making my final conclusions of

the findings in Section

3.2 Observations

The data used here on J1908 was obtained by Kepler in short cadence mode (58.9 s) during
quarters 6 to 17. This corresponds to the period between 24" of June 2010 to 11*" of
May 2013. The raw data can be obtained from the Mikulski Archive for Space Telescopes
(MAS. Fontaine et al.| (2011) reports the detection of J1908 alongside a 2"¢ G-type star
within 5 arcseconds. Due to the close proximity of both objects it is likely that the simple
aperture photometry of J1908 is contaminated by the bright neighbouring star. This is
addressed in [Kupfer et al| (2015), where the PyKE software (Still Martin, 2012) was used to
perform point-spread-function (PSF) photometry. The J1908 light curve produced in |[Kupfer

et al| (2015) is further corrected for the linear instrument trend on a quarterly basis. The

®https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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final normalised light curve provided by |Kupfer et al.|(2015) is used in this work and further
cleaned of cosmic rays through the use of Jenkins| (2017) the Lightkurve packagdﬂ The
final light curve is shown in Figure [3.1} alongside a 1-day mean. The mean shown Figure
demonstrates the low-amplitude, low-frequency, variability on longer timescales in J1908.
This is particularly clear in the bottom panel of Figure [3.1) where the mean clearly shows

variability generated from a non-Gaussian process.

3.3 Methods and Analysis

In this Section I first describe the method used in constructing the time-averaged PSD of
J1908. I further describe the empirical model fit to the time-averaged PSD and discuss the
statistical significance of the detected low frequency break. I also describe the analytical
2 flow damped fluctuating accretion disc model also used to fit the time-averaged PSD of

J1908.

3.3.1 Time-averaged PSD

To study the broad-band variability of J1908 I calculated the time-averaged power spectrum.
Using the time-averaged power spectrum reduces the scatter across frequencies in the PSD.
I do this by dividing the light curve into independent segments of equal length and compute
the Lomb-Scargle Periodogram (Lomb) 1976} [Scarglel 1998)) for all of them separately. 1
then take the average of all PSDs and bin this in logarithmically-spaced frequency bins. 1
normalise each individual PSD such that the integrated power is equal to the variance of the
light curve (Miyamoto et al., |1991; Belloni et al., |2002), which follows directly from van der
Klis| (1988). This methodology is similar to that applied in Scaringi et al.| (2012al).

In order to select an appropriate segment size it is necessary to consider where a low frequency
break might be expected. The dynamical frequency at the L1 point for J1908, being the
absolute limit of where the disc can extend to, is ~ 1.2 x 1072 Hz. This is then linked to
the viscous frequency via the «a (%)2 parameter. For a geometrically thin, optically thick,

disc as may be expected in the outermost regions one would expect a characteristic viscous

frequency of ~ 107° - 107 Hz, but this strongly depends on the value of the o and %.

Segmenting the light curve can cause the power at the lowest frequencies to be artificially

reduced due to the frequency range being comparable to the segment size. I discuss this

3https://docs.lightkurve.org/index.html
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Figure 3.2: Time-averaged PSD of J1908 adopting a segment length of 60 days. Masked out
periodic signals as well as frequencies lower than the segment window length are marked with
the grey solid lines.

effect in further detail in Section I have explored segment sizes between ~ 15 days to
~ 100 days to isolate the effect of the artificial drop in power to the real frequency break. In
fixing the range of the segment length another variable that has been taken into account is
the ability to divide the light curve into quasi-continuous segments. I define this by ensuring
each segment has no gaps bigger than 1 day. My final selection to compute the time-averaged
PSD is constructed from 11 x 60 day long segments, as shown in Figure Further details
on verification of whether the break can be caused by the chosen binning or segment size is
discussed in section I also test and confirm that the 11 individual PSDs are stationary

and can be reliably averaged to produce a time-averaged PSD. Details of this can be found

in Appendix

As discussed previously, J1908 shows many periodic signals, and most of these can be observed
above the Poisson dominated white noise component at the highest frequencies. These signals
have already been discussed and some have been identified (Kupfer et al., 2015|). Here I mask
these out as their variability cannot be associated with the broad-band aperiodic variability
of interest. I further mask frequencies < 2 x 10~7 Hz as they appear to be an artefact of the

chosen segment size (see Section for more details).
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The masked out frequency bins are shown in Figure [3:2] The choice of power X frequency on
the y-axis better displays any broad-band features in the PSD. The PSD covers ~ 4 decades
in frequency before the white noise begins to dominate the signal above ~ 1073 Hz. The
PSD shows 2 clear broad-band components with highest power attained at ~ 10~* Hz and
~ 7 x 1077 Hz. There is a clear declining slope between these towards the low frequencies.
The decrease in power at ~ 7 x 1077 Hz (referred as the low frequency break) covers almost

an order of magnitude in fractional RMS power in just over half a decade in frequency.

The time-averaged PSD also shows a quasi-periodic structure at ~ 3 x 107° Hz. The feature
is consistently present in the PSD irrespective of binning. To better understand the origin of
this feature and its level of coherence I have visually inspected the individual power spectra in
linear frequency space. I find that the origin of this feature may be related to quasi-periodic
variability as no coherent periodicity could be identified above the noise level. It is interesting
to consider whether this feature may be related to a super-orbital precession frequency of a
tilted disc as observed in several accreting white dwarfs. In this context, [Kupfer et al. (2015)
identified a signal at 8.787856 x 10~ Hz as a potential negative superhump. The resulting
super-orbital modulation would appear at ~ 8.8 x 10~4 Hz for J1908, and this is inconsistent
with the feature identified at ~ 3 x 107° Hz. I cannot at this stage discern whether this

feature is the result of a dynamical or viscous process in the disk.

3.3.2 Empirical fit

In order to provide quantitative measurements of the frequencies associated with the 2 breaks
in the time-averaged PSD of J1908, I fit the entire PSD with 2 separate Lorentzians to capture
the low and high frequency breaks, a bending power law with a further 2 breaks to capture
plateau between the breaks, and a further power law to capture the high frequency Poisson

noise component. The Lorentzians take the form of:

r2A 1
7 A%+ (v—1y)?

P) = (3.3.1)

where 72 represents the integrated fractional RMS power, A is the HWHM of the Lorentzian
and 1 the centred frequency so the the maximum power of the Lorentzian is at vpeqr =
\/ A2+ Vg. The bending power-law is adapted from (McHardy et al., |2004) which and is
defined as:
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1

Pw) = Av—arY, (1 + <”> o 1>_ . (3.3.2)

Up,
Contrary to the use in McHardy et al.| (2004) where the A parameter is defined as the power
at 1 Hz, I here leave it as a free parameter. The v, terms correspond to the break frequencies
of the power laws and «o; are the power law indices, with N = 2 being the number of breaks.
I further include a power-law component at the highest frequencies to capture the Poisson
white noise variability using:

P(v) = Py’ (3.3.3)

where P, is the normalisation constant and ( is the power law index, expected to be close to

0 for a purely Poisson noise contribution.

This empirical model can be used to fit the overall time-averaged PSD as well as the in-
dividual segments. This is particularly useful to determine the level of stationary of the
various components throughout the entire lightcurve duration. The results of the overall
time-averaged empirical fit compared to the fit of its separate segments are discussed in the
Appendix[A.2] I find negligible differences between the characteristic frequencies between the
individual PSD segments, which in turn supports the assumption that the PSD is stationary

during the interval over which the segments are averaged.

3.3.3 Low frequency break significance

As mentioned above in Section [3:3.1] the choice of binning and segment size may induce an
artificial drop in power in the PSD at the lowest frequencies. Furthermore, the errors at the
lowest frequencies are affected by fewer measurements due to the logarithmically spaced bins,
which in turn increase the errors. In any case it is necessary to test for robustness and ensure
that the low frequency break at ~ 7 x 107 Hz is intrinsic to the data and not an artefact of

the segment size and/or binning.

I test for this using a method based on [Timmer & Konig (1995). The method consists of
generating simulated light curves with an assumed underlying model for the PSD. In practice
this is done by randomising the phase and amplitude of the model PSD at each frequency, and
taking the inverse Fourier transform to generate a light curve. In my case I will simulate light
curves with an underlying PSD that does not have a low frequency break. After sampling
the simulated light curves using the same Kepler sampling of the true data, and after binning

and averaging the simulated data as described in Section I can test if the low frequency
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break is an artefact of the methodology or not. I thus reproduce the empirical fit from Section
[3:3:2) but without the low frequency Lorentzian component. I further set the central bending
power-law Eq. (3.3.2)) to only have the higher frequency cut-off. This then allows the central

power-law to extend to low frequencies without having a frequency break.

The new PSD is then used as an input to the Timmer & Konig (1995]) method, and I simulate
103 artificial light curves. The artificial light curves are sampled on the timestamps of the
Kepler light curve, and these are then used to produce a time-averaged PSD in the same way

as in the data as described in Section B.3.11

I have inspected the distribution of powers in each frequency bin in the simulated time-
averaged PSD and found these to follow a x? distribution. The 93.32% and 99.977% levels,
corresponding to 3o and 50 detection significance, are taken and shown as the confidence
contours on the time-averaged simulated PSD Figure [3.3] These represent the significance
levels in the RMS in each independent frequency bin. It is clear from Figure how the
time-averaged simulated PSD departs from the input PSD at the lowest frequencies. This is
due to the segment size selection, and demonstrates that frequencies below 1.9 x 10~7 Hz are
severely affected by the methodology. At higher frequencies however it is also clear that the
simulated PSD closely follows the underlying input PSD.

Figure shows the results of the Timmer & Konig| (1995) simulation overlayed onto the real
time-averaged PSD. I have now limited the lowest frequency to not include the artificial drop
in power caused by the segment size selection. It is evident from inspecting Figure how the
broad-band component and associated low frequency break at 7 x 10~7 Hz is not reproduced
by the simulation as one may expect. I further note that the Timmer & Konig (1995]) method
used here to determine significance levels considers frequency bins to be independent of each
other, and is thus robust for testing coherent signals. The quoted significance levels must thus
be considered as lower limits when considering aperiodic broad-band components in the PSD.
This is because the clear drop in power associated with the low frequency break constitutes
several consecutive and independent frequency bins. I thus associate the low frequency break

as intrinsic to the data and not an artefact of the methodology.

Additionally to testing the significance of the low frequency break, the [Timmer & Konig
(1995) simulation also allows us to better quantify the significance of other features in the

PSD. Specifically I find that the feature at ~ 3 x 107> Hz is > 99.977% significant.

Finally, I further verify that the observed low frequency break is not related to any instrumen-

tal artefact. I have selected 3 neighbouring short cadence Kepler targets to J1908. Having
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Figure 3.3: Fitted power law of the time-averaged PSD of J1908 without the low frequency
break (dashed blue line). The Timmer & Konig| (1995) simulation and significance contours
for 93.32% and 99.977% (shaded blue regions). The mean of the simulations (solid orange
line) clearly shows an induced break at 1.9 x 107 Hz corresponding to the segment length.
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Figure 3.4: Time-averaged PSD of J1908 with the fitted power law without a low frequency
break at ~ 7x10~7 Hz. The 93.32% and 99.977% significance levels of the PSD are determined
from the Timmer & Konig| (1995)) simulation of light curve from an underlying power law.
This is showing the significance of the lower frequency break and that the average simulated
time-averaged PSD (orange) does not show any break from the binning of the data.
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performed an identical analysis to what has been done for J19080 (see Appendix |A.1)) I am
left to conclude that the low-frequency break described in Section [3.4]is intrinsic to the target.

3.3.4 Analytical model

The most common explanation for flickering is related to propagating local fluctuations in
the accretion rate through the accretion disc on viscous time scales (Lyubarskii, (1997} Ingram
& Donel [2011a;, 2012 Ingram & van der Klis, [2013). In this scenario the variability is caused
by local perturbations to the viscosity parameter o and/or % as defined within the standard
accretion disc model (Shakura & Sunyaev, 1973). The viscosity perturbations are hence
translated into local perturbations in the accretion rate. A change in accretion rate changes
the variability of the light curve, such that the affected timescale is governed by where the
driving change is occurring. This means that an initial perturbation of the viscosity at the
outer disc edge initiates a slow mass transfer rate variability. As this propagates inwards,
again on the local viscous timescale, the initial perturbation couples with other perturbations

generated further in the disc.

I implement this model using the prescription of Ingram & van der Klis (2013). This divides
the disc into N rings which are logarithmically spaced between the inner and outer disc edges,
such that the %ﬂ quantity remains constant, with r,, representing radius from the centre of the
compact object to the middle of N** annulus and dr,, its width. This assumption enforces the
linear rms-flux relation (Uttley & McHardyl}, 2001} [Uttley et al., [2005; [Scaringi et al., 2015
and ensures the model adheres to observations of the linear rms-flux relation in accreting
systems. Within Ingram & van der Klis (2013)) and |Scaringi| (2014) the intrinsic variability
of each annulus is modelled as a zero-centred Lorentzian peaking at the viscous frequency

associated with a specific disc radius:

2 A
e (3.3.4)

|An(l/) T T (Avp)? + 12

where Av, is the viscous frequency at 7, so that vyisc(rn) = « (%)Qden(rn), o2 is the
variance of the light curve of the annulus and T the corresponding duration of the light
curve. This equation generates the intrinsic PSD of each annulus within the disc. The
overall PSD is then a series of nested convolutions of these individual Lorentzians moving

from the outside inwards.
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Accretion rate fluctuations are converted to luminosity fluctuations via the emissivity €(ry,).
The emissivity profile is governed by the emissivity index v and boundary condition b(r,),
such that e(ry) oc 7,,7b(ry,). For a flow extending all the way to the white dwarf surface a
stressed b = 1 boundary condition as adopted in [Scaringi| (2014) is a reasonable assumption.

In contrast, black hole and stress-free conditions are used in |Ingram & van der Klis (2013

where b(r,) = 3(1 - ﬁ)

In Ingram & Done, (2011a)) the model was applied to XRBs where the a (%)2 parameter is
treated as a power-law. Scaringi (2014]) adapted the model for white dwarfs by simplifying
the treatment of « (%)2 as a constant through the disc, effectively assuming a single flow
responsible for the variability. This was a reasonable assumption within the data considered as

it was used to only fit to the highest frequency break corresponding to an inner geometrically

thick and optically thin flow extending all the way to the white dwarf surface.

Here 1 further adapt the fluctuating disc model to include multiple disc components in an
attempt to reproduce the overall PSD shape observed in J1908. As opposed to [Scaringi

2
(2014) where « (%) was assumed constant throughout the entire accretion flow, I define

2 2
two flows each with independent values of « (%) . In reality « (%) may be smoothly
varying throughout the disc, but I here only consider two discrete flows for simplicity and in

order to search for the best-fit parameters in a reasonable computational time. In fitting the

PSD T also include a high frequency white noise component as done in Section [3.3.2]

I point out that it is not clear which of the two boundary conditions (stressed or stress-
free) may be more appropriate for modelling the observed J1908 PSD. If there are no higher
frequency breaks beyond ~ 10~* Hz, then a stressed boundary condition may be more ap-
propriate, as the highest frequency component traces the accretion flow all the way up to the
white dwarf surface. If on the other hand there exists a higher frequency break beyond ~ 1074
Hz (as observed in several other accreting white dwarfs, e.g. |Scaringi et al., 2013)), then I
should either include additional stressed inner flow, or place a different boundary condition
on the model using two flows. The boundary condition in this case would have be defined as
a “mildly” stressed boundary condition as it would have to encapsulate the Keplerian rota-
tional velocity at the transition between the innermost flow and that generating the peak in
power at ~ 10~% Hz. I adopt the simplistic approach of a stressed boundary condition, but

are aware of the limitations of this approach.

Scaringi| (2014)) applied this model to infer a geometrically thick and optically thin disc,
possibly related to an advection-dominated accretion flows (ADAF, Narayan & Yi, 1994,
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Table 3.1: Free parameters of the analytical model of propagating accretion rate fluctuations

2
with 2 distinct accretion flows defined by different constant values of « (%) .

Free parameters description

Tin inner disc edge

Tt transition radius between the flows

T out outer disc edge

v emissivity index

(a (%)2)m inner flow viscosity and scale height

(a (%)2)01“5 outer flow viscosity and scale height

Foarin fractional variability of the inner
flow generated per decade

Foarout fractional variability of the outer
flow generated per decade

D Damping parameter of the optically
thick flow

1995a,b)). Here I additionally consider the effects of fluctuations being damped as they prop-
agate through the flow (Churazov et al., 2001). This is particularly important as the PSD
may originate from a geometrically thin and optically thick disc which would be more prone

to damping than a geometrically thick disc.

Towards the outermost edges of the disc the effect of damping would be small as fluctuations
have not travelled inwards enough to be substantially damped. However, this may not nec-
essarily be the case further in the disc. I verify the potential effects of damping on the model
by implementing the damping prescription described by Rapisarda et al. (2017). The effect
of damping is described by the Green function which damps out fluctuations intrinsic to the
disc as they propagate. The change in power is described by the Fourier transform of the

Green function:

G (rp,r,v) = e~ DAty g —i2m Atiny (3.3.5)

where Aty, describes the time to propagate a fluctuation between the disc radii r; and r, and

D is the damping factor prescribing the amplitude of damping.

To illustrate the overall effects of damping I compare the damped and an non-damped model

for a mock system of J1908 in Figure The models evaluated in Figure are computed

assuming two accretion flows. The inner flow is assumed to have « (%)2 =1x 1073 and
radially extends between 0.01Rs and 0.03Rs. The outer flow is assumed to have « (%)2 =
4 x 1075 between 0.03R, and 0.1R.,. To show the effect of damping on both flows I vary the
damping factor D in Equation between 0 (no damping) and 50. The highest damping

factor used here is for illustrative purposes only and is not related to a specific physical
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Figure 3.5: A comparison of damped and a non-damped analytical propagating fluctuations
model for a 2 accretion flows between 0.01Rs and 0.1Rs with transition at 0.03R5. THe

2
flows are characterised by « (%)

= 4 x 107° in the outer flow and « (%)

2
=1x 1072 in

the inner flow. A central white dwarf accretor of the same mass as J1908 My p = 0.8M, is
assumed. The damping factor D varies between 0 and 50.
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limitation. Figure demonstrates how the effects of damping are close to negligible for the
outer flow, but become substantial for the inner flow as expected. Specifically, damping causes
the higher frequency break to appear shifted to lower frequencies as more high frequency
modulations are damped. In this implementation of the model I only include damping for
the inner flow, and leave the damping parameter as free during the fit. Conversely I fix the

damping parameter to D = 0 for the outer flow.

Overall Table shows a list of all free parameters in my implementation. The size of the
inner flow associated with the high frequency component has been left as a free parameter.
This allows us to investigate whether the model prefers this component to reach the white
dwarf surface and thus support the stressed boundary condition assumption used, but note
the limitations induced by the damping factor. In this implementation I fix the white dwarf
mass and radius to My p = 0.8M as reported in Fontaine et al. (2011)) and Kupfer et al.
(2015). The corresponding white dwarf radius from the mass-radius relation (Nauenberg,

1972a)) then yields Ry p = 0.01Rg.

3.4 Results

In this section the results of the empirical fit are presented and discussed as well as those

from the analytical two-flow propagating accretion rate fluctuations model.

3.4.1 Empirical fit

The best fit obtained with the model described in Section [3.3.2] is shown in Figure I
obtain a reduced x2 = 0.6. My obtained best fit values are shown in Table The best fit
is achieved through a Levenberg-Marquardt least-square method as implemented in SciPy.
As the determined fit is acceptable no other fitting methods are pursued. The relatively low
X2 of the fit may suggest an over-parameterization of the empirical model. Nonetheless, the

frequency breaks of interest appear to be well constrained.

3.4.2 Analytical 2 flow model

The best fit of the model described in Section is obtained using the same Levenberg-
Marquardt least-square method as used in Section For this I obtain a x2 = 1.5, with
the resulting model shown in Figure My best fit values are quoted in Table I point
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Figure 3.6: Empirical fit of the time-averaged PSD of J1908 showing the separate components
with the 2 distinctive broad band breaks at vpeqr1 = 1.3 £ 0.4 x 10~* Hz and Vbreak,2 =
7+2x 1077 Hz.

Table 3.2: Free parameters of the empirical fit of the time-averaged PSD of J1908 as described
in section [3.3.2 The the best fit value of the parameters for the power law are A, power
law amplitude, aj_3, bending power law indexes when going from low to high frequency,
and v1_o, bending power law frequencies at which the power law transitions between the
different indexes. For the Lorentzian components: ri_o, integrated fractional rms power of
the Lorentzian components of the fit, Av;_o, HWHM of the Lorentzians and v 12, central
frequency of the Lorentzians. For the white noise component: 3, white noise power law index
and Py, white noise normalisation.

Component Parameter Best fit value
Power law A 2+5
ai —-0.24+0.2

as —-3+3

as 0+5

vy 1.3+£0.6 x 1075 Hz

vy 7+7x107° Hz

High v Lorentzian T 441
Avy 941 x 1075 Hz

Vo1 9+3x107° Hz

Low v Lorentzian T9 27404 x 1073
Avy 441x 1077 Hz

Vo2 5.2+ 0.5 x 1077 Hz

White noise 15} 0.0+0.1

Py 5+4x1073
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Figure 3.7: Propagating fluctuations analytical model fit to the time-averaged PSD of J1908
2
with 2 discrete accretion flows from 0.01Rs ~ Rwp to 0.03R and a characteristic « (%) ~

2
7 x 1073 and an outer flow from 0.03Rs to 0.1Rs and a characteristic o (%) ~4x 1074,

out that the white noise component was fixed to that determined in the empirical Lorentzian

fit from Table in order to reduce the number of free parameters.

The parameter uncertainties quoted in Table [3.3] are determined from a 2 dimensional grid
search around the best fit value. Due to the large computational cost of the model imple-
mentation, and the large number of free parameters involved, it is not practically possible for
us to preform a grid search across the full 9-dimensional parameter space. Using a Markov
chain Monte Carlo method to obtain the errors also proved to be computationally expensive

and unfeasible within a reasonable time constraint.

I thus assume that the best fit yielding a reduced y2 = 1.5 corresponds to the global minimum.
Figure 3.8 shows a corner plot where each subplot displays the confidence contours of 2
parameters in the fit, while keeping all other parameters fixed at their best fit value. The
errors quoted in Table|[3.3|correspond to the 99% confidence level determined via the contours
in Figure 3.8 I note that this methodology only provides lower limits on the true parameter

errors.
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Figure 3.8: Corner plot showing the best fit values of the analytical model as recovered by
least-square method in Table [3.3, denoted by the red stars. Each subplot shows the 99.5%,
99%, 97.5%, 95%, 90%, 75% and 50% confidence contours for the corresponding 2 varied
parameters, with all other parameters being held fixed at the values from Table @
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Table 3.3: Best fit values of the free parameters of the analytical model of propagating
accretion rate fluctuations with 2 distinct accretion flows defined by different constant values

2
of « (%) as described in Table

Parameter Best fit value
log (Rin) ~1.99103, log (Ro)
log (Ryy) —1.5J_r8& log (Rg)
log (Rout) ~1.0703 log (Ro)
v 3.1757%

tog ((o (%)), ) 304
((

log a(gf) ) —4.4f8:§
tog (Fuarin) ~16%43
10g (Fuar,out) ~2.23704
D 30f§8

3.5 Discussion

The characteristic frequencies in the PSD are governed by the « (%)2 parameter within the
propagating fluctuations model. Whereas the viscosity parameter a cannot be separated
directly, the « (%)2 parameter provides an indication on the disc radial extent. If I assume
that the empirical fit frequencies tabulated in Table are associated with the viscous
frequency at a specific disc radius I can then place constraints on « (%)2 through rearranging

Equation [I.1.10] and setting the viscous frequency to be equal to the break frequency:

1
H\? GM \?
R= (a (> (5 ) (3.5.1)
R Vireak

Figure shows the resulting constraints using the 2 frequency breaks measured in Section

[B.47l The disc radius is further constrained in J1908 to be between the white dwarf radius
(purple dashed line) and the absolute upper limit of the outer disc edge at the L1 point (red
dashed line). A further constraint can be considered if I assume the disc to not extend beyond
the tidal radius (Warner} 2003). This is the radius at which the disc starts to be distorted
by the tidal interactions with the secondary and is given by Ryjga = a% where a denotes
the radius to the L1 point and ¢ the ratio of the objects masses for 0.03 < ¢ < 1. Whereas
the tidal radius does not represent a hard limit on the outer disc edge, the disc can extend

beyond the Ryqq temporarily and hence acts as a soft limit. I show this in Figure [3.9] with

the blue dashed line. I also include the disc circularisation radius for reference with the green
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Figure 3.9: A comparison of disc radii as a function of « <%)2 for the PSD breaks listed
in Table which are assumed to be viscous in nature. Dashed lines represent the white
dwarf radius, circularisation radius, tidal radius and the L1 point. The dark shaded region
denotes a space, where it is physically impossible for the disc to extend to. The lighter grey
shaded region signifies a region between the tidal radius and the L1 point where the disc
can temporarily extend to. The hatched orange and blue areas denote the ranges of best fit
values for the analytical model with 99% significance. The regions with black borders show
a cross-section of possible values where the empirical fit and analytical model agree.
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dashed line.

The low frequency break at v ~ 6.8 x 10~7 Hz (orange line and shaded region) shows how the
outer disc edge may be constrained to have « (%)2 < 3 x 107 as it must reside within the
tidal radius. Similarly, the higher frequency break at v ~ 1.3 x 10~* Hz must be produced
at radii larger than the white dwarf surface. This then constrains « (%)2 >2x 1074 1
point out that a dynamical interpretation of both breaks is ruled out, as these would place
the equivalent disc radii at > 600 times the distance to the L1 point for the low frequency

break and at ~ 20 times the distance to the L1 point for the higher frequency break.

2
The resulting ranges of « (%) for both frequency breaks may suggest that a geometrically

thin flow is responsible for the observed variability in J1908. The upper limit placed on the
higher frequency break of « (%)2 ~ 5 x 1073 is 2 orders of magnitude smaller than that
inferred for the geometrically thick, optically thin, flow responsible for the high frequency
break observed in the nova-like MV Lyrae [Scaringi (2014).

2
The inferred values of « (%) obtained from the analytical fit presented in Section [3.4.2

are consistent with the constraints of the empirical fit. For the outer flow the obtained
constraints on « (%)2 and Ry are shown in Figure by the hatched orange region. The
overlap between the constraints obtained from both the empirical and analytical fits are
marked by the solid black border. Similarly, the constraints for the inner flow obtained from
the analytical fit are also consistent with the corresponding values from the empirical fit.
The blue hatched region in Figure [3.9) denotes the area constrained by the analytical model

2
values of « (%) and the transition radius. Similarly to the outer flow and low frequency

2
break there is a range of « (%) and radii that are consistent with both methods shown by

the black solid borders.

3.5.1 Disc geometry

I can attempt to interpret the geometry of the disc by considering the fitted parameters
of the fluctuating accretion disk model presented in Section [3.4.2] at face value. The outer
flow associated with the break at v ~ 6.8 x 10~7 Hz would then correspond to the edge
of geometrically thin disc. The model parameters then place the radial extent of this disc
component to be from Ry up to Rey:. Similarly the characteristic feature at 1.3 x 1074 Hz
is related to a flow extending from the white dwarf surface R;, to the inner edge of the outer

ﬂOW RtT‘ .
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Figure 3.10: Parameter space of the « (%) parameter decomposing the « viscosity pre-

scription and the % scale height for both flows in the best fit of the analytical propagation
fluctuations model as listed in Table The radii used are the outer radii of the respective
flows. Outer flow is shown in blue (lower) and inner flow in orange (upper).

As inner disc edge has not been fixed it is interesting to note that the model allows this
parameter to extend all the way to the white dwarf surface. This may be an indication AM
CVn systems do not have inner hot and geometrically extended flow as that inferred in the
CV MV Lyr by (Scaringi, 2014)). Sandwich disc models where a geometrically thin flow exists
within a geometrically thick one, have never been unambiguously confirmed, but [Dobrotka)
et al.[ (2017) have shown that they are consistent with the data in high state nova-like system
MYV Lyrae. Another quite likely possibility is that any hot inner flow is either too small to
be detected or is located in the region of the PSD that is strongly dominated by the white

noise (< 1073 Hz).

In Figure I show the constraints on « and % independently for the two flows based on
the analytical model fit. The viscosity « is limited to unity and is expected to be ~ 0.1 from
MHD simulations (King et al., [2007; [Penna et al. |2013; Yuan & Narayan, 2014; |Coleman
et all 2018). With this assumption the best model fit infers a disc scale height between
~5x 1073 and ~ 3 x 1072 for the outer flow and ~ 107! for the inner flow making the disc

geometrically thicker closer to the central white dwarf.
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3.5.2 Limitations of the analytical model

The conclusions drawn on viscosity and disc scale height are subject to multiple assumptions.
One of them is that the value of viscosity « is constant for the two separate flows. Further
assumptions also follow from the model where a large part of the disc has a constant value of
« (%)2. Thus it may be that the discrete difference in scale height and/or viscosity between
the two flows is representative of a continuous variation instead. In any case it appears that

2
the o (%) combination drops at larger disc radii.

As mentioned in Section there can be two different implementations of 74,,, and these
would result in a factor 27 in the inferred « (%)2 values for both flows. I have tested for
the differences in the best fit model in these two cases. As expected the results presented
in Figure including the factor of 27 yields higher values of « (%)2 by the same amount.

Importantly however, this has no effect on R;;,, R and Ry as they remain unaffected.

One further specific assumption of the model is the stressed boundary condition set at the
inner disc edge, which in turn requires a hard surface at the innermost disc ring of the inner
flow. Further limitations may also be related to the discretisation of two independent flows
to characterise the low and high frequency breaks. This would affect not only the « (%)2
parameter estimation, but would also affect the damping prescription and disc emissivity
profile inferred. Lastly it may be the case that the observed variability is related to an
entirely different process and not associated with the accretion disk. Although I feel this to
be unlikely, the source of flickering may be related to the mass transfer rate variations driven
by the donor star alone. However, it is difficult to envisage how this would then relate to other
previous studies of aperiodic variability which can be best explained by viscous fluctuations
propagating through the disc (Uttley & McHardy, 2001} |Arévalo & Uttley, 2006a; Scaringi
et al., 2012a)).

3.6 Conclusion

I present the first detection of a low frequency break in the PSD of an accreting white dwarf
of the AM CVn type. I tentatively associate this break with the variability generated by the
outer disc regions of a geometrically thin disc. Whereas the study of flickering in compact
objects has yielded many results on the structure of the inner accretion region (Done et al.,
2007; Buisson et al.l |2019; |Scaringi, [2014; |Balman & Revnivtsev, 2012; Balman, [2019) the

outer disc has remained elusive due to the associated long timescales of variability.
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The compactness of AM CVn systems provide the ideal configuration where the outer disk
regions may produce variability driven by viscous processes that are detectable by current
high-cadence, high -precision, photometric surveys. I have used short cadence Kepler data
of the AM CVn J1908 (Fontaine et al., |2011) to search for a low frequency break. To do this
I have constructed a time-averaged PSD with a 11 x 60 day long segments to uncover two

broad-band structures in the PSD.

I characterise the obtained PSD of J1908 through an empirical fit to obtain the characteristic
frequency of each of the two components to be ~ 6.8 x 1077 Hz and ~ 1.3 x 10~ Hz. I verify
the high level of detection significance of the low frequency component through simulations.
My result suggests that similar searches for low-frequency variability components in other

AM CVn-type systems may also reveal low frequency PSD breaks.

I have further attempted to adapt the analytical propagating fluctuations model based on
Lyubarskii (1997) and |Arévalo & Uttley| (2006a)) to fit the PSD by assuming the two observed
PSD components originate from two distinct flows. In this case I infer different values of
o} (%)2 for each flow. I compared this to the « (%)2 values inferred by simply associating

2
the characteristic break frequencies to the viscous frequency via vy;sc = @ (%) Vdyn- 1 find

both methods to be consistent.

The characteristic frequency associated with the detection of the low frequency break in
J1908 appears to be associated with the outermost regions of the disc. It is also clear that
a consistent and comprehensive model to explain this specific feature, and the broad-band
PSD overall, remains non-trivial. Future simulations of entire accretion discs that rely on
MHD may provide further insight into the origin of low frequency breaks (e.g. (Coleman et al.

(201])).



Chapter 4

Discovery of Persistent

Quasi-Periodic Oscillations in
Accreting White Dwarfs: A New
Link to X-ray Binaries

Abstract

Almost all accreting black hole and neutron star XRBs exhibit prominent brightness variations
on a few characteristic time-scales and their harmonics. These QPOs are thought to be
associated with the precession of a warped accretion disc, but the physical mechanism that
generates the precessing warp remains uncertain. Relativistic frame dragging (Lense-Thirring
precession) is one promising candidate, but a misaligned magnetic field is an alternative,
especially for neutron star XRBs. Here, I report the discovery of 5 AWDs that display strong
optical QPOs with characteristic frequencies and harmonic structures that suggest they are
the counterpart of the QPOs seen in XRBs. Since AWDs are firmly in the classical (non-
relativistic) regime, Lense-Thirring precession cannot account for these QPOs. By contrast,
a weak magnetic field associated with the white dwarf can drive disc warping and precession
in these systems, similar to what has been proposed for neutron star XRBs. The observations
confirm that magnetically driven warping is a viable mechanism for generating QPOs in disc-
accreting astrophysical systems, certainly in AWDs and possibly also in (neutron star) XRBs.
Additionally, they establish a new way to estimate magnetic field strengths, even in relatively

weak-field systems where other methods are not available.

Co-author contribution

7



4.1. Introduction 78

I have conducted the analysis as described in this Chapter and reported in|Veresvarska et al.
(2024b) under the supervision of Dr Simone Scaringi. Other co-authors have contributed
with suggestions on analysis improvement and comments on the text of the paper. Dr John

A. Paice has made the diagram shown in Figure[{.5,

4.1 Introduction

AWDs are binary systems in which a WD accretes material from a donor star. The properties
of the most dominant population of AWDs - CVs, are described and reviewed in detail in
Section[1.3] The effects of the intrinsic magnetic field of the WD accretor on the AD geometry
are vital for the observable properties of the system. The accretor spin and its observational

properties are summarised in Section [I.3.1]

QPOs are non-coherent brightness variations in the X-ray flux, widely recognised in XRBs,
with their more detailed background being discussed in Section and There have
been numerous QPOs reported in AWD systems in the literature (see e.g. Warner| 2004| for
review). The QPOs in the context of AWDs, as opposed to XRBs, usually refer to a tran-
sitional and temporary periodic signal in the optical whose amplitude can vary significantly.
The first report of a QPO in an AWD was in |Patterson et al.| (1977), where a fast (~50s)

oscillation in the light curve was detected in the outburst of RU Peg.

Another type of quasi-periodic signals in AWDs are so-called dwarf novae oscillations (DNOs)
(Warner & Robinson, (1972), which appear to display a somewhat more coherent period
than QPOs in XRBs. One possible explanation is that these are associated with g-mode
pulsations of the WD (Warner & van Zyl, [1998; |Woudt et al., 2005; |Townsley & Bildsten,
2004; Townsley et al., 2016). The DNO periods are usually quite fast (~10s) and follow a
relation to the longer QPOs so that Popo ~ 16 x Ppyo. In|Warner et al. (2003), a further
sub-type of DNOs (Ppyo ~20s), the long period DNOs (IpDNOs with Pj,pno ~80—100s)
are also discussed. These are thought to be empirically related to DNOs and QPOs such that
Pypno = Ppno = iPQ po and are usually associated with high mass transfer rate systems

and are sometimes detected as doubles.

Other types of QPOs in AWDs have been observed, such as the broad feature in the high state
of magnetic AWD TX Col (Littlefield et al.,2021)). The QPO in TX Col as observed by TESS
spans from ~10 to ~20 d~! and in width resembles the QPO in AM CVn SDSS J1908+3940
reported by Kupfer et al. (2015)). These broad QPOs and their lack of harmonics resemble
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a more broad-band feature of the PSD most likely associated with mass transfer variation
in the accretion disc (see [Scaringi 2014)), rather then a quasi-coherent signal as in XRBs.
Similarly to [Warner et al. (2003), all of these QPOs have been detected in the optical, with
no known X-ray counterparts. The study by [Warner et al. (2003) extensively reports QPOs in
AWD systems, drawing a comparison between the reported QPOs to those observed in XRBs
(Wijnands & van der Klis, [1999). WZ Sge, a target in Warner et al.| (2003) and also studied
in this work, was reported to exhibit short-period DNOs at ~27.87 s and 28.95 s and a ~740
s QPO. While the 27.87 s signal has been linked to the spin of WZ Sge (Patterson, 1980,
the QPO is attributed to the retrograde precession of a geometrically thick disc (Warner &
Woudt}, 2002). However, the absence of a ~740 s QPO signal in WZ Sge from TESS short
cadence data and other objects displaying QPOs in|Warner et al.| (2003) suggests these signals
are transitional. It is also important to note that the reported correlation between AWDs
and XRBs in Warner et al.| (2003) is not based on broad-band features and QPO frequencies,
but rather on transitional QPOs and DNOs, which may represent a separate class of signals.
Therefore, the presence of these signals in AWDs could be driven by a different physical
process than those observed in XRBs. A further important distinction between all of the
above reported QPOs in AWDs and XRBs is that, unlike XRBs, there have never been
reported harmonics of any kind of QPOs in AWDs.

Here I try to characterise QPOs in AWDs in direct analogy to those in XRBs using self-
similar analysis techniques in order to better understand their physical origin. In doing so
I report the discovery of 5 AWD systems showing persistent QPOs in optical detected by
TESS at ~ 1.3 — 3 x 107 Hz (1 — 2 hours), which I use to revise the relation to XRBs. I
also report on the first instance of harmonics being discovered for QPOs in AWDs in 3 of the
5 reported systems. TESS has an archival database of ~1200 AWDs, with even more AWD
candidates. After visually inspecting the closest sample of AWDs I recovered the 5 examples
reported here. However, it is likely that many more are present in the TESS database and
that many more could be uncovered with an instrument with a better signal-to-noise ratio.
The observations used are described in Section 4.2l Section [4.3] discusses the methods and
analysis used as well as the construction of the time-averaged power spectra (TPS) with

a similar methodology to what is conventionally employed in analysis of QPOs in XRBs

(Sections [4.3.1] and 4.3.2). T also discuss the statistical significance of the observed broad-
band frequency features in the PSD used in the analysis (Section [£.3.3). In Section [.4] I
report that the QPOs and broad-band components of the TPS fit from Section appear

to follow the observational correlation between the QPO frequency and the low frequency
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break from |Wijnands & van der Klis (1999). In Section I introduce a proposed model to
explain the observed QPOs, based on magnetically driven precession of the inner accretion
flow due to the interaction between a weak accretor magnetic field and its inner accretion

flow. I then discuss the implications of these results with conclusions drawn in Section [£.6]

4.2 Observations

The data used in this work were obtained by TESS, with the detailed description of the
telescope and data processing discussed in Chapter The details of the number of TESS
sectors available for each object studied here, as well as the chosen cadence, are presented in
Table [4.I] The short cadence was used for the objects that had all the available sectors in
20s cadence (WZ She and GW Lib). If the short 20 s cadence was only available for some of

the sectors, 120 s cadence was used for those particular objects (CP Pup, T Pyx, and V3101
Cyg).

I attempt to convert these measurements using quasi-simultaneous ground-based observations
from ASAS-SN, without accounting for any bolometric correction, as described in Section 2.3
Sufficient coverage was achieved only for CP Pup, as detailed in [Veresvarska et al.| (2024a)).
For the remaining targets no conversion is adopted, due to lack of quasi-simultaneous coverage
by TESS and ASAS-SN. Whereas this does not pose a problem for the analysis presented in
this Chapter, lack of ground-based calibration prohibits any measurements of the energetics
being made. I note that with the advent of more synoptic sky surveys (e.g. BlackGEM |Groot

et al.|[2024) space-based calibrations will be more easily achieved due to wider sky coverage.

There is a linear trend in the data of GW Lib and V3101 Cyg, which has been removed using
a similar methodology as in Kupfer et al. (2015). Similar linear trends due to systematic
effects have often been found to affect long-term data, especially in the Kepler and K2
mission (Kupfer et all 2015 Solanki et al., 2021). These trends can alter the flux levels over
time and induce low frequency power excess and hence need to be removed. This is done by
fitting a linear trend to the light curve smoothed on a 2 hr timescale which is subsequently
subtracted from the original light curve. The correction was done for the whole sector for
GW Lib and for each half sector for V3101 Cyg by fitting a straight line to the time-averaged
light curve and correcting the non-averaged light curve for the obtained trend. The corrected
light curve of CP Pup has already been reported in Veresvarska et al. (2024al), while the

remaining targets are shown in Figure [A.4] WZ Sge shows a greater amplitude of variability
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Table 4.1: Summary of the TESS data of WZ Sge, CP Pup, GW Lib, T Pyx and V3101
Cyg with sector numbers and dates. The used exposure time of TESS sectors is noted for
each sector, keeping it constant for each object. The optimal segment length pg used for
constructing TPSs in is noted as well as whether the TESS data is converted to flux in
mJy or kept in TESS default e s 1.

Name TIC Sector Dates teap (8) po (d) Calibration
WZ Sge 86408822 41 20/07/21-20/08/21 20 6 -

54 09/07/22 - 05/08/22 20 6 -
CP Pup 14560527 7 08/01/19 - 01/02/19 120 10 ASAS-SN

8 02/02/19 - 27/02/19 120 10 ASAS-SN
34 14/01/21-08/02/21 120 10 ASAS-SN
35 09/02/21-06/03/21 120 10 ASAS-SN
61  18/01/23-12//02/23 120 10 ASAS-SN

GW Lib 225798235 38 29/04/21 - 26/05/21 20 10

T Pyx 17897279 35  09/02/21 - 06/03/21 120 7 -
62 12/02/23-10/03/23 120 7 -

V3101 Cyg 1974089138 55  05/08/22 - 01/09/22 120 10 -

akin to an envelope in sector 54. This is also seen in CP Pup (Bruch, 2022} |Veresvarska et al.|
2024a) and is thought to be an instrumental effect as it is displayed in multiple objects in
the same sector, e.g. TIC 1909750039, TIC 1688054795 and TIC 1713691071 in sector 54 all
show a similar envelope. This is not corrected for, but the analysis as described in Section
has been conducted on sectors 41 and 54 separately. Since it has been found that the
results are robust to any changes between the 2 sectors, it is assumed that the effect of the

envelope on the results is negligible.

For targets with more than 1 sector (WZ Sge and T Pyx) the combination of the different
sectors using un-calibrated TESS absolute photometry is possible because the combination
happens in frequency domain, where separate power spectra are combined after they have
been rms normalised. In such a case the relative variability in separate sectors is conserved
and does not affect the overall result. As a test I have conducted the same analysis on

un-calibrated TESS data of CP Pup and found no significant differences.

4.3 Methods and Analysis

To draw an analogy to XRBs and the QPOs they exhibit, I attempt to reproduce their analysis
as closely as possible. This involves construction of a Time-averaged Power Spectrum (TPS,
as described in detail in Section and shown in Figure instead of inspecting a non-
averaged and non-binned PSD (Figure [A.5). The details of the broad-band PSD fits are
described in Section where the broad-band components of the TPS are fitted with
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zero-centred Lorentzians akin to XRBs. Section discusses the significance of the lowest
frequency broad-band component of the fit from Section

4.3.1 Broad-band Structure of the Time-averaged Power Spectrum

I here characterise the broad-band variability and QPOs using TPS as is conventionally
done when studying XRBs (Belloni et al., 2002; Ingram & Mottal 2019). TPS are usually
constructed by separating the light curve into non-overlapping segments of equal length and
computing the Fourier transform for each segment. The resulting power spectra are then
averaged and re-binned onto a coarser frequency grid to reduce uncertainty. The error on
the normalised power in each frequency bin corresponds to the standard error on the mean.
In XRBs the nature of X-ray timing requires the use of Fast-Fourier transform (FFT). Here
I adopt the Lomb-Scargle (Lomb, |1976; [Scargle, |1998)) algorithm as the data obtained from
TESS is not strictly evenly sampled due to gaps in the data from data downlinks and exclusion
of some data points due to instrumental effects or other anomalous events. The Lomb-Scargle
implementation used is Astropy v.5.3.4 with the limiting upper frequency set to the Nyquist
frequency based on the sampling in Table and the lower frequency set to 3 x (L)~!, where
L is the length of the light curve. The oversampling factor is set to 1. The resulting power
spectrum is normalised so that the total power of the power spectrum corresponds to 2,
where ¢ is the variance of the light curve and rms the root mean square. The resulting TPSs

of WZ Sge, CP Pup, GW Lib, T Pyx and V3101 Cyg are shown in Figure [4.1

In Figure[4.1] the segment length that is used to construct the TPSs is specified for each object
in Table After testing the robustness of the fit in Section by varying the segment
length, the length with the best visualisation of the PSD features were chosen. A similar
method was used to select the number of frequency bins (Np,s = 90), ensuring that the
frequency resolution remains high enough to clearly distinguish QPOs from the broad-band
PSD structure. This results in a rebinning factor of 270 for WZ Sge, 45 for T Pyx, 468 for
GW Lib, 80 for V3101 Cyg and CP Pup.

The TPSs are also cleaned of the orbital signal, where present. This is not necessary for
XRBs as most XRBs have orbital signals on the order of several hours, where the signal
does not interfere with QPOs present on timescales of ~seconds. The power originating from
the orbital motion is removed after computing the Lomb-Scargle for each segment. For each
segment the peak of the orbital period is identified and ~25 points on each side of the peak

are removed, varying the number as necessary according to the strength and width of the
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Figure 4.1: TPS of WZ Sge, GW Lib, T Pyx, V3101 Cyg and CP Pup averaged on the
segment lengths specified in Table [{.I] with 90 logarithmicaly spaced bins. The empirical fit
of the PSD is included here and comprises a Poisson noise power law (dotted line) in the
high frequencies, one (in the case of WZ Sge, GW Lib, T Pyx and V3101 Cyg) or two (CP
Pup) zero-centred Lorentzians (solid line) representing the broad band PSD structure and
Lorentzians representing the QPOs and their harmonics (dashed line).

signal. The same process is then repeated for 10 following harmonics of the orbit, 20 in
the case of WZ Sge. The number of removed points was chosen after visual inspection to
confirm that this would not remove any variability intrinsic to the QPO or significantly affect
the broad-band PSD. This process is chosen over pre-whitening the light curve to avoid any
possible changes to the underlying broad band-variability. Figure displays the TPSs with
the orbital variability already removed for WZ Sge, T Pyx, and V3101 Cyg. The linear PSD
with the orbital periods included can be seen in Figure [A’5] The process was not necessary

for GW Lib due to the low inclination of the system causing the orbital period to be only

detectable spectroscopically (Thorstensen et al.,2002)). Due to the lack of any periodic signals
in the power spectrum of CP Pup and the uncertain nature of its orbital period (Veresvarska;
2024al), no orbital period variations were removed.
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4.3.2 Time-averaged Power Spectra

The broad-band structure of systems that accrete via an accretion disc can usually be fitted

well with a sum of Lorentzian components (Belloni et al., [2002):

r2A 1
P (v)=— AT ()t (4.3.1)

where Py, (v) is the RMS normalised power, A the half width half maximum (HWHM) and r a
normalisation factor proportional to the integrated fractional rms. 1 represents the centroid
frequency, which is set to 0 in the case of zero-centred Lorentzians. In the case of non-zero

centred Lorentzians, where vg > 0, the frequency of the peak of the PSD feature is given by:

Vimaz = \/ Vg + A2, (4.3.2)

Therefore the PSDs in Figure [4.] are fitted with a number of non-zero centred Lorentzians
corresponding to the number of quasi-periodic signals and their harmonics, plus one or two
zero-centred Lorentzians representing the broad-band structure of the PSD. Two zero-centred
Lorentzians were necessary only in the case of CP Pup. This is most likely due to the Poisson
noise (see below) contributing mostly at high frequencies and intrinsic broad-band variability
becoming dominant at ~ 1072 Hz. This can be seen in Figure at the frequency where the
Poisson noise component overtakes the zero-centred Lorentzian broad-band component. By

contrast, this changeover occurs at ~ 10~* Hz for WZ Sge, GW Lib and V3101 Cyg.

The Poisson noise is another component of the PSD that needs to be considered. It can be

represented by a constant, so that P (v) = A, where A represents the amplitude of the noise.

The PSD is fitted with all the free parameters for each object listed in Table The overall

PSD model is hence expressed as:

NQPO NLO
P, = Z Py, (T‘i,Ai,I/O’i,I/) + ZPLO (’I“j,Aj,V) + A. (433)
i=0 =0

Here, Py, is a non-zero centred Lorentzian representing the quasi-periodic signals and their
harmonics, Pr, corresponds to the zero-centred Lorentzians and A accounts for the Poisson

noise.

The best fit parameters with the corresponding errors are shown in Table [£.2l The best fit
is determined using the Levenberg-Marquardt least-squares fitting method with keeping all
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parameters free. Given the number of free parameters in the fit (e.g. 21 for WZ Sge) it is not
feasible to conduct a full parameter sweep to determine the true confidence contours. Instead
an assumption that the correlation between individual parameters is not dominant is made.
In such a case, a rough estimate of errors can be made by fixing all parameters to the best fit
value and varying a single parameter to determine the one dimensional confidence contours
of 99.7%. This technique was adapted from QPO fitting procedures in XRBs in cases where
no strong correlations between PSD components can be assumed. This is applicable here due
to the narrowness of the QPOs and the low number of zero-centred Lorentzians required to
fit the individual PSDs. Further complications may however arise from the unevenly spaced
data causing the frequency bins to not be strictly independent. Despite this it is important
to note that the method cannot provide the exact 99.7% confidence contours, but can serve

as a lower limit.

4.3.3 Break Significance

The uncertainty on the low frequency broad-band feature (break) measured in Table is
difficult to constrain due to several factors. One relates to the logarithmic spacing of the
frequency bins resulting in a decrease of the number of points in the lower frequency bins,
increasing their error. Therefore it is necessary to verify the presence of any break as opposed

to a red-noise related power-law.

To generate light curves that follow a specific power-law pattern, I use an algorithm similar
to the one described by [Veresvarska & Scaringil (2023), based on the method developed by
Timmer & Konig| (1995)). Given a PSD model, the algorithm will generate a simulated PSD
by scattering the amplitudes and phases around the PSD model. The randomized PSD is
then transformed back into the time domain using an inverse Fourier transform, creating a

light curve with the desired PSD shape.

In this case, the PSD shape is almost the same as the one outlined in Table[d.2] However, the
lowest frequency zero-centred Lorentzian is replaced by a power-law fit, as shown in Figure[4.3]
where the power-law is defined by Ppower—1aw = Av®. The Lorentzians corresponding to the
QPOs are removed, and the other parameters from Table [4.2] are kept constant. The values
for A and « are found using the Levenberg-Marquardt least-square method. The reduced
X2 for the fits are also noted in Table It is worth noting that all objects apart from
V3101 Cyg have a significantly higher y? for the power-law fit than when the zero-centred

Lorentzians are used.
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Table 4.2: Results of the empirical fit to the PSDs from Figure The independent columns
correspond to different objects and the rows correspond to model components: A — Pois-
son noise amplitude, r; — integrated fractional rms of a given Lorentzian, A; — half width
half maximum of a given Lorentzian, 1p; — centroid frequency of a given Lorentzian (only
Lorentzians representing QPOs and their harmonics have this component). The Q value
for each Lorentzian representing a QPO is given as well and is denoted by @Q;. Broad-band
component Lorentzians are zero-centred and their vy = 0 by default and is not denoted here.
* denotes the lowest frequency zero-centred Lorentzian used in Figure and

WZ Sge CP Pup GW Lib T Pyx (s) V3101 Cyg
A (x1072) 2.5703 2572 5672 85708 R7TTISx 1072
r1 (x1072) 1.0753 59710 6te (AF 11708 1071
Ay (x1078) 413 70+30 2+3 0.770:9 0.179%
voq (x107%)  2.0773%% 170108 1.3375:01 3t2 1.866573 0009
Q1 ~ 2600 ~ 120 ~ 3300  ~ 21000 ~ 93000
ry (x1072) 0.21+0.05 1012 10798 17402 1.9+08
Ay (><10*54) 0.715341{ 7jj41><+%01*3 1.6728  1.0193 0.137013
Q2 ~ 30 ~ 2500 - - —
r3 (x1072) 11753 1.0703 - - -
Az (x107%)  1473TIx 1073 1.075, - - -
vo3 (x107%) 6.1102 49158 — — -
Q3 ~ 2200 ~ 25 - —~ -
74 (x1072) 134, 2.4102 - — -
Ay (x1074) 1571 x 107° 1.7+8 — — -
10,4 (X1074> 81_1% — — — —
Qa4 ~ 2.7 - — — -
rs (x1072) 17493 2.1704 - - -
As (x1077) 1.0+07 70150 * — — -
vos (x107%) 10453 - - - -
Qs ~ 500 - - - —
76 (x1072) 1.6102 - - - -
Ag (x1077) 372 - - - -
voe (x1073) 1.2210-65 - - - -
Qs ~ 200 — — — —
r7 (x1073) 41193 — — — -
A7 (x107%) 1.9703 — - — —
2 6.16 3.41 1.95 1.52 5.26
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Table 4.3: Results of the empirical fit to the PSDs from Figure The independent columns
correspond to different objects and the lines correspond to model components: A — power-
law amplitude, o — power-law index.

WZ Sge CP Pup GW Lib T Pyx (s) V3101 Cyg
A 95x 10710 275 x 1078 1x107%F] . 5T3x 1070 1P x 10713
a  -1.75610003 168410005 08830001 1 77840004 9 94g+0-010
% 163 11.6 14.5 5.2 5.00

The parameters from Table [£.2] combined with the best-fit values of A and «, are used to
generate artificial light curves. The components involved in this process are listed in Table[4.3]
In this context, rj,s and Ay, refer to the parameters of the lowest frequency zero-centred
Lorentzian for a given object in Table [£.2l The errors shown in Table [4.3] are calculated in
the same way as those in Table as detailed in Section 4.3.2

The process of generating artificial light curves is repeated 1000 times, resampling the final
output on the time stamps of the original TESS light curves, reproducing identical PSDs as in
Figure All the points in each frequency bin are examined and fitted with a x? distribution.
The optimal fit of the x? distribution is obtained again with the Levenberg-Marquardt least-
square method. The 30 and 50 confidence contours corresponding to 93.32% and 99.977%
levels are extracted and shown in Figure The envelopes determine the significance level
of RMS in each frequency bin independently. Therefore any observed trend in deviation from
a certainty envelope signifies a higher level of confidence that the input power law does not

represent a viable model for the PSD.

The resulting certainty envelopes are shown for all objects in Figure It is clear that WZ
Sge contains a feature, that cannot be explained by a simple power-law, with a certainty over
50. Other deviations from the certainty envelope such as the QPO with its harmonics shows
the significance of the QPO signal. Other such features similar to the bump at 7—8 x 107
Hz represent broad-band features that were not included in the PSD fit. Similar deviations
at frequencies > 1073 Hz are influenced by the remaining harmonics of the QPO that were
not fitted as their corresponding frequency bins did not allow for separation of individual

harmonics.

No significant deviation from the 5o significance envelope is seen in any other objects apart
from WZ Sge. The long-term TPS of AWDs are known to have a complex structure requiring
multiple Lorentzians (Scaringi et al. 2012b). However, using the 30 and 50 confidence
contours it is difficult to say to what extent this structure translates to the objects here,

apart from the clear example of WZ Sge. Some structure is hinted at in GW Lib, but it is
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Figure 4.2: PSDs as shown in Figure Shaded regions show confidence contours from
mer & Konigl (1995) algorithm. Dark shaded region corresponds to 3o significance and light
shaded region to 5o significance. The data points outside of the shaded regions boundaries
denote that the input power law (dashed line) cannot explain the underlying PSD shape to 3o
or bo significance.The QPOs are outside of the 30 and 5¢ significance since their respective
Lorentzians have not been included in the model. This showcases their >> 5¢ significance
above the underlying power-law.
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obstructed by the dominant Poisson noise component and limited amount of data available

(compared to WZ Sge and MV Lyr in Scaringi et al.|2012b).

Despite not being able to probe low enough frequencies to test the presence of a low frequency
break with 2 50 significance in all the systems, the obtained significance combined with the
x? comparison of the 2 fits, shows evidence of self-similar empirical features to those in
broad-band PSDs in XRBs. A zero-centred Lorentzian is used across all 5 systems, since
the majority of the targets show a significantly lower y? for the zero-centred Lorentzian fit.
However, to err on the cautious side, the uncertainties on the break component are treated

as an upper limit in all targets apart from WZ Sge.

4.4 Results

In this section the main results are outlined. The new QPOs in AWDs are reported in terms
of the existing QPOs and broad-band low frequency break correlation from Wijnands & van
der Klis (1999). The link to QPOs in XRBs is drawn from the broadness of the signal in
the power spectrum as seen in Figure [A.5] and explained further in Section [£.5.1] Another
important characteristic of the new QPOs in AWDs is that it is the first instance in which
QPOs in AWDs are reported to show harmonics as seen in Figure

As mentioned before in Section[d.1] type-C and HBO QPOs in XRBs show a linear correlation
with a low frequency break in their PSDs. The break corresponds to the nearest low zero-
centred Lorentzian that is used in the fit of the broad-band PSD and was first reported in

Wijnands & van der Klis| (1999) with an overview available in [Ingram & Motta, (2019)).

The results of taking the lowest zero-centred Lorentzian component from Table (denoted
by *) and plotting it against the characteristic QPO frequency as defined in Equation m
is shown in Figure [£.3] Since for GW Lib the fundamental of the QPO signal reported by
Chote et al| (2021) is not detected in TESS , half of the 2"? harmonic frequency (A; and
vo,1 from Table is used instead. Following from Section only upper limits are used
for the zero-centred Lorentzian in all systems apart from WZ Sge and are denoted by arrows.
BH and NS QPOs with their corresponding low-frequency broad-band components (breaks)
from Table 1 in Wijnands & van der Klis (1999) are also shown.

The points representing AWDs are clearly following the same empirical relation as the XRBs
from |Wijnands & van der Klis (1999). The AWDs are several orders of magnitude lower in

both QPO and break frequency. To demonstrate the significance of this correlation a linear
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fit is obtained using linear least-squares regression as implemented in Scipy. A Pearson
correlation coefficient of 0.991 is obtained for all data shown in Figure [I.3]and 0.805 for XRBs
only. The resulting linear trend is shown in Figure as a solid line for all data and as a
dashed line for solely XRBs. Bootstrapping is used to test the robustness of this correlation.
This consists of randomising the QPO frequencies for corresponding break frequency values.
In doing so, no correlation is expected and the Pearson correlation coefficient is expected to be
~ 0. Repeating this process 10* times then shows that the correlation is significant to 99.99%
confidence. The resulting distribution of the Pearson correlation coefficient is then shown in
the bottom panel of Figure [£.4] To constrain the uncertainty on these fits, N data points are
randomly selected with replacement from the data set in Figure The linear regression
fit is then repeated and the Pearson coefficient is computed. The process is repeated 104
times resulting in the mean Pearson coefficient of 0.991+0.005, a value consistent with the
original Pearson correlation coefficient. This process is repeated for all data points in Figure
[4:3] as well as only XRB points with the resulting distributions shown in Figure [£.4 The
uncertainty in the linear regression fits performed during bootstrapping is shown in Figure
as the lightly shaded regions for all data points and for XRBs only. The correlation can
hence be expressed as log(vgpo) = (0.87+0.03)l0g(Vbrear) + (0.72 £ 0.05) for all data points
and log(vgpo) = (0.86 & 0.06)l0g(Vpreqr) + (0.73 £ 0.05) for XRBs only.

4.5 Discussion

In this Section the implications of the QPO model as a potential tool for spin period and
magnetic field strength measurement for weakly magnetised AWDs is discussed in Section
In Section [£.5.3|the QPO and break correlation for XRBs is discussed in the framework
of AWDs and the implications for the driving mechanisms of the QPOs.

4.5.1 Possible interpretations of QPOs in AWDs

There are numerous signals which are present in AWDs in the frequency range displaying the

QPO signals shown in Figure

The PSDs in Figure are already cleaned of any variability related to the orbital period
of the systems. Inspecting the nature of the signals in the non-averaged and non-binned
power spectra in Figure [A75] I find that the signals are phenomenologically different from

the coherent signals usually present in AWDs, such as the orbital period or spin. The main
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Figure 4.3: QPO frequency as a function of the break frequency. The observed QPOs with
their corresponding low frequency breaks are denoted for AWDs in diamonds, for NS XRBs
in squares and in filled circles for BH XRBs. For AWDs these are taken from the empirical
fit in Section [4.3.2] and Table The QPO frequency is the peak frequency as denoted in
Equation using A; and v ;. The only exception is GW Lib where the QPO frequency
is taken as half that, since only the 1%¢ harmonic of the QPO is detected in TESS with its
true fundamental being reported in |Chote et al.| (2021). The break frequencies are denoted
in Table by * for each object.The solid line represents the fit to the data from linear
least-squares regression and the shaded darker area represents the uncertainty on the fit.
The dashed line represents the fit to the data when AWDs are excluded, with the uncertainty
being represented by the lighter shaded region.
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Figure 4.4: Top: Distribution of the Pearson correlation coefficient for the bootstrapping of
data from Figure with replacement. The clear distribution corresponds to bootstrapping
of all data, whilst the hatched distribution only drew from the XRB sample from Figure
The solid line represents the Pearson correlation coefficient of of all data in Figure [£.3] and
the dashed line corresponds to the value of the coefficient when AWDs are excluded. Bottom:
The distribution of the Pearson correlation coefficient resulting from bootstrapping the data
from Figure without replacement and by randomising one of the axes. The zero-centred
distribution shows the 99.99% significance of the correlation from Figure |4.3] with the solid
line marking the value of the Pearson correlation coefficient of the data.
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difference being the power peaks of the signals are broader than coherent periods. Where

present, the signal from the orbital period is also indicated in Figure

Another type of coherent signal present in AWDs is usually due to negative and positive
superhumps and their associated fundamental signals. In that case, the superhumps are
present relatively close to the orbital period of the system. For a positive superhump, I/;H <
Vorp, and the signal is associated with the tidal stresses exerted by the secondary on the disc.
These cause the disc to become eccentric and undergo apsidal precession in the prograde
direction (Lubow) [1991)). In this scenario, only GW Lib and V3101 Cyg would qualify. In
neither system is a fundamental frequency of the signal found at low frequencies. For the
case of negative superhumps, where vg; > vy, the signal is thought to be caused by the
retrograde nodal precession of a tilted accretion disc (Wood et al., 2009), resulting in a 3:1
resonance. This is viable for WZ Sge and T Pyx. However, in the case of WZ Sge, CP
Pup, GW Lib, and T Pyx, the QPO signal shows distinct harmonics, making a superhump
explanation unfeasable. The presence of harmonics also rules out any other possibility of the

signals being related to a beat between the orbit and spin.

Another peculiar feature of the signals is that they are not entirely coherent, as shown in
Figure As opposed to the orbital signals, the QPO signals are broad, reaching a width
of ~ 2 x 107® Hz. They also exhibit slight variations in central frequency, amplitude and
shape. This has already been reported for CP Pup (Bruch, 2022; [Veresvarska et al. 2024al).
In GW Lib, the signal is revealed to be the first harmonic of the fundamental signal at ~4
hours, interpreted as a quiescent superhump (Chote et al., [2021) similar to the transitional
feature in EQ Lyn (Mukadam et al., 2013) and in V455 And (Araujo-Betancor et al., 2005).
Since in TESS only the harmonic is detected, the fundamental is here inferred. This is
similar behaviour to that of WZ Sge, where the subsequent harmonics are much stronger
than the fundamental signal as is visible in Figure A parallel may be drawn with the
sub-harmonics of QPOs observed in XRBs, where the fundamental signal is the strongest, not
the lowest frequency (Casella et al., [2005b). The overall unusual behaviour of these signals

suggests the necessity of an alternative explanation.

QPOs in XRBs display strikingly similar properties. They show harmonics and time variabil-
ity as well as general broadness of the signal itself (Ingram & Motta) [2019)). This is apparent
in the quality factor of the QPOs, which — depending on the type of XRB QPO — can be
Q < 3or @ 2 6. Due to the value of Q depending also on the variability of the signal during
the observations, it may be expected that Q will be much larger for AWDs due to the slower
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variability time scales. This is indeed the case as shown by the reported QQ values in Table
where some QPOs have Q 2 10000. This, whereas unusual for XRBs, would seem necessary
for a signal to be detected above the Poisson noise dominated systems such as the ones shown
here. However, despite such a high Q value the signals bear little similarity to other coherent

signals such as the orbital period as described above and shown in Figure

4.5.2 Magnetically Driven Precession as QPO-driving Mechanism

QPOs in XRBs are generally explained by the relativistic effect of frame dragging modelled
most commonly by Lense-Thirring precession (Stella & Vietri, |1998; Stella et al.,[1999; Psaltis
& Norman, 2000} Fragile et al., 2001; Ingram et al., [2009). While several possibilities have
been presented, in particular for NS XRBs, Lense-Thirring precession is currently the most
popular interpretation. However, since AWDs are indisputably non-relativistic, a different
model is required to explain their QPOs. A model explored by |Warner & Woudt| (2002)
proposes that a magnetospherically truncated accretion disc may give rise to QPOs from the
interaction between twisted magnetic field lines and plasma in the disc. This may produce
a dense and elevated region referred to as a "blob". The release of energy from the sudden
reconnection of strained field lines within the blob is speculated to generate disturbances that
propagate through the disc, potentially resonating with its natural oscillations and generating
QPOs. In this scenario the frequency of the QPOs are associated with the recconection
timescale estimated in Warner & Woudt/ (2002)) to be on the order of ~15 minutes for a non-
resonant signal. The authors do not consider a resonant case as this would be too close to
the orbital period and difficult to detect photometrically. The resulting frequency range thus
corresponds to the QPOs and DNOs found by |Warner et al.| (2003), not the ones reported in

this work which occur on longer timescales.

One alternative and intrinsically non-relativistic model for QPOs in neutron stars was pro-
posed by Aly & Kuijpers| (1990)), where the QPOs are driven by interactions between the disc
and accretor magnetic field. However, under such framework the QPOs can only occur at a
radius where the magnetic fields strengths of the accretor and disc are equal (Equation 2 in

Aly & Kuijpers|[1990), which may not be a feasible scenario for accreting white dwarfs.

A further alternative model developed to explain QPOs in neutron stars and T Tauri stars
was developed by |[Lai (1999). They suggest that QPOs may be associated with magnetically
driven precession, a phenomenon where the orientation of the accretion disc surrounding a

rotating magnetised star undergoes a periodic wobbling motion around the star’s spin axis.
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Figure 4.5: Diagram showing the disc geometry producing a QPO as described by
PPfeiffer & Lai, 2004). The accretor magnetic field vector y and spin axis w are misaligned to
the angular momentum of the outer standard accretion disc (lputer) leading to the precession
of an inner part of the disc that is warped as a consequence (Lipner)-

This interaction between the disc and the star’s rotating magnetic field induces a warping
effect on the disc, causing it to deviate from its original equatorial configuration and to precess
around the star. The precession torque arises from the interaction between the surface current

on the disc and the horizontal magnetic field produced by the star’s dipole. The nonlinear

evolution of the disc’s state is then further explored by Pfeiffer & Lail (2004)), and the model’s
applications to NS low-frequency QPOs are discussed in [Shirakawa & Lai (2002allc)).

A schematic sketch of the model geometry is shown in Figure In the framework of this
model, as presented by (1999), the star’s rotational axis w is tilted with respect to the

disc’s angular momentum () by an angle 3.

The QPO is generated by the precession of the inner disk around the spin axis of the accretor.
(1999) approximate the precession frequency of the entire inner disk by multiplying the
magnetic precession frequency of a ring at any specific characteristic radius r, vp(r), by a

dimensionless constant A, such that the resulting QPO frequency can be expressed as

A u? F(0)

" 21377 Q(r) 2(r) D(r)’ (4.5.1)

vQro = Avp(r)
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where 1 is the stellar magnetic dipole moment (. = BR3, where B is the field strength and R
is the stellar radius of the accretor), €2 is the Keplerian angular frequency, ¥ is the disk surface
density, and F'(f) and D(r) are dimensionless functions defined in Appendix (where 1
discuss the model in more detail). Because of several degenerate parameters in this model, 1
here assume that the characteristic radius r is the disk inner radius 7, which I set equal to
both the magnetospheric radius and the corotation radius such that r = ry, = 1y = 7. A

more detailed description of the model and its parameters is given in the Appendix

Magnetic field strength, accretion rate, and spin estimation from QPOs in AWDs

Equation depends on several free parameters. Amongst those are the accretor mass and
size, the strength of the intrinsic magnetic field strength of the accretor B, the accretion rate
of the system M and the dimensionless viscosity of the disc . A different combination of
these parameters can yield different QPO frequencies which may occur at different radii. The
radius of the QPO is given by the relation between the magnetospheric radius rj; and the
corotation radius rco. I here assume that r;,, = r3r = rco, which allows to break some of
the degeneracies in the model when inferring the accretor magnetic field and corresponding

spin of the accretor.

To explore the validity of the model I employ a set of fiducial parameters as several of these
would otherwise remain unconstrained. The effect of varying the B field and accretion rate
is non-negligible, and no reasonable estimate can be made that would be applicable for all
AWDs or NS XRBs. Therefore, I instead explore a range of these parameters for AWDs and
NS XRBs as noted in Table[£.4] Hence, for a given magnetic field and accretion rate a specific
combination of QPO frequency and spin period is obtained allowing for comparison to data

for objects with QPO and spin period measurements.

Specifically for the purpose of comparing the model to the 2 observed QPOs in AWDs with
spin period measurements, 2 separate values of viscosity are chosen. These correspond to the
quiescent values of WZ Sge with o ~ 0.006 and o ~ 0.003 (Howell et al., |1995)) for GW Lib,
which are obtained from modelling of the recurrence timescales of the dwarf novae outbursts.
For other objects the viscosity of WZ Sge as well as other values of fiducial parameters
are used. The different fiducial parameters are due to the intrinsic differences between the
systems. Despite both being dwarf novae with similar characteristics and recurrence times of
the outbursts (~ years), the estimates of their viscosities from Howell et al. (1995]) provide an

important constraint on otherwise fully unconstrained fiducial parameters. Ideally, to truly
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Table 4.4: Fiducial model parameters for the magnetically driven precession model for QPOs
for AWDs and NS XRBs. For the main parameters that are varied through the model, the
magnetic field of the accretor B and the accretion rate M, the ranges are cited instead. For
AWDs, 2 values of viscosity and 7 are given to represent WZ Sge and GW Lib like objects.

Model Parameter AWDs NS XRBs
M (Mg) 0.8 14
R 0.01 Ry 10 km
B (G) 10% — 108 107 — 1010
M (Moyr—t) 10712 — 1077 10712 — 1077
Qo 0.006 (WZ Sge), 0.003 (GW Lib) 0.006
n 0.1 (WZ Sge), 0.05 (GW Lib) 0.1
0 (°) 45 45
A 0.6 0.6

apply the magnetically driven QPO model to its full extent a precise measurement of all
parameters is required. With this not feasible, it is necessary to use these viscosity estimates.
Since the estimated accretion rate of GW Lib from the literature (Hilton et al., [2007)) is much
smaller than that of WZ Sge, the fiducial parameters of WZ Sge are used in the treatment
of the other objects showing QPO.

For the fiducial values of these parameters and each combination of B and M there is a
characteristic QPO frequency vgpo with an associated spin period Py,. A variation in the
assumption of r;, = ry = rco would therefore result in variation of Py, and vgpo pairs

for corresponding B and M pairs.

Figure demonstrates the dependence of the model on these 4 parameters. In the right
hand side panels the QPO frequency is plotted as a function of Piy;,. The dashed lines then
show lines of equal B and the solid lines the lines of equal M. A QPO measurement can in
such a case be used to put constraints on B and and accretion rate for a given spin. Since
there is a strong correlation between the B and accretion rate in the model, the same plots
are also shown in the left hand side panels where Py, is scaled by the magnetic field strength

and the accretion rate.

By evaluating the magnetically driven precession model for the fiducial model values and
the B and M ranges listed in Table it is possible to estimate these parameters and the
corresponding spin period of the accretor. The WD mass is fixed to 0.8 My p for all objects
as a good approximation for the mean of the AWD accretor mass distribution [Zorotovic et al.
(2011); [Pala et al.|(2022). The WD radius is then derived from [Hamada & Salpeter| (1961));
Nauenberg| (1972b) using the WD mass. 7, the parameter relating Alfvén and magnetospheric

radius, is set to 0.1 and 0.05. For strongly magnetic systems such as NS and magnetic AWDs,
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it is by convention set to 0.5 (Ghosh & Lamb) [1979a; Monkkonen et al., [2022)). However, the
model requires the magnetospheric radius to be equal to the co-rotation radius. This is not
likely to always be the case and a smaller value of 1 required here may reflect that. 6 is set
to the midpoint value of 45°. A is fixed to 0.6 as this is the average of the range determined

for the parameter in the framework of this model in [Shirakawa & Lai (2002a).

To compare how successfully the model predicts B, M, and spin for a particular QPO fre-
quency, it is possible to use the cases of WZ Sge and GW Lib. To estimate B and M from
the model a fine grid of B and M is computed with a pair of spin and QPO frequency
corresponding to each pair of B and M. Then for a given measurement of spin and QPO
frequency with their corresponding uncertainties the corresponding range of B and M can

be extracted.

WZ Sge has an estimated spin period of 27.87+0.01 s as measured by [Patterson (1980)). Later
in Patterson et al. (1998) the magnetic field is invoked to be between 1 — 5 x 10* G. This
is necessary to explain the disappearance of the potential spin frequency during an outburst
when the accretion rate of a dwarf nova such as WZ Sge rises by a factor of ~1000 from the
quiescent rate of ~1 x 107 Mgyr~!'. With this information it is possible to compare the
observables of WZ Sge to the parameter space in the top panel of Figure The QPO and
spin frequency with the assumed B range and M correspond to the correct range within the
parameter space, showing that the model can reproduce reasonable results for the fiducial
values of fixed parameters, with B = 2.5+0.1x10* G and M = 4.0+£0.3x1013 Meoyr—1.
This value is at odds with the previously reported quiescent accretion rate for WZ Sge. An
important point to consider is that in the model the accretion rate represents the accretion
rate onto the accretor, not the mass transfer rate from the donor. Furthermore, because there
are a set number of fixed fiducial parameters, an error estimate on the model’s parameter
prediction is only meaningful when considering the potential variability of the free parameters
that remain fixed. Hence the errors here only represent a snapshot of the real uncertainty

contours and so should be treated as a lower limit on the real errors.

Similarly for GW Lib, the spin period was measured to be 209s from the UV line widths
(Szkody et al., 2012). As the recurrence timescale for GW Lib is very long (~ years) the
quiescent viscosity is also low (Howell et al., [1995). Adapting the fiducial model parameters
from Table the resulting B field and accretion rate estimate are B = 2.04£0.1x10°> G and
M = 2.240.3x10"1 Moyr~!. This leads to a higher magnetic field compared to WZ Sge

and extremely low accretion rate. Nevertheless, such a low accretion rate has been reported
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Table 4.5: Estimates of magnetic field strength, accretion rate and spin period from the
magnetically driven precession model of QPO in AWDs. the values should be treated as
possible ranges and not as best fit values. In the case of WZ Sge and GW Lib the parameters
can be constrained better using the observational estimates of Py, which are noted in the
table instead and denoted by *. For objects with unknown spin, an estimate of accretion rate
is used so that @ [Veresvarska et al| (2024a)), ® (Godon et al.| (2018) and ¢ ~ 10~1* — 10710

Moyr~! as a representative value for the WZ Sge-type Dwarf Nova V3101 Cyg. CP Pup and
T Pyx use the fiducial parameters of WZ Sge and V3101 Cyg of GW Lib.

Object B (G) M (Moyr—1) Popin (s)

CP Pup 2 -3 x10° 1—-2x10710¢ 72 — 84

WZ Sge 2.5101 x 10* 40793 x 10713 27.87H001

GW Lib 1977013 x 10° 22703 x 10714 209*

T Pyx 9x105—-1x107 1077 —10"6° 148 — 345

V3101 Cyg 3 x10% —1.2x10* 10711 —10"10¢ 99 — 165

for quiescent state of GW Lib by Hilton et al.| (2007). However given the lack of constraint
on some of the model parameters, this should be treated more as a rough estimate. The
parameter space for GW Lib and its adapted fiducial parameters are shown in the bottom

panel of Figure [4.6

As there are no estimates for spin period, B or M for any of the other systems, only very
broad ranges can be provided for the model parameters, adopting o =0.006 and n =0.1.
The only exception is V3101 Cyg, which has theoretically predicted o < 0.005 (Hameury &
Lasotay, 2021)) and so the fiducial parameters of GW Lib are used instead. In such a case it is
impossible to provide reasonable constraint on any of the parameters. However, previously
reported values of accretion rate can help constrain the estimates of B field and spin. The
accretion rates used are 1 — 2 x 10710 Myyr~! from Veresvarska et al.| (2024a)) for CP Pup,
~ 1077 —107% Mgyr~! for T Pyx from|Godon et al|(2018) and ~ 10~ — 10710 Mo yr—! for
V3101 Cyg which is a WZ Sge type Dwarf Nova. The corresponding B and spins are listed
in Table alongside the accretion rate estimates for WZ Sge and GW Lib. The obtained
B field is below the standard values of confirmed magnetic systems, apart from T Pyx, and
all estimated spin ranges are under 3 minutes, apart from T Pyx, where the range of possible

spins reaches ~6 minutes.

It is however necessary to note that all such deductions on the magnetic field strength and
accretion rate are highly dependent on a good understanding of the system. As of now,
there are no known systems in which there is sufficient certainty to constrain the values of
the fiducial parameters. As a consequence all deduced constraints on B and M are simply
a reflection of the constraints on the spin and QPO frequency measurements. Hence the

results reported in Table should be treated with extreme caution and mostly serve as a
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prediction of the potential precision, subject to future precise measurements of parameters

in Table 4.4l

QPO model implications for spin, B field and accretion rate measurement

Figure [4.6| shows that for the current set up of the model, all AWDs showing QPOs with
similar characteristics as WZ Sge would be expected to have a relatively fast spin ~20 —
200s WD. This is assuming a low magnetic field B < 10° G and low accretion rate < 10719
Moyr—! and a similar frequency range for the QPOs as observed in the systems here. The
extremely low accretion rates recovered by the model here should be taken as representative of
the instantaneous accretion rate onto the accretor, not the mass transfer rate from the donor
star. Hence such low values may not be unrealistic for the accumulation of mass between
Dwarf Novae outbursts in WZ Sge and GW Lib, in particular in the case of GW Lib (Hilton
et al., [2007).

For slowly spinning systems 2> 1000 s, the QPOs in weakly magnetised systems adopting
parameters self-similar to the fiducial ones used here would yield QPO frequencies < 1076 Hz
(278 hrs). This would provide a considerable observational challenge with the current data.
New potential missions such as PLATO may help uncover these in the future. For magnetic
systems, monitoring of close-by and bright magnetic systems, such as the Intermediate Polars
V1223 Sgr or FO Aqr, may unveil new QPOs in systems with alternative values of B and

direct spin observations to use for model verification. These potential detections could then

be used to put a better constraint on some of the fiducial parameters in Table [4.4]

Given that the QPOs reported here are mostly observed in either dwarf novae or nova-likes
the potential variability of the QPO with a large change of accretion rate could also provide
important insight on the nature of the QPOs themselves and the systems in which they occur

as well as their driving mechanism.

4.5.3 Break and QPO correlation in XRBs and AWDs and QPO driving

mechanism implications

Type-C and HBO QPOs in XRBs bear several observational similarities to the QPOs reported
here in AWDs. An important characteristic of these QPOs in XRBs is their correlation to
a low-frequency break (Wijnands & van der Klis, [1999). The QPOs in AWDs reported here
appear to follow the same correlation. Type-C and HBO QPOs in XRBs are usually explained
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Figure 4.7: QPO frequency as a function of the viscous frequency at the QPO radius. The
shaded regions correspond to the predicted model parameter space of QPOs and their viscous
frequency. The lowest shaded region between s, ~ 10710 — 10~* Hz represents the model
parameter space of AWD QPOs as predicted by magnetically driven precession. For NS XRBs
the magnetically driven precession model predicts a parameter space shown by the shaded
region between vyise ~ 107% — 10° Hz. The partially overlapping shaded region between
Vpise ~ 1071 — 10% Hz represents the parameter space of QPOs in BH XRBs as predicted
by Lense-Thirring precession. The observed QPOs with their corresponding low frequency
breaks (ysc are denoted for AWDs in diamonds, for NS XRBs in squares and in filled circles
for BH XRBs.)
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by the relativistic effect of frame dragging. In such a case it can be assumed that the PSD
break is associated with the viscous frequency at the inner-edge of the precessing flow (Ingram

et al., 2009; Ingram & Done, [2011b)).

This cannot be the case in the non-relativistic AWDs. However in the framework of the
magnetically driven precession model as described in Section the observational charac-
teristics of the QPOs are similar, despite a different driver behind the behaviour. A precessing
inner flow of the accretion disc would also in this case be expected to produce a PSD break at
the viscous frequency associated with the corresponding radius. This would have the effect
of producing a break at a lower frequency than the QPO and a relation between the two

quantities, as observed in Figure [4.7]

In Figure [£.7] I reproduce the data from Figure but now overlay several models. As
in Figure the black circles represent the BH QPOs and their breaks from [Wijnands
& van der Klis (1999), the red squares represent the NS QPOs and their corresponding
breaks from [Wijnands & van der Klis (1999). The cyan diamonds represent the AWD QPOs
and breaks from Table The shaded regions represent the model parameter spaces for
Lense-Thirring precession for BH XRBs, magnetically driven precession for NS XRBs and
AWDs. The cyan shaded regions overlapping with the observed AWD QPOs represents the
parameter space in which QPOs in AWDs can be explained by magnetically driven precession
for all parameters shown in Table [£.4. The viscous frequency, vy;s., was obtained from the
dynamical frequency, v4,, at the QPO radius such that vy, = o %)Qden, and by assuming
a value for « (%)2 ~5x107° « (%)2 is treated here as a standalone parameter, not a

combination of viscosity a and the scale height ratio %. This is because in the context of

AWDs there have been measurements of « (%)2 parameters that can be used to estimate
this parameter (Scaringi, 2014} Veresvarska & Scaringi, 2023|). Whereas estimates of « have
been measured (Howell et al.l [1995; Kotko & Lasotal, 2012)), no tangible constraint is known
for %. Therefore treating « (%)2 as a single parameter based on previous measurements
is deemed as the more appropriate assumption. The value is chosen as the middle of the
expected range for this parameter for AWDs in quiescence. The potential range is considered
for o to be between 1072 for long recurrence dwarf novae such as GW Lib (Howell et al.l
1995) up to 107! for high accretion rate systems (Kotko & Lasota, [2012)), such as T Pyx.
The estimated range for « (%)2 ~ 1x1077 =1 x 1073. The implications of the uniform
assumption of « (%)2 ~ 5 x 107° with the range of a ~ 1 x 1073 — 0.1 (Howell et al., 1995;

Kotko & Lasotay, 2012) is that the % ~ 0.2 —0.02.
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The x-axis of Figure [4.7] is the viscous frequency at the QPO radius. This demonstrates that
all the QPOs reported here could be explained by the magnetically driven precession model,
bearing in mind the upper limit on the break frequencies in all objects apart from WZ Sge.
Therefore a potential test of this model and correlation would be the measurement of break
frequencies for these systems and whether it deviates from the current limit by more than an
order of magnitude. Such a test would however require more data, either an extension of the

existing TESS time series or a new long-term mission such as PLATO .

The red shaded region overlapping with observed QPOs in XRBs and ranging from ~ 1074
— 10° Hz for the viscous frequency corresponds to the parameter space where the NS XRB
QPOs and their PSD breaks can be explained by the magnetically driven precession. The
parameter space was constructed for a NS with Myg ~ 2Mg, Rys ~ 10km, B ~ 107 — 1010
G, the same accretion rate range, § and A as in Table 1 was fixed to 0.1 and « to 0.006

2
for consistency with the AWDs. « (%) was assumed the same as in AWDs.

The black shaded region overlapping with QPOs in XRBs from ~ 10~ — 102 Hz corresponds
to the parameter space where the QPOs in XRBs can be explained by Lense-Thirring pre-
cession. QPOs driven by Lense-Thirring precession occur at a characteristic frequency which

is related to the precession of a solid disc as detailed in Ingram et al. (2009)) :

R Gl (O NS o
LT 71'(1—1—2C) r§_gré+< {1_ (’ri)g_c] Rg 9.

i o

where a is the BH spin, c is the speed of light in vacuum, r; the inner radius of the precessing
flow in the units of R, and r, the outer radius of the precessing flow in the units of R,. R,
represents the gravitational radius Ry = GC—QM ( is the index governing the radial dependence
of surface density and is here fixed to 0 as from simulations as in Ingram et al.| (2009). The
mass range accounted for in the parameter space spans BH mass from 3 — 20 Mg and spins
from 0 to 0.998. The outer radius of the precessing region is considered between 1.01 — 50 R,
and associated with r,. The inner radius is here fixed to the innermost stable circular orbit
(ISCO) based on the spin. This can predict larger QPO frequencies in black holes than are
observed and the upper limit of the parameter space should be treated with caution. This
is usually accounted for by setting the inner disc radius to the bending wave radius (Ingram
et al., [2009) which would require the assumption of % ratio. As this is unknown and could

introduce another free parameter, the inner disc radius is here fixed at ISCO for simplicity.

2
The viscous frequency is determined for radius r, with a (%) ~ 1073 as is usually assumed
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for BH XRBs (Ingram et al., [2009).

For all the parameter spaces detailed above for Lense-Thirring precession and magnetically
driven precession it is clear that that both follow the same observational trend behind the
QPO and break relation, irrespective of the driver mechanism of the QPO. This unfortunately
also means that the relation cannot be used to disentangle the nature of the driving mecha-
nism for QPOs in XRBs since the 2 parameter spaces overlap. However, the non-relativistic
AWDs show tentatively, whilst bearing in mind the uncertainty from the upper limits on
most breaks in AWDs, that magnetically driven precession is a viable method for inducing

QPOs in weakly magnetised AWDs.

4.6 Conclusions

QPOs are a well known characteristic in both XRBs and AWDs. In XRBs they are a well
defined phenomena with different types according to their observational characteristics and
correlation with broad-band structure. However, in AWDs, QPOs usually refer to unex-
plained, transitional and somewhat coherent signals observed in the light curves. Here I
report 5 persistent QPOs in low magnetic field AWDs showing similar properties to type-C
QPOs in XRBs, such as harmonics. A tentative link to the QPOs in XRBs is that the QPOs
in AWDs seem to follow the correlation of XRB QPOs with a broad band low frequency
break, when assuming that the upper limits on the break frequencies are representative of
their true value. The break is usually associated with the viscous frequency of the outer
part of the precessing flow of the disc where the QPOs are generated. Furthermore, the
reported QPOs in AWDs show a low frequency broad-band structure, which can be fitted
with a zero-centred Lorentzian as in XRBs or with a power-law, at a frequency where such a

flow transition would be expected.

Due to the non-relativistic nature of AWD systems, I propose that the QPOs are driven by a
weak magnetic field of the accretor being misaligned to the disc normal and causing precession
of the inner part of the accretion disc. This model was previously considered for being part
of the driving mechanism behind the low frequency QPOs in NS XRBs and potentially T
Tauri stars. Here I show an implementation for AWDs, whose magnetic fields lie in between

those of NS and T Tauri stars.

WZ Sge shows a QPO at ~ 2 x 107* Hz (~77 min) and GW Lib at ~ 7 x 107° Hz (~4.3

hrs), with both exhibiting harmonics. They are also the only systems in the sample with
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spin period measurements. I report that the model prediction for a QPO at these frequencies
requires accretion rate and spin that are consistent with the observationally reported values.
This could present a possibility for magnetic field and spin estimates in weakly magnetic
AWDs where direct measurements of these quantities are not yet possible. As an example
I give estimates for these parameters for the rest of the sample. However, such predictions,
together with the corresponding uncertainties, can only be obtained within the framework of
the inherent assumptions of the model, once reasonable estimates on the fiducial parameters
can be obtained. Therefore the results here can only serve as an illustration of the potential
capabilities of the model, until a more detailed measurement of the fiducial parameters is

obtained with the help of future missions such as PLATO .

4.7 Corrections

This Chapter discusses the results as reported in [Veresvarska et al.| (2024b). However, it has
come to light that the PSD fits performed here in Section [£.3.2] were not done consistently
with the fitting of QPOs in XRBs. The discrepancy comes from fitting the TPS as shown
in Figure and hence only the frequency bin centres are being fitted. Although this
does not affect the results discussed in |Veresvarska et al.| (2024b) and in this Chapter (i.e.
the frequency of the QPOs), it does affect the Q values of the individual QPOs and their
resulting errors. The new values, i.e. updated version of Table are reproduced here in
Table [£.6l The new values of Q are still larger than standard Q values of Type C QPOs in
XRBs, but they are not unrealistically different, with WZ Sge having a Q value of 10 for the

fundamental.

Similarly, the new errors on the QPO measurements have a marginal effect on the Figures
presented in this Chapter. The updated versions are shown below, with Figure being the
substitute for Figure [{.1] Figure for Figure [£:4] Figure [4.10] for Figure [4.3] and Figure
412 for Figure .7l Figure [£.8] shows the direct reproduction of Figure [4.I} however some
Lorentzian components are not clearly visible due to the model being evaluated on a finer
frequency grid before then being re-binned to the sampling of the data when shown as a TPS.
The full extent of the model (not as a TPS but as a non-averaged PSD) is shown in Figure
There may be some changes to the resulting estimates of the magnetic fields, accretion
rates and spin ranges are reported in Table However, considering the assumptions of the
model and the resulting uncertainty on the inferred parameter ranges, these variations are

negligible in comparison and hence not reported in detail here. A complete list of corrections
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Figure 4.8: TPS of WZ Sge, GW Lib, T Pyx, V3101 Cyg and CP Pup averaged on the
segment lengths specified in Table [{.I] with 90 logarithmicaly spaced bins. The empirical fit
of the PSD is included here and comprises a Poisson noise power law (dotted line) in the
high frequencies, one (in the case of WZ Sge, GW Lib, T Pyx and V3101 Cyg) or two (CP
Pup) zero-centred Lorentzians (solid line) representing the broad band PSD structure and
Lorentzians representing the QPOs and their harmonics (dashed line).

will be available in the erratum of |Veresvarska et al.| (2024Db).
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Table 4.6: Results of the empirical fit to the PSDs from Figure The independent columns
correspond to different objects and the rows correspond to model components: A — Pois-
son noise amplitude, r; — integrated fractional rms of a given Lorentzian, A; — half width
half maximum of a given Lorentzian, 1p; — centroid frequency of a given Lorentzian (only
Lorentzians representing QPOs and their harmonics have this component). The Q value
for each Lorentzian representing a QPO is given as well and is denoted by @Q;. Broad-band
component Lorentzians are zero-centred and their vy = 0 by default and is not denoted here.
* denotes the lowest frequency zero-centred Lorentzian used in Figure and

WZ Sge CP Pup GW Lib T Pyx (s) V3101 Cyg

A (x1072)  247)° 2573 320730 8.670% 8.575%
r (x107%) 11799 40130 1972 32 6T5x 1071
Ay (x1079) 1] 0.007500: 10735 1.2743 2+2% 1072
vo1 (x107%) 2.1 L6708y 1.32170%¢ 3 1.8102
Q ~ 10 ~ 160 ~ 60 ~ 15 ~ 450
ry (x1073) 2t1 83 20+2 172 1t
Ay (x107%) 65785 27100 1072 2070 * 40730 ¢ 4Tix 1073+
Vo2 (x1074)  4.0103 3412, - - -
Q2 ~ 30 ~ 800 — — -
g (x1073) 3t2 72 — — —
Az (x107%) 2072 613 - - -
vz (x107%) 61702 4.9%08 - - —
Q3 ~ 150 ~ 4 - - -
74 (x1073) 1] 2.8103 — - -
Ay (x1077) 3+3 2470 6 - - -
10,4 (X1074) 8t§ - - — —
Q4 ~ 1600 - - - -
5 (x1073) 1] 2075 - - —
As (x1077) 22 78150 * — — —
vos (x1071)  9.9%0% - - - -
Qs ~ 2000 - - - —
re (x1073) 212 - - - -

Ag (x107%) 212 - - - -
v (x107%) 13713 - - - -
Qs ~5 - - - -
rr (x1073) 41757 — - - -
A7 (x107%)  1.972* — - - -
% 6.20 2.94 12.5 2.92 5.15
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Figure 4.9: TPS of WZ Sge, GW Lib, T Pyx, V3101 Cyg and CP Pup averaged on the
segment lengths specified in Table [{.1] with 90 logarithmicaly spaced bins. The empirical fit
of the PSD is included here and comprises a Poisson noise power law (dotted line) in the
high frequencies, one (in the case of WZ Sge, GW Lib, T Pyx and V3101 Cyg) or two (CP
Pup) zero-centred Lorentzians (solid line) representing the broad band PSD structure and
Lorentzians representing the QPOs and their harmonics (dashed line) and is evaluated on a
fine non-averaged frequency range of the data.
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Figure 4.10: QPO frequency as a function of the break frequency. The observed QPOs with
their corresponding low frequency breaks are denoted for AWDs in diamonds, for NS XRBs
in squares and in filled circles for BH XRBs. For AWDs these are taken from the empirical
fit in Section [4.3.2] and Table The QPO frequency is the peak frequency as denoted in
Equation using A; and v ;. The only exception is GW Lib where the QPO frequency
is taken as half that, since only the 1%¢ harmonic of the QPO is detected in TESS with its
true fundamental being reported in |Chote et al.| (2021). The break frequencies are denoted
in Table by * for each object. The solid line represents the fit to the data from linear
least-squares regression and the shaded darker area represents the uncertainty on the fit.
The dashed line represents the fit to the data when AWDs are excluded, with the uncertainty
being represented by the lighter shaded region.
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Figure 4.11: Top: Distribution of the Pearson correlation coefficient for the bootstrapping of
data from Figure with replacement. The clear distribution corresponds to bootstrapping
of all data, whilst the hatched distribution only drew from the XRB sample from Figure [4.10]
The solid line represents the Pearson correlation coefficient of of all data in Figure [£.10] and
the dashed line corresponds to the value of the coefficient when AWDs are excluded. Bottom:
The distribution of the Pearson correlation coefficient resulting from bootstrapping the data
from Figure 4.10] without replacement and by randomising one of the axes. The zero-centred
distribution shows the 99.99% significance of the correlation from Figure with the solid
line marking the value of the Pearson correlation coefficient of the data.
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Figure 4.12: QPO frequency as a function of the viscous frequency at the QPO radius. The
shaded regions correspond to the predicted model parameter space of QPOs and their viscous
frequency. The lowest shaded region between ;5. ~ 10710 — 10~* Hz represents the model
parameter space of AWD QPOs as predicted by magnetically driven precession. For NS XRBs
the magnetically driven precession model predicts a parameter space shown by the shaded
region between vz ~ 1074 — 10° Hz. The partially overlapping shaded region between
Vpise ~ 1071 — 102 Hz represents the parameter space of QPOs in BH XRBs as predicted
by Lense-Thirring precession. The observed QPOs with their corresponding low frequency
breaks (Vy;sc are denoted for AWDs in diamonds, for NS XRBs in squares and in filled circles
for BH XRBs.)



Chapter 5

Wobbling around the clock:
magnetically-driven quasi-periodic
oscillations in pulsating

ultraluminous X-ray sources

Abstract

Ultraluminous X-ray sources (ULXs) are X-ray binary systems containing an accreting neu-
tron star (NS) or black hole emitting at luminosities above the Eddington limit of a 10 Mg
black hole. Approximately 1900 (either confirmed or candidate) ULXs have been identified to
date. Three systems have been confirmed to exhibit coherent signals consistent with NS spin
frequencies and quasi-periodic oscillations (QPOs) in the mHz range. Several interpretations
for generating such QPOs have been proposed, including general relativistic frame-dragging
effects. In this work, I test if an alternative model in which magnetically-driven precession
of the inner accretion flow can self-consistently reproduce the observed NS spin and QPO
frequencies for reasonable values for accretion rates and NS magnetic field strengths. For a
range of parameters, I recover family of solutions with accretion rates ~ 10~7-1075 Mg yr—*
and surface magnetic fields > 102 G, in agreement with previous estimates. If validated,
this interpretation could reconcile several observed properties of pulsating ULXs, including
QPO frequencies and the observed high luminosities of these systems, in a self-consistent
framework without requiring general relativistic effects and/or strong beaming due to specific
viewing angles. Although the predictive power of the model is currently limited by parameter
degeneracies and uncertainties, searching for and discovering more pulsating ULX systems

will allow to further test or refute the proposed model.

113



5.1. Introduction 114

Co-author contribution

I have conducted the analysis as described in this Chapter and reported in|Veresvarska et al.

20250|). The paper was written in collaboration with Dr Matteo Imbrogno, Dr Roberta Am-

ato, Dr Simone Scaringi and Dr Gian Luca Israel. Other co-authors have contributed with

suggestions on analysis improvement and comments on the text of the paper.

5.1 Introduction

Ultraluminous X-ray sources (ULXs) are a class of X-ray binaries with luminosities Lx 2
10% ergs~!, exceeding the Eddington limit (Lgqq ~ 1.3 x 103 M /Mg ergs™!, with M being
the mass of the accretor) of a ~10Mg black hole (BH; see Kaaret et al., [2017; Fabrika

et al., 2021; King et all 2023} Pinto & Walton, 2023, for recent reviews). First detected

by the FEinstein Observatory in the off-nuclear regions of nearby galaxies (Fabbiano, 1989)),

they have been proposed to be possible intermediate-mass black hole (IMBH) candidates with

Mgy ~ 102 —10° M, accreting at sub-Eddington rates (see e.g.|Colbert & Mushotzkyl, [1999).
The presence of mHz quasi-periodic oscillations (QPOs) in some ULXs (see e.g.
et al., 2007; [Strohmayer & Mushotzky, 2009; Pasham et al., 2015; Atapin et al., 2019),
interpreted as the low-frequency counterparts of QPOs in Galactic BH binaries
, seemingly supported this hypothesis. Indeed, using the mass-frequency scaling
derived from Galactic BH binaries (e.g. |Aschenbach) 2004; Remillard & McClintock, 2006;

Smith et al) 2018), the masses inferred from the QPO frequencies are found to be in the
IMBH range (see e.g. [Casella et al., 2008 and Figure 4 of |Smith et al. [2018). However,

some differences cast doubt on such simple analogies. For example, in the case of Galactic

BH binaries, the QPO frequency vqpo tightly correlates with a low frequency break 14, with

vqro ~ 10v, (Wijnands & van der Klis, 1999). Such a correlation is not observed in ULXs
with QPOs (see e.g. Middleton et al., 2011)).

The detection in a few ULXs of coherent pulsations with P ~ 0.1 —10s — known as pulsating

ULXs (PULXs) — has demonstrated that at least some of these sources are powered instead

by neutron stars (NSs) accreting at super-Eddington rates (King et al., 2001; Poutanen et al.,
2007} |Zampieri & Roberts, 2009). A few of these PULXs also show mHz QPOs at super-

Eddington luminosities, providing additional evidence that care is needed when using the
QPO frequency in a (P)ULX to estimate the mass of the accretor. A total of 12 (either
confirmed or candidate) PULXs have been discovered (see Table 2 of King et al., 2023)), with
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luminosities up to ~ 104 ergs™! (Israel et al.,2017a). How these sources can reach such high
luminosities is still unclear, with some arguing that the inferred luminosities (derived under
the isotropic emission approximation) could be overestimated due to geometrical beaming

(see e.g. King et al., 2017} Lasota & King, 2023)).

In this Chapter, I focus on those PULXs that have shown mHz QPOs at (observed) lumi-
nosities > 10%? ergs=!: M82X-2 (Feng et al., 2010)), M51 ULX-7 (Imbrogno et al., [2024) and
NGC 7793 P13 (Imbrogno et al., in prep.). M82 X-2 was the first source identified as a PULX
(Bachetti et al, [2014). With a luminosity Lx ~ 103 — 10*ergs™! and an orbital period
Py, >~ 2.5d, the NS powering M82 X-2 is found near spin equilibrium, with a spin period
P ~ 1.37s. The source alternates between strong spin-up and spin-down phases over the
years, despite less drastic changes in luminosity, and shows a spin evolution inconsistent with
that expected from a slow rotator, as shown by [Bachetti et al.|(2020). M82X-2 is also a good
example of how the estimate of the mass of the accretor in a ULX from the QPO frequency
can be misleading. The nature of the accretor was unknown when |[Feng et al.| (2010) detected
a QPO at v ~ 3mHz in a few Chandra observations, leading the authors to conclude that the
source was a good IMBH candidate, with M ~ 12000 —43000 Mg, ~ four orders of magnitude
larger than the real mass (M ~ 1.4 Mg).

M51 ULX-7, whose spin pulsations at P ~ 2.8 s were first detected by Rodriguez Castillo et al.
(2020), is the PULX with the shortest known orbital period (Pu, ~ 2d; [Hu et al., 2021}
Vasilopoulos et al., [2021). It is also characterised by a super-orbital modulation, initially
detected with a period Py, >~ 38d, but later found to be gradually evolving towards a longer
period Py, ~ 45d (Brightman et al., [2020; Vasilopoulos et al., 2020; Brightman et al., 2022]).
Recently, Imbrogno et al.| (2024) detected a flaring-like feature in the light curve of three
XMDM-Newton observations of the source. A Fourier analysis of these data revealed the
presence of a QPO at a frequency v ~ 0.5mHz. The same feature was detected also in
Chandra archival observations. In both sources, the QPO is always present at the same

frequency (Imbrogno et al., [2024).

Lastly, NGC 7793 P13 is the fastest known PULX, with a spin period P ~ 0.4s (First et al.,
2016; Israel et al.l |2017Db)). It is the only PULX with an identified optical counterpart (Motch
et al.||2011). A peculiarity of this system is that the orbital periods estimated through optical
(Popt =~ 64d) and X-ray (Px ~ 65d) are not compatible, an inconsistency which remains
without a clear explanation (Furst et al., [2018] 2021). Recently, a QPO at v ~ 10 mHz was
detected in a few XMM-Newton observations of NGC 7793 P13 (Imbrogno et al., in prep.).
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As for M51 ULX-7, the QPO is always found at a specific frequency and only when the system

emits at super-Eddington luminosities.

Various models have been proposed to explain the presence of mHz QPOs in (P)ULXs.
Middleton et al. (2019)) proposed that mHz QPOs arise from a precessing inner flow of the
disc. The general relativistic frame-dragging torque (inducing Lense-Thirring precession)
is then communicated to the launched winds, whose precession is expected to cause the
much longer super-orbital period seen in many (P)ULXs (see e.g. |[Kong et al. 2016; Walton
et al. |2016; Furst et al., 2018} |Vasilopoulos et al., [2020; Brightman et al., 2020, 2022])). |Atapin
et al. (2019)), instead, proposed that the propagating fluctuations mechanism from Lyubarskii
(1997) can explain both the QPO and the flat-topped noise observed in a sample of ULXs.
Majumder et al.| (2023]) followed [Das et al.| (2021) to link the QPO frequency to the infall time
towards the inner radius of the disc, and hence proposing to use the QPO frequency to infer
the masses of the central object, assumed to be a BH. A similar mechanism for generating

quasi-periodic variability, but for NSs, is also explored in Mushtukov et al.| (2024).

Contrary to BHs, the presence of a magnetosphere and its dynamical importance to the
accretion flow in PULXSs can be substantial and is expected to exert additional torques on the
inner flow. The effect of the magnetosphere through what I refer to here as the magnetically-
driven precession model (MDP model hereafter) has been explored for both magnetised NSs
and T Tauri stars by |Lai (1999) and more recently for accreting white dwarfs (WDs) by
Veresvarska et al.| (2024a)). In this Chapter, I explore the validity of applying the MDP
model, presented in Sect. to the mHz QPOs recently detected in a few PULXs. In
particular, I want to verify if the MDP model can simultaneously match the spin and QPO
periods observed in these PULXs for reasonable values of the accretion rate and the magnetic
field. With this goal in mind, I apply the model to the PULXs showing QPOs and present
the results in Sect. Finally, I discuss the implications of my results, together with the
strengths and limitations of the model in Sect.

5.2 Magnetic precession model

The MDP model can in principle generate QPOs from magnetically driven precession, where
the accretion flow surrounding a rotating magnetised star experiences a quasi-periodic wob-
bling motion around the star’s spin axis. The interaction between the disc and the star’s

magnetic field induces a warping effect, causing the inner flow to deviate from its equatorial
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plane and to undergo precession. This precessing motion is driven by the torque that arises
from the interaction between the misaligned disc’s surface currents to the star’s magnetic

field, generated by its dipole, in the plane of the accretion disc.

The MDP model further explores the non-linear evolution of the warped disc, as detailed
by Pfeiffer & Lai| (2004). The application of this model to low-frequency QPOs in NSs is
also examined in Shirakawa & Lai| (2002bja). Within this framework the global precession of
the disc can generate the observed QPOs, offering insights into the underlying mechanisms

driving these oscillations in various accreting systems, including WDs and NSs.

Lai (1999) estimates the precession frequency of the entire inner flow by scaling the magnetic
precession frequency of a specific ring at a characteristic radius, r, v, (r), with a dimensionless
constant A. The value of the constant A depends on the disc structure. [Shirakawa & Lai
(2002b,a) estimate A in the range 0.3—0.85 and here I fix this to a fiducial value of 0.65 (close
to the midpoint of the quoted range). This leads to the expression for the QPO frequency:

A u? F(0)

213 7 Q(r) () D(r)’ (5.2.1)

vQpo = Avy(r) =

where u represents the stellar magnetic dipole moment (u = BR?3, with B as the surface
magnetic field strength and R the stellar radius), €2 is the Keplerian angular frequency, and
Y. is the surface density of the disc (here assumed to be represented by Equation 5.41 in
(Frank et al., 2002b)) as adopted for the NS application of the MDP model in |Lai| (1999);
Shirakawa & Lai (2002a).

The dimensionless function F(#) is defined such that F () = 2f cos?§ — sin?§, where 6 is
the angle between the magnetic moment of the accretor and the angular momentum of the
disc. The dimensionless number f (0 < f < 1) determines what part and how much of the
vertical magnetic field is being screened out; here, I take f = 0 as in |Pfeiffer & Lai| (2004);
Veresvarska et al.| (2024al), so that only the spin-variable vertical field is screened out (for

f =1 all the vertical field is screened out). D (r) is a dimensionless function given by

— max (\/ 1, \/2?(7”)) , (5.2.2)

where H (r) is the half-height of the disc at radius r and 7, is the magnetospheric radius
from Eq. In the first applications to NS in [Lai (1999)); Shirakawa & Lai (2002a) and
the WD application in |Veresvarska et al.| (2024a)) of the MDP model the disc half-height is

assumed from Equation 5.41 in Frank et al. (2002b). Here I retain this height prescription.
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The overall sub-Eddington treatment of the model here is anchored in the assumption that
™ > Tsph, Where rgpp is the spherisation radius, defined as the radius at which the inflow

starts to be supercritical (Poutanen et al 2007) and 7\ is the magnetospheric radius.

An alternative half height prescription which could lead to exploration of the model within the
spherisation radius is detailed in (Lipunova, [1999). Compared to the thin disc prescription,
the steeper dependence of disc height on accretion rate results in a % ~1at M~ 1076 —
107> Muyr~! for a 1.4Mg NS with 10 km radius. This prescription for the half-height of the
disc in |Lipunova, (1999) results in the inverse dependence of QPO frequency on accretion rate
as opposed to the direct dependence for a thin-disc prescription. However, implementation
of the super-Eddington regime would also require further changes to the model, namely in

the surface density and the condition of rv < rgpn. Exploration of this implementation is the

subject of future work and beyond the scope of this Chapter.

Table lists all the parameters adopted in this study together with the explored ranges,
where some are set to fixed fiducial values. Although some of the parameter ranges can be
constrained from the work of (Chashkina et al.| (2017} |2019) (where o ~ 0 — 0.2 for M82 X-2),

I here explore all parameter ranges given in Table [5.1] for completeness.

In order to reduce several parameter degeneracies, I here assume spin equilibrium such that
the co-rotation (7¢,) and magnetosphere () radii are equal. This is a reasonable assumption
in the case of M82X-2, as already discussed in the Introduction, while it comes with some
caveats for NGC 7793 P13 and M51 ULX-7, which are currently spinning up (see Fiirst et al.,
2021, 2025; |Brightman et al., 2022 and the Discussion).

Assuming spin equilibrium, I can anchor the QPO radius to the spin and magnetic field,

reducing the degeneracy between them. Thus, r = ry = ¢, Where the co-rotation radius is
defined as: )
GMP2, \3
_ pin
Feo = < g ) , (5.2.3)

where Pypin is the spin period of the NS, M its mass and G the gravitational constant.

Similarly, the magnetospheric radius is here defined as:

o2 b 7
_ ), 5.2.4
M= ( 12 GMM2> (5:2.4)

where pi is the vacuum permeability. 7 is generally assumed to be 0.5 (Wang, 1987; /Ghosh &
Lamb, 1979b; |(Campana et al., 2018), however a wider range of values (Table are explored

here. Implications of this assumption on the model are further discussed in Section A
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Table 5.1: Model parameters for the magnetically driven precession model for QPOs in NS
XRBs. Parameters with their explored ranges are given. For some cases they are fixed to a
fiducial value, where only that one is given and denoted by *.

Model Parameter Value
M* (M) 1.4
R* (km) 10
B (G) 108 — 10%
M (Mgyr=") 10710 — 1073
o 1073 -1
n 1072 -1
0 (°) 0-90
A* 0.65

parameter of the MDP model is the mass accretion rate M. onto the compact object, which
can differ from the mass loss rate from the donor star through the L1 point (see Section [5.4)).
I can obtain a rough estimate of M, through the gravitational energy released assuming

most is emitted at X-ray wavelengths:

. 2bRNs Lobs
My = ——————
acc G Mns

(5.2.5)
where b is the beaming factor (such that b = 1 corresponds to no beaming), Lops is the
observed isotropic luminosity of the source, Myg and Rng are the mass and radius of the NS.
Note that the Los does not distinguish between the luminosity of the different components
of the system (i.e. accretion disc, winds, etc.), but represents the observed luminosity as
an upper limit. Furthermore, the linear relation between accretion rate and luminosity is
used, as opposed to Equation 4 in (Middleton et al., 2023), since within the framework of

the assumptions made here, it is expected that ry > rgpn. In such cases super-Eddington

accretion can be sustained for high magnetic field strengths (Gurpide et al., 2021]).

5.3 Results

I apply the model described in Section and explore the parameter space as detailed in
Table[5.1] to three PULXs, namely M82X-2, M51 ULX-7 and NGC 7793 P13, for which both
the spin and QPO periods have been detected.

The parameter space in Table[5.1] presents a wide array of combinations leading to a family
of solutions with the same QPO and spin. To explore this non-linear parameter space and
recover families of solutions that can reproduce the observed spin and QPO frequencies, 1

first generate 10® model realisations using parameter combinations randomly drawn from a
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Table 5.2: List of observational parameters present in literature and the B field inferred form
the MDP model, for the three PULXSs considered in this work

Source References Pypin YQPO —M, Mz /b b Bupp
(s) (mHz) (107" Mg yr—1) (103 G)
M82 X-2 [1,2,3] 1.32—1.39  2.77-3.98 47(2) 20—40 1 > 0.8
2—4 0.1 > 0.3
M51 ULX-7 [4,5,6] 2.79-3.28  0.53—0.56 - 5-12 1 > 2
- 0.5—-1.2 0.1 > 0.7
NGC 7793 P13 [7,8,9,10] 0.406—0.420 11-15 - 5—8 1 > 0.3

- 0.5-0.8 0.1 > 0.1

Notes. Reference values for Py, vqpo and (in the case of M82X-2) M,, the overall
mass-transfer rate from the companion, taken from: [1] Feng et al| (2010)); [2] Bachetti
et al.| (2022); [3] Liu (2024)); [4] Rodriguez Castillo et al.[(2020); [5] Imbrogno et al.| (2024);
[6] Earnshaw et al| (2016); [7] First et al.| (2016]); [8] [Israel et al. (2017b)); [9] |[Furst et al.
(2021); [10] Imbrogno et al. (in prep). The reported values of the mass-accretion rate
Mace for b=1 have been inferred from the X-ray luminosities (typically in the 0.3—10 keV
band) of the datasets where QPOs have been detected.

flat distribution in log space (apart from 6 as the range spans fewer orders of magnitude than
the other parameters) within the ranges given in Table I then retain those parameter
combinations for which both the model-predicted QPO and spin are within the 1o errors of
their measured values as reported in Table[5.2] In the case of M82 X2, where several QPO
measurements exist, I take the average of the individual QPO measurements from Table 1
of Feng et al| (2010). In the case of M51 ULX-7, the QPO was fitted with two separate
Lorentzians in Imbrogno et al.| (2024]). Here I assume that the Lorentzian at lower frequency
with larger @ = £ > 2.1 is the QPO, whilst the higher frequency Lorentzian corresponds to
the “broad component”. Finally, in the case of NGC 7793 P13 I found that one Lorentzian
was enough to model the QPO (Imbrogno et al., in prep.) and I took the average value of

the QPO frequency.

The model realisations (under the assumption of no beaming i.e. b = 1) which reproduced the
QPO frequencies and spin periods within their errors are shown in Figure for M82 X-2 and
in Figure[A.6|and [A.7] for M51 ULX-7 and NGC 7793 P13 respectively, as grey points. Figures
and show a corner plot displaying a parameter sweep through all combinations.

I first consider the case of M82 X-2, since it is also the only PULX for which an estimated mea-
surement mass-transfer rate from the donor star (M, ) has been inferred from the derivative of
the orbital period (Bachetti et al., [2022]) (although note King & Lasotal (2021) associate this
signal to stochastic variability). Assuming the orbital period derivative is indeed driven by

the mass-transfer rate from the donor, I can reduce the number of family of solutions that can
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reproduce the QPO and spin of M82 X-2. The red diamonds in Figure represent another
set of model realisations in which all parameters are randomly drawn from flat distributions
as for the grey points, but are additionally constrained by a uniform distribution within the
range of M, in Table With this additional constrain a correlation between B and 7 is
observed, where lower B requires higher n (Figure . A similar relation is found between B
and M, where higher M provides reasonable constraints for higher B, when not considering
the M constraint from Table Therefore, limiting M for M82X-2 yields a smaller set of
family of solutions with a lower limit on B > 1 x 10'3G. Furthermore the observed X-ray
luminosity can be explained with no beaming with the assumed mass accretion rate. Never-
theless, I show in Table the effects on the recovered B field assuming a moderate beaming
of b = 0.1. I also explored the effects of moderate beaming, likely due to the geometry of
the inner part of the accretion disk and the presence of a wind component often observed in
ULXs (Middleton et al., 2015; [Pinto et al., 2016; Pinto & Kosec, 2023)). It is worth noting
that the MDP model does not directly include beaming but only mass accretion rate. Thus
in producing the red points in Figure b is set to the minimum luminosity required to
justify the observed P. The effect of varying the beaming factor (for b = 0.1) is shown by the
blue diamonds in Figures and[A.7] This has the effect of lowering the required accretion
rate (see Eq. , which allows for a factor ~ 3 lower B fields. The other parameters
remain largely unaffected. In either case, the dipolar magnetic field B is found to be larger

than 1012 G for all three sources.

5.4 Discussion and conclusions

The magnetic torque exerted by the NS on the accretion disc generates a precession of the
innermost regions, potentially giving rise to the observed mHz QPOs. Other torques have
been invoked to explain these QPOs, as well as the superorbital periodicities observed in
several ULXs. For instance, the Lense-Thirring precession model has been applied to the non-
pulsating NGC 5408 X-1, to interpret both its QPOs and time lags (Middleton et al., 2019)).
Other possible mechanisms that can induce precession are asymmetries in the NS with respect
to its spin axis (free-body precession, \Jones & Andersson, 2001), magnetic or self-induced
warping (Lai, |2003; Pfeiffer & Lai, [2004; Pringle, 1996), tidal torque from the donor star
(Frank et al., 2002b]) and warping of an inclined disc due to the relativistic Bardeen-Petterson
effect (Bardeen & Petterson, [1975). Two or more of these mechanisms could in principle be

competing. This would explain, for instance, the presence of (magnetically-induced) QPOs
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Figure 5.1: Parameter space of the MDP model with all parameter combinations (in grey
circles) producing QPO frequency and spin within the observed errors as noted in Table
All the solutions which also reproduce accretion rate within the range given by the observed
P are given in red diamonds. Distributions of all parameters are provided, with all being

scaled to unity. The explored parameter ranges are noted as also shown in Table
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and superorbital periods observed in all three PULXs discussed in this work. |[Middleton
et al.[(2018) discussed the relative strengths of magnetic and Lense-Thirring torques in ULXs,
concluding that the magnetic torque would be negligible for B ~ 1019711 G and a ~ 0.01.
However, for larger B, as considered here (Table and larger «, the magnetic torque is
expected to be more dominant and becomes a viable option for generating QPOs. Another
relativistic effect that can be present concurrently with magnetic warping is the Bardeen-
Patterson effect (Bardeen & Petterson, |1975; King et al., 2005; Ingram & Mottal 2019). In
such a case, an inner tilted disc is warped towards the orbital plane of the system at similar
scales as the Lense-Thirring precession. However, a lower limit on the QPO frequency caused
by this effect can be set at ~ 3Hz (Fragile et al) 2001). This is significantly higher than
the frequencies of the QPOs reported in this work in Table making it unlikely that the
Bardeen-Petterson effect and the magnetically induced warp can counteract one another on

the same scale size in the disc.

Despite the complexity of the phenomena that can generate QPOs, in this work I focussed
on the effects of a misaligned NS magnetic field to the accretion disc (MDP model) and
recovered reasonable family of solutions. In the following Sections, I discuss and outline the
most important aspects and limitations of the model when applied to the QPOs in PULXs
(Section , the effects of beaming on the accretion rate of the systems, the implications
on the preferred model parameters (Section , the implications of the model on the
properties of the PULXs, as well the potential avenues for identifying future candidates of

mHz QPOs that can test the MDP model further (Section [5.4.3]).

5.4.1 Limitations of the model

Given the number of free parameters in Table any conclusions drawn from the model
application should be treated with caution. Apart from the lack of direct observational
evidence for the viability of the inferred parameters, it is also important to discuss other
assumptions used by the model. One of them is the systems are in spin-equilibrium, such
that 7 = 7, = rm = 7eo. This is not necessarily the case for any system with an observed
secular spin-up or spin-down (Furst et al., 2021). By analogy however, accreting WDs that
are thought to be in spin-equilibrium do display both spin-up and/or spin-down around
the equilibrium point (Patterson et al. 2020|). Nonetheless, the adopted spin-equilibrium
assumption adopted here conveniently removes several parameter degeneracies. As already

mentioned, this assumption is likely correct only by M82 X-2 at present - but crucially not
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when the QPOs were detected. I further note that the model is very sensitive to parameters
a and 6, whose combinations are degenerate in all ULXs as seen in Figures and
As shown in Figure for M82 X-2, high accretion rates rule out low viscosity a and low

angles 6.

The MDP model is also very sensitive to changes in 1. However constraining the mass
accretion rate significantly constrains 7. The standard value of n ~ 0.5 used in literature for
magnetic accretors (Wang, 1987; Ghosh & Lamb, 1979b; Campana et al., 2018) is used as
the fiducial value and reproduces reasonable results, for o 2 0.1 and B on the lower end of
the range given in Table for most systems. However M82 X-2 has been reported to be
out of spin-equilibrium during some of the QPO measurements (Liul [2024)). It is thus not

surprising that families of solutions with 1 < 0.5 can reproduce the observed accretion rate

in Table 5.2

Similarly, NGC 7793 P13 is known to be out of spin-equilibrium (see the long-term evolution
of the spin period discussed by |First et al. 2021 and |First et al., [2025). Following the
example of M82 X-2, a ~ 0.1 — 0.2 would require setting n ~ 0.3 to reproduce the observed
accretion rates Macc /b, well below the observational limit for the mass loss of the known

donor (see below). Naturally, a higher value of a would then also allow for n = 0.5.

The present model does not take into account all key aspects of super-Eddington accretion
physics (e.g.|Shakura & Sunyaevl, [1973; Poutanen et al., 2007)), but it is interesting nonetheless

that it can recover reasonable families of solutions.

For a NS accreting at super-Eddington rates, the magnetospheric radius, ryp, is usually smaller
than rgppn, depending on the magnetic field strength and accretion rate, as also shown in
numerical simulations (Chashkina et al.l 2017, 2019), also inferred from the application of
the MDP model to the three considered PULXs. Using the equation for spherisation radius
from Poutanen et al.| (2007) and the measured spin periods of the 3 PULXs considered
here, the spherisation radii for the sources considered here are ~ 990 R,, ~ 165 R, and
~ 330 Ry for M82 X-2, M51 ULX-7 and NGC 7793 P13 respectively, with R, being the
gravitational radius. However the associated magnetospheric radii based on the observed
spins and r\ = rco are ~ 990 Ry, ~ 1700 Ry and ~ 450 R, for M82 X-2, M51 ULX-7 and
NGC 7793 P13 respectively. This suggests that 7\ ~ rgpn only for M82 X-2. For M51 ULX-7
and NGC 7793 P13 7y > 7gph, as also suggested by |Gurpide et al.| (2021) for high magnetic
fields. This would imply the model applied here is self-consistent, at least for M51 ULX7 and

NGC 7793 P13 and justifies my assumption of ignoring mass-loss.
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5.4.2 Beaming factor

The MDP model requires a mass accretion rate, which can be converted to an observed
luminosity assuming a beaming factor (Eq. [5.2.5). As already discussed in Section
beaming is likely present and should be considered. Whether this beaming is moderate or
extreme is still a matter of debate (see e.g. |Israel et al., [2017al and King & Lasota), 2020 for

both scenarios).

For M82 X-2, strong beaming is not required to reconcile the observed X-ray luminosity with
the mass accretion rate inferred by Bachetti et al|(2022) through the secular orbital period
derivative P.,p,. In the case of M51 ULX-7 and NGC 7793 P13, the available X-ray data do
not allow a P.,;, measurement, and therefore an estimate of M,. However, the latter can be
inferred from the observed luminosity, as Lops = Lacc/b. Some recent observational results
suggest that if the beaming is present, it should be relatively small (see e.g. Israel et al.,
2017a; Rodriguez Castillo et al., 2020). This is also the case for another PULX, NGC 5907
ULX-1, for which a luminosity of 10*! erg s™! has been inferred from its surrounding nebula,
suggesting that it is a genuine super-Eddington accretor with no need of (strong) beaming
(Belfiore et al. 2020). Additionally, the morphology and strength of He 11, HS and [O 1]
emission regions in the nebula surrounding Ho IT X-1 and NGC 1313 X-1 strongly argue
against the presence of extreme beaming (Kaaret et al., 2004; Gurpide & Castro Segural,
2024). Moreover, the inferred mass-transfer from the companion Morb in M82 X-2 shows
that the mass available for accretion onto the NS is ~150 Mg yr~!, high enough to account for
the observed luminosity (100 times the Eddington limit) without invoking (strong) beaming
(Bachetti et al., 2022). Finally, as already emphasised, strong beaming would imply a too
small torque on the NS to account for the observed P. Because of this I explored moderate
beaming factors (>1/10), resulting in a reduction of the predicted B field by about a factor
of ~ 4. For M82 X-2 and M51 ULX-7 this still poses a lower limit on the B > 10'3 G within
the MDP model assumptions and B > 10'2 G for NGC 7793 P13.

5.4.3 Implications of the model and future perspectives

As discussed in Section the MDP model is based on the standard accretion theory for
an optically thick, geometrically thin disc (Shakura & Sunyaev,|1973)), with a modification for
the disc thickness to mimic a supercritical accretion disc, but without taking into account any
further element specific to super-Eddington accretion (winds, thick disc, radiation pressure,

etc.). When applied to the sample of PULXs, the model yields reasonable families of solutions
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with mass-accretion rates, spin and QPO frequencies consistent with those obtained from
observations. Within the recovered families of solutions, the inferred dipolar magnetic fields
are found to be between a few 10" G and a few 10" G, also consistent with the literature
estimates (Furst et all 2016; Israel et al. |2017b; Rodriguez Castillo et al., 2020; |Bachetti
et al.l 2022), and of the same order of magnitude to the known X-ray pulsars in HMXBs in
our Galaxy and in the Magellanic Clouds.

A potential implication of the MDP model may be the transitional behaviour of QPOs and
spin pulses in M51 ULX-7, where the QPO is observed when the spin signal is absent and
vice versa, without significant spectral variations in the source (see Imbrogno et al., 2024
for details). Within the MDP model, this may suggest that the tilted, precessing inner flow
could partially or fully obscure the neutron star’s accretion column. In this case, large values
of 6 would cause a drop in pulse coherence, while when 6 ~ 0, the alignment minimises
obscuration, leading to increased pulse coherence and the absence of QPOs, due to the inner
disc symmetry. It is worth clarifying that while the lack of spin pulses is attributed to the
precession of the inner disc, 0 relates to the tilt of the outer parts of the disc (Veresvarska
et al., 2024al). This suggests that the outer disc may also precess to some extent, potentially
influencing the overall dynamics of the system, as noted in Imbrogno et al. (2024)). A more
detailed investigation of how the outer and inner disc regions interact and contribute to
observed variability could provide further insights into the coupling between QPOs, spin

pulses, and disc precession.

Further implication arises from the expected observational correlations depending on the as-
sumed disc half-height prescription. As mentioned above, assuming a thin disc from [Shakura
& Sunyaev| (1973) yields a positive correlation between the QPO frequency and the accretion
rate. On the other hand, the disc half-height prescription more appropriate for a geometri-
cally thick ULX inner disc (Lipunoval, [1999)) yields a negative correlation. Therefore, with
sufficient data on a given QPO in different states, the QPO frequency is expected to change
based on the underlying accretion rate, with the variations being driven by the type of inner
accretion flow. A QPO with a non-varying frequency throughout different states would thus
rule out the MDP model. However, such data is not available, with M51 ULX-7 showing very
little variation in QPO frequency over ~ 10 year period where state changes have not been

observed (Imbrogno et al., [2024)).

In principle, the MDP model could provide a direct way to estimate the magnetic field

strength from the QPO and spin frequencies. However, the dependence on other uncon-
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strained model parameters (a, 6 and accretion rate) make this challenging. Despite this, new
and independent measurements of the magnetic field strength, could lead to a new method

to constrain 7 and potentially a.

Furthermore, with M82 X-2 in spin equilibrium and based on the assumptions that spin
equilibrium implies n ~ 0.5 and ry ~ rco, the MDP model predicts that the QPO should
move to lower frequencies for the same spin and accretion rate (~ 5 x 10~* Hz assuming the

viscosity remains unchanged).

Of all the analysed PULXs, NGC 7793 P13 is the only one with a known companion star
(B9Ia class, Motch et al) 2014)). The estimated mass-loss rate of the star can be as
high as ~ 107 Mg yr~! (El Mellah et al., 2019). Adopting this value as an upper limit
on the mass-transfer rate in ULXs, I can place limits on the expected spin period and
magnetic field strength of other candidate PULXs showing mHz QPOs. As an example,
2CX0 J140314.34-541816 (Urquhart et al., 2022) and 4XMM J111816.0-324910 (Motta et al.,
2020) have been suggested to host accreting NSs due to a hard spectrum and large varia-
tion in the luminosity, respectively. Using the same model set-up and adopting the fiducial
parameters from Table I explore the family of solutions adopting the strict upper limit
for the mass-transfer rate of M <10~> Mg yr—!. For the QPO in 2CX0 J140314.34-541816
at 1.35—1.92mHz I infer 0.5 ms S Pipin

~

< 8sand B > 3 x 10°G, consistent with the
previously suggested B ~ 10'°G and Py ~ 5ms (Urquhart et al., 2022). Similarly for
4XMM J111816.0-324910 I infer 0.5 ms < Papin S 4 s and B ~ 109G for QPO frequency
~0.3 mHz. I note that these limits only pertain to the specific case of the fiducial parameters
from Table Nevertheless, assuming the magnetically driven precession model as the mHz
QPO driver suggests a spin period range for potential new pulsation detections. Obtaining
new independent measurements of the dipolar magnetic field of the NSs could help remove

some of the degeneracies in the model. This could then potentially open up an avenue of

independent constraint on the elusive nature of viscosity a.

5.5 Parameter space exploration for QPOs in AWDs

The new parameter space exploration implemented in this Chapter and in |Veresvarska et al.
(2025a) was developed after the publication of the QPOs in AWDs in Veresvarska et al.
(2025a) (Chapter . Hence the QPO properties exploration in Chapter [4| was kept as pub-

lished. In this Section I will outline a more detailed parameter space exploration of the QPOs
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Table 5.3: Model parameters for the magnetically driven precession model for QPOs in
AWDs. Parameters with their explored ranges are given. For some cases they are fixed to a
fiducial value, where only that one is given and denoted by *.

Model Parameter Value
M* (M) 0.8
R* (Ro) 0.01
B (G) 10% — 101!
M (Mgyr—") 1071 — 1074
o 1076 — 1
n 1075 — 1
0 (°) 0-90
A* 0.65

in AWDs from Chapter [] as was done for QPOs in PULXs this Chapter and Sections[5.3 and
b.4l In particular, the results of the parameter exploration are outlined in Section [5.5.1] and

they are discussed in Section [5.5.2)

5.5.1 Results: AWDs

Chapter [4] details the discovery of new type of QPOs in AWDs, with analogous observational
properties to the type-C QPOs in XRBs(Wijnands & van der Klis, 1999; Ingram & Mottal,
2019) as well as an application of the MDP model as a potential explanation of their driving
mechanism. However, in Chapter [ the model is only explored in terms of fixed fiducial
values as specified in Table [£.4] In order to explore the parameter space of this model in a
more general fashion, I implement a random sampling technique using flat log and normal

priors as described in Section [5.3

Sampling the parameter space for the AWD QPOs requires several changes to the parameter
space sampling from Section [5.3l The main change pertains the lack of spin period mea-
surement or estimate in most of the AWD systems. To account for this, the spin period is
also extracted with each model realisation and saved with the other parameters. Hence when
reproducing Figure [5.1 another line of plots is added at the bottom, corresponding to the
parameter space of the spin period with respect to the other model parameters. Therefore,
only the QPO frequency with its error is used as a constraint here. Furthermore, the sam-
pled parameter ranges are altered appropriately for AWDs, and are detailed in Table
There, all parameter ranges are sampled randomly from a uniform logarithmic distribution

10® times, recording all solutions returning a QPO frequency within the error specified in

Table L2
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Table 5.4: Accretion rates assumed here for AWD systems showing type-C analogous QPOs
along with the corresponding publications. The only system where a single value is quoted
without an error is GW Lib, for which purposes a 10% error margin is assumed.

System M (Mgyr—1) Reference
WZ Sge 74+13x 1071 Pala et al. (2020)
GW Lib 7x 1071 Hilton et al.| (2007)
CP Pup 1-2x1071  |Veresvarska et al. (2024a))
T Pyx 1077 - 1076 Godon et al.| (2018)
V3101 Cyg 1071 —1071%  |Veresvarska et al.| (2024b)

A further constraint, similarly to PULXs is also taken from the accretion rate estimates.
Another set of 108 model realisations are completed with parameters drawn in the same
manner from a logarithmic (and normal for #) uniform distributions, with the M range
boundaries being limited to the observational values and estimates. These are summarised

in Table 5.4

Only WZ Sge and GW Lib have estimates of their spin period, as discussed in Chapter
Therefore, here I use these estimates to further constrain the families of viable model
solutions. This is done through the samples drawn with M range quoted in Table and
selecting only the solutions consistent with the spin estimates. These values are 27.87+0.01 s
for WZ Sge (Patterson, [1980) and ~ 209 £ 21 s for GW Lib (Szkody et al., [2012)). The error
on the spin of WZ Sge is as quoted in (Patterson, |1980), whereas a 10% error margin has

been assumed on the spin of GW Lib.

The families of solutions reproducing the observed QPOs for WZ Sge and GW Lib are shown
in Figures [5.2] and Figure The grey points represent families of solutions that can
reproduce the QPO, the red diamonds represent the families of solutions drawn from the
range of observed accretion rate in Table and the blue squares represent a subset of the
red points that also return the observed spin. The parameter spaces of CP Pup, T Pyx and
V3101 Cyg, for which no spin estimates are available are shown in Figures[A.8] [A.9and [A.10]

5.5.2 Discussion: AWDs

Considering the wider exploration of the parameter space of the MDP model in the AWD
application it is necessary to re-evaluate the conclusions of Chapter 4] and discuss new im-
plications. Similarly to the PULXs the overall distributions of individual parameter values
across all families of solutions for the QPO can provide limits on specific parameters. These

limits, mostly drawn from the M constraint family of solutions relies therefore not only on the
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Figure 5.2: Parameter space of the MDP model with all parameter combinations (in grey
circles) producing QPO frequency and spin within the observed errors as noted in Table
and All the solutions which also reproduce accretion rate within the range given
in Table [5.4] are given in red diamonds. The blue squares represent fractions of family of
solutions of the red diamonds, that also reproduce the spin of WZ Sge within its error as
given in (Patterson, 1980)). Distributions of all parameters are provided, with all being scaled
to unity. The explored parameter ranges are noted as also shown in Table
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Figure 5.3: Parameter space of the MDP model with all parameter combinations (in grey
circles) producing QPO frequency and spin within the observed errors as noted in Table
and [5.4] All the solutions which also reproduce accretion rate within the range given in Table
[5-4] are given in red diamonds. The blue squares represent fractions of family of solutions of
the red diamonds, that also reproduce the spin of GW Lib as given in (Szkody et al. [2012).
Distributions of all parameters are provided, with all being scaled to unity. The explored
parameter ranges are noted as also shown in Table
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Table 5.5: Limits and ranges for MDP model parameters for QPOs in AWDs. B lower limit
is derived using the M constraint, whereas log(B) range uses the spin limitation as well,
where available. log(n) is the range as obtained from the entire parameter space, and the M
constraint is marked by * and adding spin constraint as well is denoted by .

Model Parameter ~ CP Pup WZ Sge GW Lib T Pyx V3101 Cyg

B (G) >3x10°0 >7x102 >1x105 >8x10* >9x10?
log(B) (log(@)) - 544+0.8 5840.8 - -
log(n) ~1.54+06 -15+06 —-144+06 —-1.5+06 —1.5+0.6
log(n)* ~14+405 -16+05 —-16+05 —1.1+05 —1.5+05
log(n)t - ~1.24+05 —-14405 - -

model assumptions but also on the M measurement. However, using this limit it is possible
to extract lower limits on the B for all systems, and even constrain a range of possible values.
The range, given by the mean and standard deviation of the distribution in Figures [5.2 and
is constrained using the spin period. The respective values of the limits and ranges are
summarised in Table Similar estimates can also be provided for the n parameter and are

also summarised in Table B.5l

Fixing specific parameters in the MDP model to fiducial values like in Chapter [4] allowed me to
make rough estimates on the spin periods of the systems without a pre-existing measurement.
However, when considering a larger parameter space for the MDP model as in this section,
this is not possible, bar a very rough upper limit. Overall, without a separate handle on some
of the other parameters, such as a or B, the spin estimates for these systems may remain

elusive.



Chapter 6

The Peculiar Bursting Nature of
CP Pup

Abstract

The classical nova CP Puppis has been observed to have particularly puzzling and peculiar
properties. In particular, this classical nova displays occasional bursts in its long-term ASAS-
SN light curve. Here I report on 5 sectors of TESS data displaying 2 of these rapid bursts,
lasting ~ 1 day. Based on the estimated lower energy limits of the bursts I discuss whether
the bursts may be examples of micronovae resulting from localised thermonuclear explosion.
Furthermore, its orbital period remains uncertain, with several inconsistent periodic signals
appearing in spectroscopic and photometric observations at various wavelengths. Although I
cannot unambiguously unravel the physical origin of the signals, the previously suggested na-
ture of CP Puppis as a long orbital period system may be a viable explanation. The recurrence
time of the bursts in CP Puppis, together with the unexplained variable modulations make it

a prime candidate for intense monitoring.
Co-author contribution

I have conducted the analysis as described in this Chapter and reported in|Veresvarska et al.
(2024d) under the supervision of Dr Simone Scaringi. Dr Scott Hagen has conducted the
analysis of XMM-Newton data used in this paper. Other co-authors have contributed with

suggestions on analysis improvement and comments on the text of the paper.
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6.1 Introduction

CP Puppis (CP Pup hereafter) is a well studied CV that has undergone a nova explosion

in 1942. It is an unusually bright and fast example of a nova explosion, with the difference

in amplitude of apparent magnitude of ~ 17 mag (Payne-Gaposchkin, [1964). It is also a

particularly fast nova with ¢t3 ~ 6.5 d (Payne-Gaposchkin) [1964), where t3 represents the

time it takes for the nova luminosity to decline by 3 magnitudes. It has been reported that

since the nova explosion the brightness levels of the nova have yet to return to the pre-burst

quiescence level (Schaefer & Collazzi, 2010). Similarities can be drawn between CP Pup and

V1500 Cyg (Della Valle & Liviol [1998), which is also uncharacteristically brighter and has

also remained brighter post eruption. CP Pup is also suggested to have a magnetic accretor

(Balman et al., [1995; Orio et al. |2009; [Mason et al., [2013).

One of the main peculiarities of CP Pup is its elusive orbital period. There have been

spectroscopic (Bianchini et al.| |1985; Duerbeck et al.l [1987; |O’Donoghue et al., [1989; |White
et all [1993; Bianchini et all) [2012; Mason et al.l 2013) and photometric
\O’Donoghue et al., [1989; Diaz & Steiner} 1991; White et al., [1993; Bruch) 2022) periods
reported between 0.06115 days and 0.06834 days. A summary of all these is provided in [Bruch|

. Both spectroscopic and photometric periods reported in literature lie in a similar
range, with most of the spectroscopic periods being shorter. Furthermore, the spectroscopic
periods have been reported to show large scatter in the folded radial velocity curve
. It is worth noting that the spectroscopic and photometric periods in the

literature are inconsistent with each other (Diaz & Steiner} |1991). |Orio et al| (2009) has

further reported 3 periods from XMM-Newton data. However, due to the large uncertainty,

the periods quoted in |Orio et al.| (2009)) are consistent with each other, as well as consistent

with previously reported spectroscopic and photometric periods (see summary by

et al] (2072) and Brach] (2022)).

If taken at face value as the orbital period, all the reported values are short for known

classical novae and non-magnetic nova-likes in general (~ 3 hours), making CP Pup one of

a handful of novae with a potential period reported below the period gap (Bianchini et al.,

11985} Marelli et al., [2018). It has thus been suggested that CP Pup is a system whose disc is

always hot and bright, and often exhibits superhumps persisting in a state similar to SU UMa

ZNote that this signal is interpreted as a new type of QPO, as discussed in Chapter @ and
(2024b)). However this work precedes this interpretation and is hence not discussed in this Chapter.
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type dwarf novae during superoutburst (Warner, 1985} [Patterson & Warner, |1998; Patterson
et al., [2013).

Further interpretations of the period assigned it to the spin of the magnetic white dwarf,
suggesting a white dwarf slightly out of spin-orbit synchronism (Warner, 1985; Diaz & Steiner),
1991; Balman et al., [1995)). Asynchronous polars are not the only option for the magnetic
interpretation of CP Pup. |Orio et al|(2009) and Mason et al.| (2013) consider the hypothesis
of CP Pup being an intermediate polar. However, there is a lack of conclusive evidence for

either interpretation.

The peculiar nature of CP Pup extends to other observations too. The relatively recent nova
explosion, with its characteristics such as peak absolute magnitude, suggests a high mass
white dwarf (WD), due to the smaller physical accretor size resulting in higher pressure,
making it more favourable to trigger a nova explosion (Prialnik & Kovetz, |1995)). However,
White et al.| (1993) points out that the reported values of K1 ~ 70— 146 kms~! require a WD
mass < 0.2Mg. This is in contradiction to the nova nature of CP Pup. Some more recent
studies adopting higher WD mass of 1.1 My have instead obtained better fits to optical
spectra with an accretion rate in the range of 3.3 — 7.3 x 10719Myyr~—! (Mason et al.,[2013).
Also assuming a high mass WD, My p > 1.1Mg, Orio et al. (2009)) derived an upper limit

on mass transfer rate < 1.6 x 107 19Mgyr—1.

However, this estimate assumes a distance
of 1600 pc, more than double the distance of 780 £ 11 pc inferred from the Gaia parallax
(Gaia Collaboration et al., 2016, 2023)). |Orio et al.| (2009) also quotes a 30 upper limit
< 8x 107" Myyr—! at 850 pc, as determined by |Cohen & Rosenthal (1983)). Other estimates
of the accretion rate adopting the more precise Gaia parallax measurement have been made.

Selvelli & Gilmozzil (2019) reports a considerably higher value of 1079224032 A yr=1. This

is related to the unusually high extinction of A, ~ 0.6 mag, which they adopt.

In this Chapter I report on the analysis of 5 sectors of TESS data of CP Pup (Section .
In Section [6.3] I discuss 2 rapid bursts observed as well as the phenomenology of the cluster
of periods found in the TESS light curves. Reanalysis of XMM-Newton data of CP Pup is
also discussed here and the new WD mass estimate is derived. In Section [6.4] T discuss the

observed rapid bursts in the context of the micronova model (Scaringi et al.| (2022c)); |Scaringi

et al.| (2022d)).
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Table 6.1: Summary of the TESS data of CP Pup, with sector numbers and dates. If a sector
contains a burst, the corresponding date in Barycentric Kepler Julian date, duration in days
and energy is noted. The details of energy calculation are described in Section @

Sector Dates burst dates Duration Energy

(BTJD-2457000) (BTJD-2457000) (d) (erg)
7 1491.6 - 1516.1  1491.6 - 1492.2 ~0.6 1.2x10%
8 1518.0 - 1542.0 — — —
34 2229.0 - 2254.1  2229.0 - 2234.4 ~1 6.3 x 1037
35 2255.7 - 2280.0 — — —
61 2964.0 - 2988.1 — — —

6.2 Observations

The data used in this work was obtained by TESS with the detailed description of the
telescope and data processing discussed in Chapter [2l TESS observed CP Pup over 5 sectors
amounting to ~ 5 months of observations at 2 minute cadence. The last sector 61 also contains

20 second cadence data. The detailed description of the data with the burst characteristics

is provided in Table

The TESS data shows a modulation of the shape of the light curve in the form of a larger
envelope, where the variance and flickering temporarily varies on timescales of < 10 days (see
Fig. . The same envelope is present to a greater extent in the 20 s cadence data of Sector
61 in TESS . The Lomb-Scargle periodogram of the 20 s data shows a QPO-like feature at
~ 1500 cycles/day. This is also present in all the neighbouring stars in the field of CP Pup
and hence assumed to not be intrinsic to the CP Pup itself, but rather a common systematic.
Similar behaviour is also observed in other TESS 20 s observations in Sector 61 (such as TIC
260266504, TIC 289113766 and TIC 289113764). This points to an instrumental origin of the
QPO and is hence disregarded. As no other new signals are found in the 20 s cadence data

of Sector 61, the 2 minute cadence is used throughout for consistency.

TESS data is converted to the ground-based ASAS-SN flux using the technique described
in 2.3 and particularly Equation 2.3.I] The corresponding values of the coefficients for each
half-sector are specified in Table [6.2] to account for any deviations in data due to the gap in

the middle of TESS sectors.

There are 2 cases where the calibration between TESS and ASAS-SN fails. The first is in
Sector 8, where the TESS light curve shows a drop in flux inconsistent with the ground-
based ASAS-SN observations. This is also reported in Bruch (2022). Another similar case

occurs in Sector 35 where the TESS data shows an uncharacteristic rise in flux, but this
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Table 6.2: Summary of the conversion coefficients from TESS flux in e™® to ASAS-SN flux
in mJy for CP Pup. As the conversion is done twice per TESS sector, all corresponding
coefficients are listed.

Sector  Sector half A (em;]y1> C (mJy)
7 1 0.0241 £ 0.0007 -1.2 £ 0.1
2 0.016 + 0.002 -0.0 £ 0.3
8 1 0.011 +£ 0.001 -0.9 £ 04
2 0.011 £ 0.001 0.9+ 04
34 1 0.0209 £+ 0.0008 -11.1 £ 0.5
2 0.011 £ 0.001 -4.6 + 0.9
35 1 0.015 £ 0.001 -224+04
2 0.014 + 0.003 -1.8 £ 0.9
61 1 0.013 £ 0.001 -1.8 £ 04
2 0.008 + 0.002 -0.5 £ 0.7

appears to be shared within the entire region surrounding CP Pup and I attribute this to
poor background correction. Consequently both segments of Sectors 8 and 35 where the
calibration to ASAS-SN fails are discarded. The final result is shown in Figure [6.1] where
the light curve is also corrected for the distance of 780 4+ 11 pc inferred from Gaia DR3
parallax. Despite the high extinction in Gaia passband, no bolometric correction has been
applied, as mentioned in Section This is to avoid any effects due to a potential change
in the SED between quiescent and bursting parts of the light-curve, which would affect any
bolometric correction. As a result the obtained luminosity of CP Pup should be treated as a
lower limit. It is however possible to estimate the effect the bolometric correction could have
on the luminosity. The X-ray luminosity in Section is estimated to be Lx ~ 1.1 x 1033
erg s~!. Similarly, Orio et al| (2009) estimated the UV luminosity to be Lyy ~ 2 x 1033
erg s~'. Alongside with the mean TESS luminosity of Lrrss ~ 1 x 1033 erg s™! the total
bolometric luminosity is expected to be of the order of ~ 4 x 1033 erg s~!. Therefore the
lower limits on the luminosity are expected to represent about ~ 4x lower values than the

total bolometric values.

Further data used in this work has been obtained by XMM-Newton on 4" of June 2005 and
reported in |Orio et al.| (2009). As described in greater detail in Orio et al| (2009), the data
was obtained with EPIC-pn, MOS-1 and MOS-2 with ~ 50 ks exposure. Grating spectrum
with low SNR was also obtained with RGS and reported in |Orio et al.| (2009). The spectrum
is shown in |Orio et al.|(2009) in Figure 3. The reduced data is available online at heasarclﬂ

However, the data reanalysed here, is only the data taken with the most sensitive EPIC-pn

https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl


https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl
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instrument.

6.3 Results

In this section I report the bursts found in 2 of the 5 available TESS sectors in Section [6.3.1
I further report on the observed variable cluster of frequencies found in the power spectrum
of CP Pup in Section m The XMM-Newton spectrum reported in |Orio et al.| (2009) and

the new model fit is presented in Section [6.3.4

6.3.1 Bursts

The TESS light curve from all sectors is displayed in Figure 6.1, where two bursts are
detected in Sector 7 and 34 with the corresponding times in Table The bursts have also
been reported in Bruch| (2022), however they are disregarded in the analysis. The recorded
bursts in Sectors 7 and 34 all lasted < 1 day, with the overall amplitude increasing by a factor
of > 2, from ~ 1.5 x 1033 erg s~ to > 3.0 x 1033 erg s™!. A detailed version of the bursts is
shown in Figure Only Sector 34 contains both the immediate pre-burst and post-burst
observation. Sector 7 started during the rise of the burst and contains the post-burst part
only. It is worth noting an additional burst of similar nature in the long term ASAS-SN light
curve at ~ 3005 BTJD in Figure Unfortunately there are no TESS observations around
that date. Another interesting characteristic of the bursts is their shape, showing 2 distinct

peaks with ~ 0.35 d separation.

To understand the origin and nature of the bursts, their energy has to be determined. This
is done by integrating the luminosity under the calibrated light curve after subtracting the
baseline luminosity level. I estimate the baseline luminosity using the pre- and post burst
data only. I use these to compute a running mean and interpolate in between the two with
a spline function. The resulting energy in ergs is reported in Table The most energetic
burst in Sector 7 releases in excess of 1.2 x 10%® erg. The energy released by the burst in
Sectors 34 is > 6.3 x 1037 erg. I note that the aforementioned data gaps, as well as the lack

of a bolometric correction allows us to only provide lower limits to the burst energies.

6.3.2 Phenomenology of the period cluster

A peculiar feature of CP Pup is the cluster of periods between ~ 14 cycles/d and ~ 15
cycles/d (~ 1.5 — 1.6 hr). In the 5 TESS sectors reported here all show this variability.



6.3. Results 140

le33

S Sector 7 - Sector 34
'm i
L ool
o3 g
Q NI 3
2 @ 8 %
> 2R
2 A
0 o )
o > - ,n
£ 2t 4 ;o
£
: 1 ?’ﬂf
=
=
o ‘é #ﬁ ‘{&?Wng
wn 1r
9 s*
)]
< 1 1 1 1 1 1 1 1
1491.75 1492.00 1492.25 1492.50 1492.75 2234.0 22345 2235.0 2235.5 2236.0

BJD - 2454833 (days)

Figure 6.2: Zoom in on the bursts shown in Figure and described in Table The
energy of each burst is 1.2 x 1038 erg for sector 7 and 6.3 x 10%7 erg for sector 34.

This time-dependent variability is discussed in detail in Bruch| (2022). The persistent signal
reported from 4 TESS sectors in Bruch (2022) is at ~ 16.29 cycles/d. Independently redoing
the period analysis on all 5 TESS sectors also reveals a single identical persistent signal in

the cluster at 16.29 4+ 0.04 cycles/d.

In Figure[6.3]the cluster is shown right before and after the burst present in sector 34. There is
no apparent connection between the burst and the position or shift of the cluster frequencies.
However, it is evident that there is considerably more rms power in the cluster before the
bursts than after. For sector 34 the peak power of the cluster is at ~ 590 RMS, whereas after
burst it is at ~ 110 RMS, excluding the power of the signal at ~ 16.29 cycles/d at ~ 200
RMS. Similarly, sector 7 shows a significant quasi-periodic variability as well. However lack

of data pre-burst does not allow for similar comparison as in sector 35.

Orio et al.| (2009)) also reports only one coherent period in the light curve of CP Pup of 16 +
2 cycles/d (~90 minutes). I recover the same signal from the XMM-Newton data. The signal
is marked by the dashed grey line in Figure Furthermore, this period also corresponds

to the only persistent signal in TESS light curve.

6.3.3 The potential nature of the orbital period

The signal at 1.473 hr is interpreted in literature as the orbital period of CP Pup. Using the
evolutionary tracks of Knigge et al. (2011)) I can estimate the temperature of the donor to
be ~ 2700 K with radius of ~ 0.131 R for a system with an orbital period of ~ 1.473 hr.
The corresponding white dwarf temperature according to |[Knigge et al. (2011)) would be 11
000 K with radius following from the WD mass in Section In such a case the SED of
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Figure 6.3: PSD of sectors 34 divided into pre-burst (blue) and post-burst (orange) parts.
Grey dashed line shows the coherent XMM-Newton period at ~ 16 cycles/d.
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Figure 6.4: Left: model SED of CP Pup for an estimated orbital period of 1.473 hr with
the dotted (blue) line representing the WD, dashed (orange) line the secondary and the
dashed-dotted (green) line the accretion disc. The total SED is shown in solid (red) line. For
comparison the measurements from WISE W1 and W2 are shown (green squares) as well as
the 2MASS filters (blue dots) and the Gaia measurements (orange diamonds). The TESS
bandpass is shown in the shaded (pink) region. Right: Same SED components and data as
in the left panel but for orbital period of ~ 5.6 hr, the longest orbital period included in the
evolutionary tracks in Knigge et al. (2011).
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the system can be roughly approximated by two spheres radiating as blackbodies with the
corresponding radii and temperatures. Another possible dominant SED component would be
the accretion disc. Taking the X-ray derived accretion rate of ~ 1 x 1071 Mgyr~! (Section
at face value, a standard Shakura-Sunyaev (Shakura & Sunyaev [1973) accretion disc
from the WD surface to the tidal radius at ~0.31 R is assumed. The resulting SED is hence
shown in the left hand side panel of Figure It is evident that there is a deficit in flux
across all observed wavebands that cannot be corrected by either an increase in accretion
rate or by correcting for extinction (Ay ~ 0.6 mag (Selvelli & Gilmozzi, 2019), Ay =0.107
mag and Ay =0.173 mag (Cardelli et al., |1989)) and Ay =0.203 mag and Ay =0.157 mag
(Fitzpatrick, (1999; [Indebetouw et al., 2005)).

Mason et al.| (2013) discusses the possibility that CP Pup may be a long orbital period CV.
Despite no other photometric signal being detected, Mason et al.| (2013) reports a substantial
power at low frequencies (~ 2.38 cycles/d). Their HS RV curve produces a fit of 9.8 hr. They
point out a large uncertainty of 1 day, making this a lower limit on the potential signal. The
longest orbital period I can use from the evolutionary tracks of [Knigge et al.| (2011) at an
orbital period of 5.6 hr provides an estimated donor temperature of ~ 3900 K and radius
of ~ 0.63 Rg. Assuming the same parameters for the WD and accretion disc as previously
(with the slight correction for tidal radius being at ~ 0.19 Rg) the estimated SED is as
shown in the right panel of Figure This is more consistent to the observed 2MASS and
WISE absolute magnitudes of CP Pup, suggesting a hotter and larger donor than previously
anticipated. Since the evolutionary tracks in Knigge et al| (2011) do not include orbital
periods above 5.6 hr, the right panel in Figure represents an estimate, not a fit, of the
effect a longer orbital period would have on the SED. This also tentatively suggests a longer
orbital period for CP Pup than reported in the past, but a more intensive radial velocity

campaign is required to unravel the problem of the orbital period of CP Pup.

6.3.4 Revisiting the WD mass and mass accretion rate with X-Rays

The reanalysis of the X-ray spectrum in this section is motivated by the inconsistent estimates
of the WD maximal temperature Ti,ax in the literature (Orio et al., 2009; Mason et al., 2013)),
leading to an uncertain WD mass and unconstrained accretion rate. This is also exacerbated
by the pre-Gaia distances used in past X-ray analyses. More specifically Orio et al. (2009))
infer large values of Ty following from the used models for non-magnetic systems and

a simplified model of magnetic systems. Exploring the possibility of micronova eruptions
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present in CP Pup, the model implemented in this work is adapted specifically for magnetic

accreting WD with an accretion column.

Figure shows the archival XMM-Newton spectrum of CP Pup taken on 4th June 2005,
reported in |Orio et al.| (2009). Orio et al.| (2009) fit the RGS spectrum using MKCFLOW model
(Mushotzky & Szymkowiakl, 1988)) model which describes the emission from a cooling multi-
temperature plasma and the EPIC-pn spectrum with a multi-temperature APEC model.
However their analysis does not include the combination with a complex absorber which is
instead characteristic of magnetic CVs (Lopes de Oliveira & Mukai, [2019; [Islam & Mukail,

2021) while they use a single simple absorber.

Orio et al.[(2009) also uses APEC multi-temperature model to fit the XMM-Newton EPIC-pn
spectrum. The APEC model consists of 3 temperature components and obtains a spectrum
for a collisionally-ionized diffuse gas. For an IP or polar one can expect the presence of a
magnetically confined accretion flow onto the magnetic pole (or poles) of the accretor. In this
case the impacting material generates a shock heated plasma, which cools towards the surface
of the WD, and generates the X-ray emission. This is similar to the multi-temperature APEC
model used by Orio et al.| (2009).

Testing the possibility that the bursts can be explained by micronova requires a magnetic
accretor. Therefore, I fit the spectrum using XSPEC version 12.13.0 (Arnaud, [1996), and
specifically use the CEMEKL model (Singh et al., [1996|) which describes the emission from a
multi-temperature plasma. The geometry of an accretion stream onto a WD surface can be
approximated as cylindrical (see Figure 1 in Done & Magdziarz 1999). X-rays emitted on the
far side of the stream (with respect to the observer) encounter a larger effective column-density
to the observer compared to those emitted on the side facing the observer. To account for
this I convolve CEMEKL with the absorption model PWAB (Done & Magdziarz, 1998)), which
calculates the emission assuming the non-uniform absorption profile arising from a cylindrical
emitter. I further convolve the model with RELFECT (Magdziarz & Zdziarskil 1995)), which
calculates the reflected emission from neutral material. The use of the REFLECT component
follows from the presence of the Fe-Ka line. Additionally I add two components to model,
the fluorescence lines Fe-Ka (~ 6.4keV), and O viI (~ 0.58keV). The strong O VII line might
be due to the wind from the nova shell, as noted in |Orio et al.| (2009). Finally, I also include
TBABS to account for interstellar absorption as obtained from the visual extinction from Table
1 in (Selvelli & Gilmozzi, [2019), using the optical extinction to H column density relation

(Guver & Ozel, |2009). The final XSPEC model is then: TBABS*PWAB*REFLECT*(CEMEKL +
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GAUSSIAN(FE-Ka) + cAUsSIAN(O vir)). The best fit model is shown in Figure and the

corresponding model parameters are shown in Table [6.3]

Table shows the resulting best fit parameters. In particular, Tiax = 29.3‘:2:3 keV, signif-
icantly lower than ~ 64 keV for the multi-temperature APEC model and ~ 78 keV for the
MKCFLOW model discussed in |Orio et al. (2009). Although Ti,ax is loosely constrained it
does not approach the maximum allowed limit of the model. I attribute the main difference
between this fit and that of Orio et al.| (2009)) to the inclusion of the PWAB component, which
represents an approximation for the accretion column. The new estimate is consistent with
the range determined by |[Mason et al. (2013)) using Chandra data, which has considerably
softer coverage. I note that although Nj, max is unconstrained its effect on the overall fit is
negligible. This particular behaviour of Nj, max is also reported in Done & Magdziarz (1998])
for BY Cam. Similarly for reflection, which is loosely constrained but with negligible effect on
the final value of T},.x. The possibility of fixing reflection to 1 is also explored. It was found
that a fixed value of reflection changes Tinax t0 Tiax = 29.3f%91'4 keV, however all variations
of the temperature are well within the errors, making a fixed value of reflection unnecessary.
Done & Magdziarz (1998]) explored the possibility of fixing o = 1, however found that the
best fit is obtained for o < 1. This is also the case for CP Pup and is indicative of multiple

sources of cooling, not only Bremsstrahlung, most likely cyclotron.

To infer the WD mass and mass accretion rate it is here assumed that CP Pup is a magnetic
system. This choice was based on partial evidence as presented in Mason et al.| (2013) and
other works, but also in order to explore the micronova nature of the bursts. From the updated
X-ray fit I first isolate the plasma component from the model spectrum, extrapolating it over
the energy range for which the model is defined (5 x 1073 — 60 keV) and integrating it. This

lem—2. Using the Gaia inferred distance

results in a bolometric flux of ~ 1.5 x 107! erg s~
of D = 780 + 11 pc, this gives L, ~ 1.1 x 10?3 erg s'. The WD mass is derived from Tinax
using Equation 1, relating the shock temperature to the WD mass in magnetic cataclysmic
variables, in |Orio et al.| (2009) following from |[Wu et al.| (2003) and references therein. The
resulting mass is My p ~ 0.73M@J_“8:¥ with the corresponding radius Ry p ~ 0.01 1R@f8:88$,

assuming the mean molecular weight from the abundance in Table [6.3]

Assuming the inferred My p is correct, I find a mass accretion rate M = 1—2x10710 Mg yr— 1.

The accretion rate is quite low, however estimating the optical luminosity from Gaie mag-
nitude yields ~ 8.8 x 1032 erg s~!. Therefore estimating the accretion rate from the optical

luminosity would lead to similarly low values. As it is likely that the accretion luminosity is
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not solely constrained to X-rays it is reasonable to assume that the accretion rate above is a

lower limit.

Another method of estimating the accretion rate is through the optical to NIR SED. Using
the photometric observations of CP Pup available in Vizielﬂ the peak of the SED is placed
at XMM-Newton optical Monitor at ~ 543 nm with 2.26 £+ 0.06 mJy. This translates to a
luminosity of 2.53 & 0.02 x 1033 erg s~! using a distance of 780 & 11 pc. Assuming that the

luminosity corresponds to the accretion luminosity Lge. = G]\;[RM
1M

, the estimated accretion
rate is M ~ 6 x 10710 - 6 x 107 Meoyr~!. The range of estimated accretion rate depends
on the possible truncation of the inner accretion disc. The values taken into account here
estimated R;, ~ Rywp— 10X Ry p, where 10 X Ry p is a value representative of the estimated
truncated disc radii in IPs from (Suleimanov et al., [2019)) for systems of similar mass to CP
Pup. Whereas this only represents a very rough estimate of the accretion rate, it corresponds
to the same order of magnitude as the X-ray accretion rate. Integrating the entire available
SED, with a cut-off after W5 WISE band, would result in total luminosity of ~ 4 x 103 erg
s~1. This would correspond to M ~ 9 x 1079-9 x 1078 Meyr~!, a significantly higher value
than previous estimates. The excess may be accounted for if part of the SED is dominated

by the donor star as suggested in Section In such a case the approximation of accretion

luminosity through the SED peak provides a more accurate estimate.

It is important to note that I do not have sufficiently high spectral coverage to confidently
determine the maximum plasma temperature, Tiax, Which sets the roll-over in the spectrum,
and should therefore also affect the derived luminosity. Hence, the above estimates should be
treated with caution, noting the model dependence. Furthermore, the accretion rate range

above is an lower limit determined by the underlining assumptions.

6.4 Discussion and Conclusions

In this section I discuss the interpretation of the nature of the bursts detected in CP Pup.
A connection is drawn in Section [6.4.1] with micronova, where the details of the model are
discussed as well as its limitations and application to CP Pup. The recurrence timescale
is determined from the model and compared to that observed from ASAS-SN data. As

mentioned in section [6.3.4] the interpretation of the nature of the bursts, as well as the

"https://vizier.cfa.harvard.edu/vizier/sed/
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Figure 6.5: Unfolded XMM Epic-PN X-Ray spectrum of CP Pup. The green points show the
data, while the solid black line shows the total model. The dotted gaussians show the two
additional lines needed to fit the spectrum. These are (from left to right): O vir and Fe-Ka
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Parameter ‘ Units ‘ Value
| TBABS
Ny | 10%2em™? | 0.16
| PWAB
Np.min 1022 ¢cm—2 111625 5 1077
Npmax 10?2 cm 2 7.34F0f
8 —0.86%559
REFLECT
rel refl 1.0679-54
Redshift 0
abund 0.5710-41
Fe abund 1
cos(7) 0.5
| CEMEKL
a 0.6070:55
Trnax keV 29.3794
n cm ™3 1
abund 0.571011
Redshift 0
switch 1
norm 1073 5.9f8:?
GAUSSIAN (Fe-Ka)
E keV 6.4
EW keV 0.07
o keV 102
norm 10°6 4.562:%
GAUSSIAN (OvIil) ———
E keV 0.584700%%
EW keV 0.072
o keV 1073
norm 107° 2.2f8:3
% 148.22/159 = 0.93

Table 6.3: The best fit parameters to the XMM-Newton EPIC-pn spectrum of CP Pup, with
errors representing 90% confidence limits. Values with no error were kept frozen during the
fitting process, and values with no units are dimensionless. For completeness I also include
the switch parameter that were used throughout and determine whether the spectrum is
computed via interpolating or pre-computed tables. The abundances used correspond to the
‘angr’ Table (https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/nodel16.html).


https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node116.html
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accretor mass and accretion rate are here dependent on the assumption that CP Pup is a

magnetic system.

6.4.1 The CP Pup bursts as micronova eruptions?

The energy and shape of bursts shown by CP Pup resemble at least phenomenologically the
bursts reported in Scaringi et al.| (2022d) and Schaefer et al.| (2022). In|Scaringi et al.| (2022d))
the bursts are interpreted as micronova bursts, somewhat analogous to Type I X-ray bursts in
neutron stars. Micronovae are hypothesised to be the result of a thermonuclear runaway effect
in a relatively small magnetically confined accretion column. The objects so far reported to
show these bursts are TV Col, EI UMa and ASASSN-19bh, with burst energies ranging from
9 x 103" erg to 1.2 x 10%? erg. TV Col in particular has been observed at UV wavelengths
during one of the bursts by [Szkody & Mateo| (1984)), displaying high ionisation helium and
nitrogen lines strengthening during the burst as well as clear P-Cygni profiles suggesting
outflow velocities in excess of 3500km s~!. The bursts in TV Col and EI UMa have been
compared to those in V1223 Sgr (Hameury et al., [2022). In Hameury et al.| (2022)) the bursts
reported in V1223 Sgr are interpreted by the magnetic-gating accretion instability model as
observed in other accreting WDs (Scaringi et al.| (2017b} 2022b); |Littlefield et al.| (2022)), but
draws no definite conclusion on the nature of bursts in other IPs. Although magnetic gating
may explain some observables for V1233 Sgr, it may not explain the large outflows observed
by |Szkody & Mateo| (1984) in TV Col. The recurrent nova V2487 Oph has also been reported
to display fast bursts that appear phenomenologically similar (Schaefer et al. (2022)), but
their interpretation has been argued to be attributed to flares due to magnetic recconection

events within the accretion disc.

If these are indeed related to the micronova events, then I can attempt to compute the
burned/ejected mass during one of these events. The average conversion rate of Hydrogen
during the CNO cycle in a standard nova explosion (Bode & Evans| 2008; |José et al., [2020))

is ~ 1016 erg g1

. With this assumption the observed energies convert to ejected masses of
> 6.2 x 10712M and > 3.2 x 107'2M, for sectors 7 and 34 respectively, somewhat lower
than those reported for TV Col and EI UMa in [Scaringi et al.| (2022d)) of 1.8 —5.8 x 10711 M.
I note that all these estimates should be considered lower limits as no colour and bolometric

corrections have been applied. Hence the energies, and consequently ejected mass would most

likely be larger under this interpretation.

From the micronova model (Scaringi et al., 2022¢), the recurrence of the bursts is simply
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associated with the time it takes for a confined column of material to reach thermonuclear

runaway conditions. In the simplest scenario the burst recurrence time is given by t,ec =

Mejected

T where Mejecteq Tepresents the ejected mass during the burst and Mee the accretion

rate of the system. The mass accretion rate estimated from the fit to the XMM-Newton

spectra is between 1 x 10710 to 2 x 1070 Moyr—1.

This assumes a WD mass of My p ~
0.73Mu 1513, as estimated in Section m Hence the estimated recurrence time would be
trec &= 7 — 23 days. For comparison the accretion rates quoted above from literature and the
one determined in this work are all compared in Table [6.4] alongside with the corresponding
recurrence times. Most of the accretion rates in Table are also derived from fits to X-ray
spectra and in such case the T},,x and appropriate model are given as well. The table also

notes if the model has a constraint on the Ty, parameter and hence the accretion rate. This

is judged by the constraint placed on the Ty, by the model boundaries of the parameter.

The long-term ASAS-SN light curve may also constrain the recurrence timescale of the bursts.
Figure[6.1] reveals an additional burst not observed by TESS after the ones detected in Sector
7 and 34 around ~ 3005 BTJD. Along with the 2 bursts observed by TESS this suggests a
recurrence timescale of ~ 60 days. Considering the entire long-term ASAS-SN light curve
from ~ 1020 BTJD to ~ 3020 BTJD the recurrence time can be roughly estimated to be
~ 30 — 60 days. The lower limit of the range is consistent with the predicted recurrence
timescale using the accretion rate from Section I do note that the data gaps could
potentially make this an upper limit on the recurrence time. Beyond the long-term ASAS-

SN data it is difficult to estimate if the recurrence holds.

Given the 1942 classical nova eruption, it is plausible to assume that up until then the WD
in CP Pup had accreted ~ 107°M, during the preceding centuries, and that this fresh
Hydrogen material would be spread across the entire WD surface. On the other hand, from
the ASAS-SN long-term light curve it appears that fast burst events have been recurring in
CP Pup for at least ~4 years. Assuming these events are indeed micronova eruptions, the
amount of mass used by the micronova events would then constitute only ~0.005% of the mass
required to trigger the next classical nova. It is of course also possible that micronova events
have been occurring since the 1942 nova explosion. In this case, the consumed mass from
micronovae would represent about 0.1% of the required mass to trigger the next classical
nova. It is unclear how the recurrence timescales of micronovae and classical nova in the
same system relate to each other, but I point out that the two types of explosions do not
necessarily need to be mutually exclusive. The magnetic confinement criteria required may

not be attained for long enough time to build up enough material to trigger a micronova,
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allowing lateral spreading of freshly accreted material. The exact conditions for this remain
unclear and it is possible that the bursts have not always been present in the system, for
example if the conditions for magnetically confined accretion are fulfilled only temporarily.
In such a case one or multiple micronova may be triggered. Cessation of micronova events
could happen if the magnetic confinement of the accretion column is broken. Whether the
accretion column can stay magnetically confined is thought to depend on the combination
of multiple parameters, such as the strength of the magnetic field, the column height and

footprint area as described in detail in [Scaringi et al.| (2022c).

Assuming a micronova interpretation, the lower limit of the recurrence deduced from the
long term ASAS-SN light curve ... =~ 30 days, the expected ejected mass would convert to
~ 3 —6x 10711 M, consistent with those reported in [Scaringi et al.| (2022d)). This however
would imply that the released energy in the TESS passband underestimates the bolometric
release of energy by a factor of 3 or more. It is however possible that lower mass transfer

rates could yield consistent burst recurrence times and energies.

All the recurrence timescales in Table[6.4] are however either shorter or on the lower boundary
of the recurrence timescale deduced from the long term ASAS-SN light curve. This might be
due to the number of necessary conditions for micronova to occur. For example the magnetic
pole can change the size of its footprint on the surface of the WD before enough material
is accreted for a micronova to be triggered. In such a case the recurrence timescale would
become longer. The recurrence timescales could also be underestimated due to the WD mass.
The same underestimation can be applicable in the recurrence timescale using accretion rate
from other papers, see Table For the mass of the WD to be better constrained however,

a wider spectral coverage is necessary, such as that of NuSTAR.



Table 6.4: Summary of accretion rate estimates for CP Pup from literature and the parameters
range is computed for the ejected masses above and compared to the results in this work.

used to determine it. The recurrent timescale

Paper Data Model Tinax Distance Mwp M trec Constrained
keV pc Mg x10710 Moyr—! days

“|Orio et al.[(2009) XMM-Newton APEC 64 1600 >1.1 <16 7.3-14 No

Mason et al.|(2013) Chandra VMCFLOW 365752 1600 0.870:29 473 1.6 — 6.9 Yes

Selvelli & Gilmozzi| (2019) - Livio| (1992) - 795 + 13 1.16 = 0.2 6.0759 09— 78 —

This work XMM-Newton ~ CEMEKL ~ 29.3%9% 780 + 11  0.73701} 1-2 7—23 Yes

SUOISN[OUO0) pUe UOISSNISI(] ‘9

ICGT
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Another important parameter of the micronova model is the fractional area on which material
is being accumulated. From the ejected masses Mejecteq the fractional area f can be derived
from Figure 1 in|Scaringi et al.| (2022d). For Mejected and WD mass quoted above the expected
fis ~2—9x1077. This is particularly low for triggering micronova and may point to the
bombardment scenario suggested for polars (Frank et al.,|2002a). In that case, inhomogeneous
accretion of dense blobs penetrate into the WD photosphere and radiate most of their energy
in a form of soft X-rays. In such a scenario in Frank et al. (2002al), the accretion rate is
constrained by < 1.6 x 10~ Mgyr~!. This is much lower than the estimated accretion rate
for CP Pup and argues against the micronova interpretation. The only way out from this
potential problem with the model is that the WD mass has been underestimated in the X-ray

spectral analysis.

Further photometric, polarimetric and high-time resolution spectroscopic follow-up observa-
tions, of the peculiar behaviour displayed by CP Pup will provide additional constraints to
unravel its true nature. Specifically the lack of consistent results when it comes to CP Pup,
coupled with the lack of a coherent model to explain its behaviour, may warrant a dedicated

observing campaign.



Chapter 7

DW Cnc: a micronova with a

superhump

Abstract

Magnetic accreting white dwarfs in cataclysmic variables have been known to show bursts
driven by different physical mechanisms; however, the burst occurrence is much rarer than in
their non-magnetic counterparts. DW Cnc is a well-studied intermediate polar that showed
a burst with a 4-magnitude amplitude in 2007. Here I report on a recent burst in DW Cnc
observed by ASAS-SN that reached a peak luminosity of 6.6 x 10°3 erg s=', another 4 mag
increase from its quiescent high state level. The released energy of the burst suggests that these
are micronovae, a distinctive type of burst seen in magnetic systems that may be caused by
a thermonuclear runaway in the confined accretion flow. Only a handful of systems, most of
them intermediate polars, have a reported micronova bursts. I also report on the reappearance
of the negative superhump of DW Cnc as shown by TESS and OPTICAM data after the
system emerges from its low state and immediately before the burst. I further report on a new
phenomenon, where the spin signal turns "on" and "off" on the precession period associated
with the negative superhump, which may indicate pole flipping. The new classification of DW
Cnc as a micronova as well as the spin variability show the importance of both monitoring
known micronova systems and systematic searches for more similar bursts, to limit reliance

on serendipitous discoveries.
Co-author contribution

I have conducted the analysis as described in this Chapter and reported in|Veresvarska et al.
(2025b) under the supervision of Dr Simone Scaringi. The OPTICAM data was taken by Dr
Federico Vincentelli and Section[7.2.9 was contributed by the members of the OPTICAM team
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as well as the OPTICAM data reduction. Other co-authors have contributed with suggestions

on analysis improvement and comments on the text of the paper.

7.1 Introduction

CVs are the most common type of AWD consisting of a binary system in which a WD accretes

mass from a low-mass star via Roche lobe overflow. For an in-depth review of CVs and their

history see Warner] (2003) and [Knigge et al| (2011]), with a summary in Section [L.3.1]

CVs and how their accretion geometry is moulded by the magnetic field of the accretor are also
reviewed in Section This Section also offers explanation of the resulting observational
effects of strong magnetic field, e.g. accretor spin. Section [6.3.1] offers an overview on the
bursting and transient behaviour of CVs, with relation to the strength of their magnetic field

as well.

DW Cnc is a well studied IP (Stepanyan, [1982; Rodriguez-Gil et al., [2004) which is known

to undergo periods of low states as also observed in other IPs (Duffy et al., [2022; Covington|
2022). It has a reported spectroscopic orbital period of 86.1 minutes (Patterson et al.,
2004} Rodriguez-Gil et al. 2004) and a 38.6 minute spin (Rodriguez-Gil et al., 2004). The

spin signal has been known to disappear during the low state (Segura Montero et all 2020}

\Covington et al., 2022), only to emerge after the system recovers to its pre-low state levels

(Ramirez et al. 2022a; Duffy et al) 2022). There is also evidence of both hydrogen and

helium in the accretion disc of DW Cnc; |Segura Montero et al.| (2020]) reports double peaked

Ha and He A5876 A lines with the latter showing a spiral structure in the disc. The authors
associate this feature to a similar behaviour seen on several other systems including IP Peg, U

Gem, EC 21178-5417 and the IP system DQ Her (Steeghs et al., 1997 |Groot, 2001} |Bloemen

et al., 2010; Ruiz-Carmona et al. [2020)) where such structures are considered to signify an

enlarged accretion disc whose outer regions are being affected by the tidal forces of the donor

e.g. |Steeghs et al.| (1997). Furthermore, DW Cnc has been known to show short duration (<1

day) bursts (Crawford et al.,|2008)). These bursts detected in 2007 correspond to a brightening

of ~ 4 mag. Disc instabilities and mass-transfer enhancements have been suggested as causes

(Crawford et all |2008), but their nature remains unknown.

Here I present new Transiting Ezoplanet Satellite Survey (TESS') photometric observations
of DW Cnc showing 2 coherent periods that persist throughout the TFESS monitoring. 1

associate these coherent periods with the spin and beat between the WD spin and the orbital
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period of the system. I present these results in Section [7.3.1] along with the appearance of a
negative superhump in TESS sectors 71 and 72 accompanied by variable spin in Section [7.3.2}
I further report a burst observed in All-Sky Automated Survey for Supernovae (ASAS-SN')
coverage of DW Cnc reaching a maximum observed luminosity of ~ 6.6 x 1033 erg s=!. 1

present these results in Section [7:3-3] and their interpretation as micronova in Section [7.4.1]

7.2 Observations

In this section, I discuss the data used for this work. TESS data and its calibration with
ASAS-SN and ATLAS is discussed in Section [7.2.1], while the ground-based OPTICAM data
is detailed in Section [7.2.2)

7.2.1 TESS and simultaneous ground-based ASAS-SN and ATLAS ob-

servations

The data analysed in this work were obtained from TESS and ASAS-SN. TESS observed
DW Cnc over five sectors from October 12", 2021, to December 30", 2021 (sectors 44, 45
and 46), and from October 16", 2023, to December 7%, 2023 (sectors 71 and 72). ASAS-SN
observed DW Cnc from February 16, 2012, to November 29*", 2018, in the V band, and
from October 7, 2017, to May 28, 2024, in the g band. All relevant observations are
displayed in Figure

TESS data access and processing is described in detail in Chapter 2| TESS data is calibrated
to ground-based ASAS-SN flux using the method detailed in Section 2.3 and Equation [2.3.],
with no bolometric correction. The coefficients for each half-sector, accounting for data

deviations due to the gap in the middle of TESS sectors, are specified in Table

Figure shows the luminosity corresponding to the TESS and ASAS-SN data corrected
for the distance of 209 &+ 2 pc inferred from Gaia DR3 parallax (Gaia Collaboration et al.,
2023). Additionally, Figure shows the ATLAS o and c¢ band forced-photometry light
curve (Tonry et al., |2018; |Heinze et al., [2018; |Smith et al., [2020), corrected for the distance
inferred from Gaia DR3 parallax. The ATLAS forced photometry was obtained through the
web interface (Shingles et al.| 2021)@ Combined ATLAS and ASAS-SN photometry improve
the sampling of the observations and constraint on transient events not detected by only one

survey (see right inset panel in Figure .

“https://fallingstar-data.com/forcedphot/
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Table 7.1: Log of multi-band OPTICAM observations. All observations presented in the
table were carried out using the filters g’, r’, and i’ simultaneously, with an exposure time of
20 seconds.

Date (UT) HJD (start time) Effective Exposure (h)

2022-12-10 2459924.8052 2.22
2022-12-15 2459928.8021 2.84
2023-02-05 2459980.6460 4.58
2023-02-06 2459981.8040 4.59
2023-02-10 2459985.7215 5.58
2023-02-14 2459989.6513 7.42
2024-01-10 2460319.6720 8.02
2024-01-12 2460321.7719 6.00
2024-01-14 2460323.6973 7.56

7.2.2 OPTICAM

High-time resolution, triple-band optical observations with OPTICAME] (Castro et al., 2019,
2024)) were conducted using the 2.1 m telescope at the Observatorio Astronémico Nacional
San Pedro Martir (OAN-SPM). The log of observations made with OPTICAM is shown
in Table All observations carried out with OPTICAM used the filters ¢/, r’, and ¢
simultaneously, with an exposure time of 20 seconds. Data were reduced following standard
procedures using various tasks in NOIRLab IRAF V2.laﬂ (Fitzpatrick et al., 2024). Star
J 075900.54—161647.1[] was used as a reference. According to the GAIA synthetic photometry
catalogue, this star has magnitudes ¢’ = 15.32,7' = 14.78 and ¢ = 14.62 (Gaia Collaboration),
2020).

7.3 Results

In Section [7.3.1]I report all the coherent signals found in new TESS photometry of DW Cnc.
In Section the variable nature of the spin signal of DW Cnc as seen in TESS is shown.
I further report on the burst of DW Cnc observed by ASAS-SN on the 19" of May 2024 in
Section [7.3.3]

Shttps://www.southampton.ac.uk/opticam
Shttps://iraf.noirlab.edu/
Talso SDSS J075900.54+161646.5 with g=15.47; r=15.01 and i=14.84


https://www.southampton.ac.uk/opticam
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Table 7.2: Summary of the conversion coefficients from TESS flux in e”s~! to ASAS-SN
flux in mJy for DW Cnc. As the conversion is done twice per TESS sector, all corresponding
coefficients are listed.

Sector Sector half A (emsjyl) C (mJy)
44 1 0.021 + 0.002 —-0.5£0.4
2 0.021 + 0.002 —-0.5+£0.4
45 1 0.035 £ 0.004 09+04
2 0.036 £ 0.004 0.8 £0.4
46 1 0.027 £ 0.003 —-0.4 £ 0.5
2 0.03 £+ 0.01 0+£2
71 1 0.032 £ 0.001 —-0.2 £0.2
2 0.032 £ 0.001 —-0.2 £0.2
72 1 0.031 £ 0.002 —-0.4 £0.3
2 0.032 £ 0.009 -1+2

7.3.1 TESS Data Analysis

The TESS light curve of DW Cnc as described in Section can be divided into 2 semi-
continuous sections. One represents sectors 44 to 46 immediately after DW Cnc returned from
a low state and before any of the reported bursts in Section took place. The Lomb-
Scargle (Lomb, 1976) periodogram of this ~ 3-month light curve is shown in the bottom
panel of Figure In all instances in this work, the Lomb-Scargle implementation used is
Astropy v.5.3.4, with the high limiting frequency corresponding to the Nyquist frequency of
the given time series and the low frequency to the %, where L represents the length of the
time series. There are only 3 signals recovered from this light curve at 37.3 ¢ d=1, 20.6 ¢ d~*

and 41.2 ¢ d~! and they are listed in Table 7.3

The other semi-continuous light curve is constructed from sectors 71 and 72, immediately
before the small burst at ~ 2460287 BJD. The Lomb-Scargle periodogram of the light curve
is shown in the top panel of Figure The periodogram also shows all the signals present
in sectors 44 through 46. However, on top of these signals, numerous new signals appear. All
the signals are listed in Table with their corresponding errors and sectors in which they

are present.

The errors in Table [7.3| are determined via bootstrapping of the original light curve, similar
to [Paice et al. (2024b)). This consists of randomly selecting with replacement N number
of data points from the light curve, where N is the original number of data points. Then
the same Lomb-Scargle periodogram is constructed and the peak of the signal is extracted.
A distribution of the peaks after 5 x 10* repetitions is constructed. A Gaussian fit to the

resulting distribution gives the mean value of the signal and its error corresponding to a lo
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Table 7.3: List of all coherent signals extracted from TESS data of DW Cnc and their
relation to one another with the sectors in which they are present. The spin period is noted
as Pspin. The beat between the spin period and the undetected orbital period (P, = 16.7245
c d71) is noted as B, with its first harmonic 2P,. The negative superhump associated with
the retrograde nodal precession of a tilted accretion disc is noted as P,y with its first
harmonic 2P,sy. The beats between these frequencies and their harmonics are denoted by
their combination.

Frequency (c d—1) Origin TESS sectors
3.66860(5) By — Pasn 1& 72
13.2602(7) 2Psi — By 1 & 72
16.9276(2) Phst 71 & 72
205962(2) Pb = Pspin - Porb all
30.189(1) 3Pusu — P 71 & 72

33.85660(3) 2Psi 71 & 72
37.32166(7) Pipin all
37.52541(3) Pasti + P 71 & 72
41.2024(2) 2B, all

deviation of the distribution.

7.3.2 Spin Variability

Figureshows the dynamical power spectral density (PSD) of TESS sectors 71 and 72, with
zoom-ins showing the light curves of several sections folded on the spin period from Table
The dynamical PSD is constructed by taking Lomb-Scargle periodograms, as in Section
of 0.5-day long non-overlapping sections of the light curve. While a strong signal is present
throughout the 2 sectors, there is also a significant time-dependent variability, with 2 distinct
states, that are not seen in the previous TFESS sectors 44—46: An "on" state, where the spin
signal is showing significant power and lasts ~ 3 days centred around BJD — 2457000 3235,
3242, 3247, 3255, 3267, 3272, 3279 and 3285; and an "off" state in between these, when the
power at Pipi, drops significantly to the background level of Poisson noise PrMS normalised S
200. This latter state is much shorter (~ 1 day) in duration and occurs around BJD - 2457000
3238, 3244, 3252, 3258, 3260, 3270, 3277 and 3282. To demonstrate the change in spin state,
examples of phase-folded light curves are provided for the “on” (top panels of Figure
and “off" (bottom panels of Figure states. The examples of the phase-folded light curves
correspond to the 0.5-day segments of the light curve at instances indicated by the red arrows.
As seen from the phase-folded light curves, the flux level remains constant in both states and
there is no significant change in the spin period Py, detected over the course of the TESS
sectors with respect to the ephemeris reported by [Patterson et al.| (2004]). As seen in the spin

pulse profiles in Figure only shows 1 peak, which is also true of other signals detected in
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Sectors 71 and 72. However, when examining the shape of the spin-orbit beat pulse profile

over the course of the negative superhump period from Table shows a ~ 180° phase shift.

This is demonstrated in Figure where the spin period (left hand-side) and spin-orbit
beat period (centre) pulse profiles are shown as a function of the negative superhump cycle,
similarly to [Littlefield et al.| (2019} 2021} 2023). Figure demonstrates a dynamical repre-
sentation of phase folded light curves on a signal at different phases of another signal. This
allows us to identify the changes in positions of the peaks and troughs of the phase-folded
light curves on a given period with respect to the phase of another one. Hence, a diagonal
pattern signifies a phase shift between the given signals, as seen in the middle and right panel
of Figure [7.4] Furthermore, the ~ 180° phase drift in spin cycle is also visible during the
precession cycle associated with the negative superhump identified in Table

To quantify the "on" and "off" states, I measure the power at Pspi, for each of the 0.5-day
segment for sectors 71 and 72 from Figure@ The resulting time series of the Pypi, variability
is shown in Figure [7.5] From Figure [7.5] the Spin-off state is hence defined as when the Pypyn
power is below twice the average power at frequencies below PFi,in. These thresholds are

indicated in Figure by a dotted line for sector 71 and a dashed line for sector 72.

Figure shows a Lomb-Scargle periodogram of the time series, to search for periodic mod-
ulation of the spin power (the data shown in Figure . The PSD shows shows a single peak
at ~ 0.2 ¢ d~!, which is consistent with the fundamental precession frequency associated with
the negative superhump observed in TESS data 1/P. = 1/Pysg — 1/ Py = 0.2028(9)c d™1.
The error on the signal is determined using the same method as described in Section
for the signals in TESS data.

I also separated the light curves of sectors 71 and 72 into the "on" and "off" states based
on the thresholds in Figure producing distinct light curves with and without the spin
variability. The resulting Lomb-Scargle of these light curves are shown in Figure [7.7] I see
only negligible power in the "off" state and a significant decrease in power amplitude at other

frequencies present in the overall Sector 71 and 72 (see Figure top panel).

Furthermore, a time-averaged power spectrum (TPS) is computed for several sections of
TESS data and shown in Figure The TPS is constructed by separating the light curve
into 0.5-day segments. A segment of 0.5 days is chosen to be consistent with the segment
length in Figure A Lomb-Scargle of each of the segments is then computed, before the

individual PSDs are averaged together and binned onto a coarser frequency bin (Npins = 50).

To estimate further constraints on the spin variability seen in TESS data of DW Cnc 1
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Figure 7.5: Time dependent evolution of power at Py, for DW Cne TESS data of sectors
71 and 72. The dotted line indicates the threshold for sector 71 at which the spin power
is considered not significant. Similarly, the dashed line indicates a significance threshold for

sector 72.

Table 7.4: OPTICAM observations corresponding to Table fiow represents the lowest
possible frequency probed by the observation, defined as 1/ef fective exposure from Table
The following columns indicate if the spin period Pspin and the negative superhump Pygpy

were detected in the given observation.

Date (UT) fiow (cd1) Pipin  Pasu
2022-12-10 10.81 v X
2022-12-15 8.45 X X
2023-02-05 5.24 v X
2023-02-06 5.22 v X
2023-02-10 4.30 v X
2023-02-14 3.23 X v
2024-01-10 2.99 v v
2024-01-12 4.00 v v
2024-01-14 3.17 v v




7.3. Results 165

=== TESS P_ = PNSH - Porb

120000

100000 1

80000 1

60000

40000

Power (RMS Normalised)

20000

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

frequency (c/d)

Figure 7.6: Lomb-Scargle periodogram of the time dependent variations of power at Pypin as
shown in Figure[7.5] The dashed line corresponds to the frequency inferred for the precession
fundamental precession frequency associated with the negative superhump reported in Table
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Figure 7.8: Time averaged power spectrum of TESS data. The squares correspond to Sectors
44 to 46, whilst sectors 71 and 72 are divided into the “on” (circles) and “off” (diamonds)
spin state based on Figure The positions of Pspin and nSH from Table are indicated
by the dashed lines.

introduce the OPTICAM data as detailed in Section The 3-band optical photometry
was taken on multiple nights at different cadence and lengths (see Table for further
details). An example of the multi-band light curves is shown in the top panels of Figure
In Figure [7.9] I choose to show examples of DW Cnc light curves from Table with the
results from all the data being detailed in Table [7.4]

Figure [7.10] shows the combined PSD of the OPTICAM data from Table The PSD is
obtained as described in detail in Section The signals in TESS data are marked by
vertical lines, confirming the presence of spin of DW Cnc, the negative superhump and the
beat between the spin-orbit beat and the negative superhump. To verify if all of these signals
are always present in the OPTICAM data, the Lomb-Scargle is computed for all OPTICAM
data and bands, with examples shown in the middle panels of Figure [7.9] Given the shorter
duration of the individual OPTICAM observations and the limiting lowest frequency, I use the
frequencies in Table as guidelines to mark the likely presence of signals in the OPTICAM
data. The presence of the signals detected in Figure in separate OPTICAM observations
is marked in Table[7-4] I note that the spin signal wasn’t detected during several observations,

similar to the behaviour seen in TESS sectors 71 and 72.
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Figure 7.9: Examples of OPTICAM data from 2023-02-14 (left panels) and 2024-01-10 (right
panels). The Top: The top panels show a g, r and i band light curves of DW Cnc on given
nights with a specified offset. Middle: The middle panel shows a PSD corresponding to the
light curves from the top panel with selected periods from TESS (Pipin, Posn and P, — Pys)-
Bottom: The bottom panel shows a phase-folded g-band light curve, folded on the spin period
Py from TESS data as noted in Table @
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The 2 columns in Figure represent examples of when the spin signal is not present (left)
and where is it detected (right). There is also a clear power excess seen at the frequencies
corresponding to the negative superhump frequency from 14" of February 2023 (almost a
year before sector 71) until the last measurement on the 14" of January 2024 (~ month after
the end of sector 72). To demonstrate the switching of spin between the “on” and “off” state
is present in the OPTICAM data as well, phase-folded light curves of g-band OPTICAM
data are included in the bottom panels in Figure [7.9 There, the OPTICAM data is folded
on the TESS spin as shown in Table [7.3]

7.3.3 Bursts

The long-term ASAS-SN and ATLAS light curve of DW Cnc covers its variability from 16"
of February 2012. There are only a couple of instances in this time when the luminosity of DW
Cnc rises above its average levels, showing distinct bursts akin to those reported in |Crawford
et al.| (2008). At ~ 2456600 BJD there are 2 data points at ~ 3 x 1032 erg s=! in ASAS-
SN V-band. However, in both cases, these are single-point measurements and considering
the uncertainty of the measurements the validity of these points as an outburst may be less

reliable.

The data show two low-amplitude outbursts that I will not consider further here. These ap-
pear immediately before the low state between ~ 2458000 BJD and 2459000 BJD (Covington
et al., 2022)) (shaded region in Figure , at 2458164 BJD reaching peak luminosity at ~ 8.8
x 1032 erg s~! lasting for about a day in ASAS-SN . However, ATLAS observed DW Cnc in
quiescence in the middle of the ASAS-SN bursts. Therefore, the outburst is either not real
or a sequence of multiple ~0.5 day bursts. In any case, this is not considered here due to
the low significance. A similar amplitude burst is seen in ASAS-SN at ~ 2460287 BJD with

peak luminosity of ~ 1.3 x 1033 erg s~ and also about a day long duration.

However, a truly analogous burst to those reported in |Crawford et al.| (2008)) is seen in ASAS-
SN at HJD 2460450. The peak luminosity of this burst is recorded at 6.6 x 1033 erg s=1,
corresponding to a brightening of 4 magnitudes from its quiescent levels. By combining the
ASAS-SN and ATLAS light curves it is possible to obtain an upper limit on the duration of
the burst; Due to the ASAS-SN light curve sampling, the upper limit on the duration of the
burst would be ~ 6 days, when a measurement at quiescent level confirms the end of the burst
after a ~ 4-day data gap. However, considering the ATLAS c-band measurements as seen in

the right inset plot in Figure the upper limit on the duration is ~3 days. The burst has
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been completely missed by ATLAS and only serendipitously picked up by ASAS-SN . This
raises an important question, how many similar shorter-length bursts have been missed in
DW Chnc since the start of monitoring and in other systems as well? Therefore, with the rise
of higher-cadence surveys such as BlackGEM and the Rubin Observatory (Ivezi¢ et al. 2019),
the frequency of detecting the short-duration bursts in AWDs should allow us to understand

them better and constrain their recurrence with greater precision.

The total energy released during the burst is determined by integrating the luminosity under
the light curve after subtracting the baseline luminosity of the light curve. The baseline
is determined from a fit to the mean of the pre-burst long-term light curve about ~ 100
days before the burst. This reveals an energy release of > 6 x 1038 erg when using a linear
interpolation between the first quiescent point before and after the burst from the combined
ASAS-SN and ATLAS light curve. A lower limit here is used as no bolometric correction is
used and energy that may have been released in other parts of the spectrum has not been
considered. A more conservative lower limit, only integrating the energy of the points above

037

the quiescence level, would produce an energy of > 9 x 10° erg.

7.4 Discussion

In Section[7.4.1]1 discuss the interpretation of the bursts in DW Cnc as a micronova, as well as
the related implications with this interpretation. In Section [7.4.2]1 discuss the interpretation
of signals detected in TESS data of DW Cnc with the physical and geometrical consequences
for the system. Section details the interpretation of the spin variability seen in DW
Cnc.

7.4.1 Burst Nature

There are several possible explanations for bursts observed in magnetic AWDs, such as dwarf
nova outbursts, micronovae, and magnetically gated bursts. A diagnostic diagram that at-
tempts to distinguish among these possibilities has been introduced by Itkiewicz et al.| (2024)),
where the burst integrated energy, peak luminosity, recurrence time and burst duration ap-
pear to separate different burst types (see Figure for more detail). Adopting a peak

033 erg s~!, an integrated energy

luminosity for the burst observed in DW Cnc of 6.6 x 1
of > 6 x 10%® erg, and a bust duration of < 3 days, it appears that the burst in DW Cnc

most closely matches the properties of ASASSN—19bh (Scaringi et al.| 2022d) and PBC



7.4. Discussion 172

J0801.2—4625 (Irving et al., [2024) which have both been interpreted as a particularly ener-

getic micronovae events.

As discussed in |Scaringi et al. (2022c) micronovae may occur if mass accretion occurs onto
magnetically confined polar regions of AWDs, where accreted mass is magnetically confined
and accumulates until thermonuclear ignition conditions are reached, triggering a runaway
micronova explosion. Under these assumptions the recurrence time of micronova events on
any one system can be estimated from the mass accretion rate M,e. together with the total

mass required to thermonuclear ignite the magnetically confined accretion column.

Adopting a mass to energy conversion rate of hydrogen burning during the CNO cycle of
~10'6 erg ¢=! (Bode & Evans, 2008} José et al., 2020)), the observed > 6 x 103® erg burst
in DW Cnc would convert to Mg, > 3 x 107''My. Assuming this amount of mass has
been accumulated onto a magnetically confined polar region since the last burst an estimate
of the mass accretion rate onto DW Cnc can be obtained from My = col/trec. The
Mo represents the mass that is ejected from the accretion column during the burst and
trec the recurrence time of the bursts. The ASAS-SN light curve in Figure [7.1] reveals a
recorded (small amplitude) burst & 6 years earlier, which I assume to be a partially observed

micronovae event to obtain a mass accretion rate onto DW Cnc of 5 x 107 12Mgyr—1.

This estimate can be compared to the mass transfer rate of DW Cnc assuming the optical
and X-ray luminosities are a reliable tracer for accretion luminosity through

~ GMwpM

LaCC - 2R1n = LOpt + LX-rays (741)

where Mwp is the WD mass, assumed to be ~ 0.8 M), M is the mass transfer rate, G the
gravitational constant and Rj, the inner disc radius. I set the inner disk radius to the WD
radius, Ry, = Rwp = 0.01R as any X-ray emission from accretion curtains should also be
considered. Adopting the optical luminosity Lopt = 9.8 x 103! erg s from the ASAS-SN
light curve (excluding bursts), together with the X-ray luminosity of Lx = 8.7 x 103! erg s~!
in the XMM-Newton 0.3 — 10 keV range as inferred by |[Nucita et al. (2019), yields a mass

transfer rate M ~ 3.9 x 10711 Meoyr~!, consistent with other IPs at similar orbital periods

(Knigge et al., [2011; Duffy et al.l 2022).

It is important to note that while the the optical and X-ray luminosities provide an estimate
of the secular disk mass transfer rate, the burst energetics provide an estimate of mass accre-
tion rate onto the WD magnetically confined polar regions. Although these can be the same

in some cases, they do not strictly have to be. As also discussed in Scaringi et al.| (2022c])
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the mass transfer and mass accretion rates would not necessarily be the same since some of
the material may experience either lateral spreading at the base of the magnetically confined
polar region or be accreted outside of the magnetically confined region (or both). In any case
I emphasise that the interpretation of [Scaringi et al. (2022c) and related methodology ap-
plied here to DW Cnc requires further testing through observational evidence and theoretical

modelling.

7.4.2 TESS Signals

The Lomb-Scargle of the TESS light curves as presented in Figure shows many periodic
signals reported in Table Only 3 signals are always present in the TESS data. One
of them, at 37.32166(7) ¢ d~! is consistent with the spin period of the systems previously
reported (Rodriguez-Gil et al., |2004)). This confirms what was found in |Covington et al.
(2022), i.e. that the spin signal has recovered after its disappearance in the low state (Segura
Montero et al., 2020). Another period that is always present in the TESS light curve is the
20.5962(2) ¢ d~! signal. This signal has been observed before and after the low state (Segura
Montero et al., [2020; |Covington et al., |2022)) and is associated with the beat between the
spin and the orbital period of the system. The orbital period is not recovered due to the
likely low inclination of the system. The last signal present during all TESS sectors is the
first harmonic of the beat, at 41.20 ¢ d~1.

Sectors 71 and 72 see the appearance of new signals. One of them is the 16.9276(2) ¢ d~*
signal. This is very close to the spectroscopic period of the system at 16.72441(6) ¢ d !
(Segura Montero et al., [2020). Given the close frequencies of the signals, I propose that
16.9276(2) ¢ d~! is the negative superhump of the system associated with the retrograde
precession of a tilted accretion disc. This is similar to another low inclination system MV
Lyr, which also displays negative superhump (Bruch) 2023)). No precession frequency has
however been recovered. TV Col, another intermediate polar showing micronova bursts,
has also shown negative superhump (Scaringi et al., 2022d); and even showed a positive
superhump in the pre-burst stage. This peculiar behaviour suggests that DW Cnc may also
show similar behaviour before undergoing a burst and thorough monitoring is necessary to

confirm this for future bursts.

The other signals represent beats with the harmonics of the superhump and the spin-orbit

beat, as described in Table
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7.4.3 Spin variability as evidence of pole flipping?

As described in Section and shown in Figure the spin period is showing semi-
periodic changes between "on" and "off" states in TESS sectors 71 & 72, with evidence that
the behaviour started as early as February 2023 from the OPTICAM observations. The
change between states occurs on 0.2028(9) ¢ d~! timescale, consistent with the fundamental
superorbital period expected at % = PnlsH — ﬁ =0.2028 ¢ d~! ~ 4.9 days, as seen in Figure

and[7.6] Unfortunately, this period is not detected in the TESS data but can be recovered

from the variability of power at Pspin.

One possible explanation for this behaviour is a modulation of accretion, where accretion
ceases during the "off" states. This would resemble the low state previously observed in DW
Cnc (Segura Montero et al. [2020) but occurring on much shorter timescales. However, in
contrast to [Segura Montero et al.| (2020), no significant drop in flux is observed, suggest-
ing that accretion persists even during the "off" states. This raises the possibility that the

modulation is related to accretion geometry rather than an outright cessation of accretion.

The hypothesis that pole flipping occurs in DW Cnc must be treated with caution. In asyn-
chronous polars (APs), pole flipping is driven by accretion from an azimuthally asymmetric
stream directly interacting with the white dwarf’s magnetosphere (Ferrario & Wickramas-
inghe, 1999)). This scenario is known to occur in APs, where the central white dwarf accretes
via magnetically confined stream, but the orbit and spin period are slightly out of sync. In
these systems, particularly BY Cam and CD Ind (Littlefield et al., 2019), where both accre-
tion poles are visible, the switch from one to another can be detected by a phase shift of the
spin during the beat cycle. In APs, pole-switching is accompanied by a phase shift of 180°
in the spin cycle during half the spin-orbit beat cycle. This is observed in FO Aqr (Norton
et al.l [1992) as well as CD Ind (Littlefield et all [2019) and BY Cam (Mason et al., 2022]).
Such behaviour is unlikely in DW Cnc, where the presence of a negative superhump implies
accretion via a tilted, precessing accretion disc. Unlike APs, where pole flipping occurs at the
beat frequency between the spin and orbital periods, any pole modulation in DW Cnc would
likely occur at the disc’s precession period. This distinction underscores that pole flipping in

DW Chnc, if present, would be fundamentally different from that in APs.

The observed spin variability may instead reflect changes in the accretion flow alignment
with the white dwarf’s magnetic poles, modulated by the disc’s tilt and precession. Figure
shows a similar phase shift of ~ 180° in the beat during the negative superhump cycle and

in the spin phase during the precession cycle, suggesting that the tilt and precession of the
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disc influence the accretion flow. Furthermore, before the discontinuous jump of spin phase
at ~ 0.3 and ~ 1.6 precession phase there is a continuous shift in the spin over ~ 0.5 cycle
of the precession. This modulation could lead to periodic shifts in the dominant accreting
pole. Unlike classical pole flipping, which depends on direct interaction with a stream, this
process would be driven by the precession of the disc itself, which modifies the effective area
of interaction between the disc and the magnetic field. Furthermore, the process needs not to
be discrete, but rather a continuous change of accretion power fraction between the magnetic

poles, as indicated by the right panel in Figure [7.4]

The non-detection of a photometric modulation at the orbital period suggests the inclination
is fairly low. If that is the case, the "off" state may correspond to either accretion onto
only one magnetic pole permanently obscured by the WD, or a gradual change of power
accreted onto either pole. Such a gradual change may be supported by Figure [7.4) and in the
remnants of sinusoidal variations in phase folded light curves of the spin in the "off" state in
TESS data (Figure and OPTICAM data (Figure . These phase-folded light curves
on the TESS spin period show a single peaked shape consistent with majority accretion onto
a single magnetic pole. Furthermore, there is no expectation of the geometry of the accretion
disc changing, as seen in Figure [7.8] This figure shows, that the broad-band shape of the
PSD in DW Cnc is the same during "on" and "off" states as well as prior to the appearance
of the negative superhump. Considering the relatively red bandpass of TESS data, this is
not surprising as the bandpass would be only probing the outer edges of the accretion disc.
Nucita et al.| (2019) observed DW Cnc with XMM-Newton in 2012 and found that the spin
signal is present, and shows no energy dependence, further suggesting that only one pole is

visible.

Using OPTICAM data, I can further constrain that the negative superhump was present in
the system almost a year prior to TESS sector 71. With the lack of spin in the OPTICAM
data from 14*" of February 2023, during which the negative superhump is detected for the
first time, it may be possible to assume that the spin variability and negative superhump
are coupled. However, the only other instance in which the spin is not detected (15" of
December 2022) is before the appearance of the negative superhump, this is most likely due
to the lower data quality and substantial gaps in the dataset. Furthermore, the OPTICAM
data suggests a continuation of this behaviour after the end of Sector 72 for at least another

month, up to 4 months before the 4 magnitude burst.

A hypothetical scenario may then suggest that once a sufficient amount of material has been
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accreted on one pole a micronova burst can be triggered. Assuming that similar behaviour
occurs before a burst, the recurrence time during which material actively accretes onto one
magnetic pole to trigger a micronova is at least half of the time between the observed bursts.
However, without at least a very precise recurrence timescale of the bursts, this cannot be
verified. Similar IPs, such as EX Hya could therefore eventually exhibit such behaviour.
With similar amplitude bursts reported (Bond et al., |1987; Hellier et al.l 1989, [2000), EX
Hya is a prime candidate for monitoring to find another system with variable spin and test

the relation of its variability as pre-cursor of micronova bursts.

7.5 Conclusions

DW Chnc is a well-studied intermediate polar which has been known to show bursts of unex-
plained nature in the past. Here I present new TESS and ground-based ASAS-SN, ATLAS ,
and OPTICAM data of DW Cnc. I report a new 4-magnitude burst in the ASAS-SN ,
light curve, which I interpret as a micronova burst. I present the similarities of DW Cnc
behaviour with other magnetic systems showing micronovae as well as categorising it using
the diagnostic diagrams from Itkiewicz et al.| (2024) (shown here in Figure . I also report
the appearance of a negative superhump in 2 of the 5 TESS sectors which I retrospectively
confirm has appeared at least a year earlier in the OPTICAM data. Along with the negative
superhump I report a variability in the spin amplitude on the precession period associated
with the negative superhump. I do not observe any changes in the geometry of the accretion
disc or flux levels during the times at which the spin amplitude is negligible. However, I
observe a decrease in the amplitude of all the other signals present in the PSD. I associate
this behaviour to several possible scenarios, where in the "off" state the accretion mostly
occurs onto the accretion pole obscured by the WD. An observed ~ 180° shift in the spin
phase over the precession cycle of the disc as well as ~ 180° shift in the beat phase over
the negative superhump cycle further suggests that the accreting poles are switching and
that this phenomena is linked to the tilt of the accretion disc. I am not able to distinguish
this unequivocally, but I propose that the geometry could be verified with fast time-resolved

spectroscopy to separate "on" and "off" states.



Chapter 8

Conclusions & Future prospects

In this Chapter I outline an overview and summary of the main findings of this thesis (in
Section as well as present the currently unpublished ongoing and future work where I
would like to take my research (Section [8.2)). I finish this Chapter and this thesis with final

concluding remarks in Section

8.1 Summary of Thesis Contribution

In this Section I review the individual content and contribution of the Chapters of this thesis,
focusing on those whose results have lead to publications, i.e Chapters [3|to [7l In order to
do this, I discuss the Chapter summaries in the broader context of their results. Hence, the
results pertaining to Chapter [3]are summarised in Section where the overarching theme
is the implications of broad-band variability on the geometry of ultra-compact white dwarf
binaries. Keeping with the geometry theme, Section [8.1.2] concerns the summary of Chapters
and These Sections are connected by a common interpretation of AWD and PULX
QPOs as driven by magnetic precession, the model implication for the accretor magnetic
field strength and the resulting inner flow geometry. Section details the findings of
Chapters [6] and [7], pertaining the discovery of 2 new micronova bursts and the consequences

for the behaviour of the systems.

8.1.1 Broad-band variability in AWDs

Broad band variability offers insights into the physical properties and geometry of accreting

systems, from XRBs to AWDs (Lyubarskii, 1997; Arévalo & Uttley, |2006b; Done et al.,

177
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2007; Ingram & van der Klis, 2013; Revnivtsev et al.| 2011; [Balman & Revnivtsev, 2012;
Scaringi, [2014)). In this thesis, in particularly in Chapter |3, I showed an application of the
propagating accretion rate fluctuation model (Lyubarskii, 1997; |Arévalo & Uttley, 2006b;
Ingram & van der Klis, 2013} Scaringi, [2014) to an AM CVn system J1908. The 3-year long
Kepler light curve of J1908 with 60 s cadence offers an unprecedented view of flickering in
an AM CVn, or an AWD system, across many orders of magnitude sampled in temporal

frequency. This expansive frequency range then translates to a scale size spanning across

most of the AD.

In | Veresvarska & Scaringi (2023 (and hence Chapter |3)) I have shown that the time-averaged
power spectrum of this light curve does encompass most of the this accretion disc including
its very outer most regions. The TPS shows 2 distinct breaks at ~ 6.8 x 1077 Hz and at
~ 1.3x107* Hz. Following the assumptions outlined in Chapter that these breaks represent
the viscous frequency I associate the lower frequency break to the outer disc region, signifying

the first detection of an outer disc edge.

In order to reinforce this conclusion I apply a modified version of the propagating fluctuations
model to the TPS of J1908. The adjustments to the model represent the constant treatment
of the « (%)2 parameter, similarly to Scaringi (2014). However, here I have split the model
into 2 separate flows with both being characterised by an independent and constant value of
« (%)2. By fitting this model to the TPS I independently recover the low frequency break
is associated with the outer disc edge. The agreement between the purely observational and
the semi-analytical method is demonstrated in Figure Furthermore, the model predicts
that o (5)2 for the breaks are 4 x 10™* and 7 x 1073 for the low and higher frequency break

R
2
respectively. This suggests that « (%) increases through the AD from outside in.

For « and the % ratio this implies that in order for « to be constant in the AD, the disc has
to be much thicker in the outer regions. Or rather in a more realistic scenario, if the % does
not change dramatically in the outer disc, within the range that we are sensitive to, then the

« viscosity prescription is smaller in the outer disc regions.

Overall this first detection of the outer region of a thin AD and its properties presents
insights into thin AD behaviour. It can also prove useful for future comprehensive full AD

MHD simulations.
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8.1.2 Quasi-periodic variability

In Chapter [d and Chapter [f|I discuss a new type of QPO in AWDs and a rare type of QPO in
PULXSs which are connected by a common interpretation of their origin by the MDP model
(Lai, [1999; Pfeiffer & Lail 2004).

In Chapter [4]I present a new type of QPO in AWDs, which is analogous in behaviour to type
C QPOs in XRBs. The similarities are rooted in the broadness of the QPOs, i.e. their Q
value, but also in the fact that the QPOs show harmonics, which has never been observed in
AWD QPOs before. Furthermore, the QPOs with the broad band structure of their TPSs
represented by Lorentzian-like breaks follow the same relation as the XRB QPOs (Wijnands
& van der Klis, [1999). To explain these QPOs in the strictly non-relativistic AWD regime 1
apply the MDP model which relies on generating the QPOs by magnetically driven precession
of a warped disc. Whereas the model relies on many free parameters, the model could in the
future provide a stronger handle on B in classically non-magnetic AWDs. Furthermore the
model predicts that the precessing flow will manifest as a break in the TPS, at the viscous
frequency corresponding to the QPO radius (the outer radius of the precessing flow). Under
this assumption the MDP model shows that the linear correlation between QPO and break
frequencies can be reproduced theoretically. This suggests that the link between QPO and
break frequencies consequence of the geometry of the precessing flow, not the underlying

physics driving it.

In Chapter [p| I present an application of the MDP model to 3 examples of mHz QPOs
in PULXs. These rare ultraluminous systems show QPOs that struggle to be explained
by Lense-Thirring precession classically invoked in XRBs. Whereas the MDP model also
struggles with a definite and unambiguous model solution Figures and present a
family of viable solutions capable of reproducing both the observed QPO frequency and NS
spin. Furthermore all the families of solutions require a high magnetic field B > 10'2 G for all
3 systems, ruling out the necessity for strong beaming to explain their behaviour. Whereas
a lot of testing is necessary for the MDP model, it is providing a new avenue into exploring

the scale invariance of accretion.

8.1.3 Transient phenomena in AWDs

High cadence all-sky monitoring missions, such as TESS have allowed new insights into fast

(< 1 d) transient bursts in AWDs (Scaringi et al., 2022d; Scaringi et al., 2023; [Veresvarska
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et al., [2024a} Irving et al.,2024)), showing that such short duration phenomena are much more

common than previously thought. In Chapters [6] and [7]I discuss results from 2 publications

(Veresvarska et al.,[2024a), 2025b]) detailing the detections of 2 new systems showing micronova

bursts.

In Chapter [6] the micronovae have been detected in an old nova CP Pup by TESS, showing
detailed multi-peaked structure of the < 1 d bursts. More examples of these bursts have

also been retrospectively identified in the long-term ASAS-SN light curve, leading to a

reassessment of other system parameters such as the WD mass and its orbital period.

In Chapter [7] I report on the detection of 4 mag burst in a well known IP DW Cnc, which

hasn’t been detected in the system since 2007 (Crawford et al.,2008). Furthermore, DW Cnc

shows peculiar behaviour in the new TFESS data after the system has emerged from the low

state, where the spin signal has disappeared (Segura Montero et al., [2020; |Covington et al.,
2022). After the new state the spin reappeared (Ramirez et al., [2022b; Duffy et al., 2022)
which is also seen in the TESS data from Sectors 44 to 46. However, in Chapter [7] I also

report on the appearance of a negative superhump in Sectors 71 and 72, shortly followed by
the 4 mag burst. Also preceding the burst is a strong variability in the power level in the spin
signal, causing it to turn "on" and "off". This behaviour is also shown to be modulated on
the precession frequency associated with the new superhump. I associate this to the gradual

change in accretion from one pole to the other as demonstrated by the 180° phase flip shown

in Figure [7.4]

8.2 Future prospects and research plans

Accreting white dwarfs are crucial to understanding accretion in astrophysical systems, from
stellar-mass black holes to active galactic nuclei. With accretion present across all mass

scales, one of the main draws of AWDs is that they are among the closest accreting objects,

with thousands within 1000 pc (Rodriguez, [2024). They play a significant role in supernova

Ia progenitors, galactic transients, and contributing to the gravitational wave background for

missions like LISA (Scaringi et al.,2023). Many similarities in structure and behaviour exist

between various types of accreting systems (Uttley et al., | 2005; McHardy et al., 2006} Kording|
et al. |2007} |Scaringi et al., 2012bj, 2015; Veresvarska et al., [2024Db), suggesting that studying

simpler systems like AWDs can illuminate complex ones like XRBs and AGNs. Many of
these links between different accreting scales are tied to the broad-band TPS of these objects
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and the breaks in their TPS (McHardy et al. 2006; Kording et al., [2007; |Scaringi et al.,
2015) (see Section for more detail). In this Section I describe my currently ongoing
and future projects focusing on leveraging AWDs in order to understand the geometry and

physics driving the variability of the different accretion flows surrounding compact objects.

8.2.1 Systematic study of broad-band variability of accreting white dwarfs
in TESS

In TESS there are approximately 3000 AWDs and AWD candidates with at least one sector
of 20s or 2-minute photometry. Exploring such a vast archive of broad band features is
challenging, however it has led to some serendipitous discoveries throughout my PhD, such
as the findings shown in Chapters [4] Chapter [6] and Chapter []] The main focus of this
Section is the systematic search and analysis of broad-band variability, particularly for high
frequency TPS breaks, similar to the ones in Chapter [3] It is expected that all AWDs with
a disc to show these breaks at frequencies of ~ 1073 Hz (see Section [1.5.1)), however for a
break to be detected, a very high signal to noise ratio is required, limiting the number of
suitable sources. In order to select these sources, I visually inspected all the data and selected
130 targets showing a clear, unambiguous break in at least one Sector at high (= 107> Hz)
frequencies. To qualify as the high frequency break, the source has to have negligible Poisson
noise to observe clear drop in power after the break. The TPS of each individual Sector is
then constructed as described in Chapter [4, with N = 90 frequency bins, such that each
Sector is divided into 5 day segments whose power spectra are averaged and re-binned. In
order to quantify the breaks the resulting TPS are fitted with 1 to 3 Lorentzians, after all
periodic signals have been removed, analogously to Chapter @] Including the Poisson noise

component the overall equation for the final TPS fit is:

N
P, :ZPL (Ti,AZ',I/O’i,I/)—l-A. (821)
1=0

where Pp, represents the power of each Lorentzian as defined in Equation and A cor-
responds to the Poisson noise level normalisation. The characteristic frequency of the high
frequency break is then represented by the peak frequency of the highest frequency Lorentzian
defined in Equation[£.3.2] The required number of Lorentzians used in each Sector and system
is decided on an individual basis, with the default value being 2. The number of Lorentzians is
then increased if the fit to the TPS with 2 Lorentzians produces x2 > 10. If only 1 Lorentzian

is used, it is decided based on a visual inspection. The fitting method and error computation
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Figure 8.1: Examples of breaks of a NL and DN for 2 TESS Sectors for ML Lyr (NL) and
AB Dra (DN). The TPS fit is shown, with the individual Lorentzians indicated in grey as
well as the Poisson noise level.

is performed using the same techniques as described in Chapter [l The final list of targets
with their corresponding Sectors and break frequencies can be found in Table[A2] Examples

of these fits are shown in Figure 8.1

The distribution of the breaks, with treating systems with multiple Sectors as several inde-
pendent measurements is shown in Figure In the cases of DNs, only the quiescent data is
used, with the burst being manually excluded. The main classes of interest here are DNs and
NLs, which do not have the added complication of magnetically truncated disc like IPs, or
more complex accretion stream in polars. Naturally, this test is subject to the assumptions
and biases that affected this sample. One of the main systematic factors is the number of
Sectors for each system being affected by the system’s position in the sky and TESS’s ob-
servational strategy, combined with the target selection bias. To minimise this, I reproduce
the distribution from Figure [8.2] such that each system with multiple Sectors is represented
by the mean value of all the measurements. The resulting distributions are shown in Figure
This may partially mitigate the bias in statics caused by TESS observational strategy,
however, it cannot correct for the sample selection bias. Further bias is also introduced by
the fact, that for a high frequency break to be observed in a system, a high signal to noise
ratio is required. Therefore a natural bias towards luminous targets and NLs in particular
is expected. To quantify the effects of these biases, further work is required, such as for
example, using a volume limited sample (Pala et al. 2020)). However, for the purpose of the

discussion in this Section, the current sample of averaged breaks is used.

I note that the average of NL break frequencies is higher than the DN average. The

Kolmogorov-Smirnov test for goodness of fit returns a p-value of ~ 7 x 107% when com-
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Figure 8.2: Distribution of TPS high frequency breaks in TESS Sectors for a sample of AWDs.
Distributions of separate AWD classes, based on the Ritter & Kolb| (2003)) classification are
also shown. Here, multiple measurements of a break in the same system in different TESS
Sectors are treated as individual measurements.
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Figure 8.3: Distribution of TPS high frequency breaks in TESS Sectors for a sample of AWDs.
Distributions of separate AWD classes, based on the Ritter & Kolb| (2003)) classification are
also shown. Here, multiple measurement of the break in different TESS Sectors are averaged
to produce one measurement per system.
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Figure 8.4: TESS effective radius as a function of M for a standard Shakura-Sunyaev AD.

paring the NL and DN distributions in Figure This suggests that they are 2 separate
distributions with different geometry and behaviour of the inner accretion flow, within the

framework of the aforementioned biases and assumptions.

There are several factors which can affect the high break frequency, with the M, a (%)2 and
bandpass in which the break is observed among the main ones of interest. The bandpass
and M are linked, such that the higher the M the further parts of the accretion disc emit
in a fixed bandpass. Therefore, under the assumption of standard Shakura-Sunyaev AD, the

"effective" radius contributing the most energy emitted in TESS bandpass is a function of

the systems’ M. Their dependence is shown in Figure

Therefore, if the high frequency break is dynamical, the DN high frequency breaks should be
higher in frequency than the NL ones for a fixed bandpass. This follows from Equation
if the radius in Equation [I.1.§]is not the inner AD radius, but the effective radius contributing
the most power to a given bandpass, Rrgrss in this case. NLs on average accrete at much
higher rates than DNs. This translates to their effective radii being further out than for DNs.
Assuming limited effect from the WD mass and an AD extending all the way towards the

WD, the effective radius is the only factor affecting the value of the dynamical frequency of
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each system in a given passband. Hence, for larger effective radii in NLs, the corresponding
dynamical frequency is lower, than those of DNs. Naturally in the case of a truncated disc
this becomes more complex and it is necessary to consider beyond what accretion rates the
bandpass becomes dominated by either the inner or outer regions of the AD. However, this is
subject of future work and for the purpose of discussion here, I limit myself to the assumption

of a geometrically thin AD extending to the WD surface.

2
However, if the break is viscous then the « (%) , and hence the nature of the inner flow affects

this prediction. Scaringi (2014)) suggests, that a break in a well known NL is consistent with
a optically thin and geometrically thick flow. In particular this is expected to result in a high
value of « (%)2, as supported by the propagating fluctuations model fit in |Scaringi (2014).
Assuming a presence of an inner flow, whose boundary is determined by the M, such that for
higher M the geometrically thin AD pushes closer in to the accretor. Hence for a DN, the
boundary between the 2 flows, representing the break would be at larger radii (and in lower
frequencies). In order to try and quantify the « (%)2 for each system and Sector, I estimate
an accretion rate for each system using Equation [5.2.5] such that L. corresponds to TESS
luminosity after calibration with ASAS-SN data (see Chapter [2)). This approximation is
very crude and among future work of this project is to improve this estimate. One attempt
to improve the M estimate was to use M values derived from DIM implemented in [Dubus
et al. (2018). However, not all systems from Table were included in this sample. To
enhance the accuracy for other systems not included in |Dubus et al.| (2018), I plan X-ray to
mid-IR SED fitting using databases like Gaia, WISE, GALEX , and eROSITA similar to
Veresvarska et al.| (2024a), and employing observed links between the orbital period of the
system and donor properties Knigge et al.| (2011) to estimate WD and donor temperatures
from the TESS orbital period. Verification of these accretion rates can be cross-checked using

the DIM with DNs and NLs from Dubus et al.| (2018).

With more precise accretion rates, I can use my code for the standard accretion disc model
(McHardy et al., 2023) to determine the disc radius with the dominant contribution in the
TESS (or any other) bandpass. This effective radius can be assumed to correspond to the
viscous timescale associated with the frequency break in a given bandpass. Thus, with the
accretion rate and radius, it is possible to measure the viscosity scale-height a(%)Z, the last
(currently) variable for the parameter space to model the inner flow in AWDs. A semi-
analytical model of oz(%)2 as a function of accretion rate and disc radius would then allow

2

inference of the general properties and behaviour of a(%) across the disc as a function of

radius R. Such parameter space is displayed in Figure 8.5
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Figure 8.5: M as a function of effective radius associated with the TESS bandpass. Lines of
constant oz(%)2 are given in dashed lines. The corresponding measured TESS M and radius

are given in red diamonds for DNs and in blue circles for NLs. Corresponding distributions
of oz(%)2 for DNs and NLs are given in the top panel with the M distributions on the right
and effective radius of the high frequency break at the bottom.
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Figure suggests that the difference in a(%)2 between DNs and NLs may be one of the main
drivers of the difference in break frequencies, coupled with smaller bandpass and accretion
rate effects. However, a more thorough M estimate is needed to draw any quantitative
conclusions. Another, not negligible issue arising from the Figure is the assumption of

the effective radius.

With the current estimates of accretion rate the effective radius for NLs and DNs peaks at
~ 0.4R. However, assuming that the disc doesn’t extend beyond the tidal radius, which
should be a reasonable assumptions for all systems not showing positive superhumps, the
tidal radius ranges between ~ 0.3 — 0.48Rs based on the evolutionary tracks in |Knigge
et al.| (2011). Therefore, a new approach considering the standard Shakura-Sunyaev AD is
necessary to decipher the inner flow geometry. To attempt it, I plan to extend the TESS
analysis to test the semi-analytical model and characterize the radial dependence of a(%)Q

across different accretion rates and wavelengths. The details of this extensions are outlined

in the following Sections.

8.2.2 Accreting White Dwarfs as a Laboratory for Testing Accretion Flows

In the following months XMM-Newton will observe an archetypal AWD BB Dor in X-ray and
UV for 40 ks, during 4 month TESS optical monitoring. This simultaneous multi-wavelength
data will probe the origin of variability components and reveal processes like reflection and
accretion rate fluctuation. This analysis may help constrain semi-analytical models of flow

variability and thus underlying system geometry.

An important parallel between other compact systems and AWDs is illustrated in [Scaringi
et al. (2013), where 2 NLs, were observed simultaneously in 3 optical ULTRACAM bands.
However, no significant difference in break frequency was detected, with only a time and phase
delay between the bands, referred to as Fourier-dependent phase and time lags. This high-
lights the necessity for a broader wavelength coverage to uncover the fundamental differences

in accretion flow structure.

Frequency-dependent phase/time lags were first detected and characterized at X-ray wave-
lengths in both XRBs and AGNs across a wide frequency range (Vaughan & Nowak, |1997;
Fabian et al., 2009; de Marco et al., 2011} |Uttley et al., 2011). Generally observations show
that X-ray hard/bluer wavelengths lag the X-ray soft/redder ones at low frequencies (by
~hours for AGNs and by ~seconds for XRBs), while the opposite is observed at higher fre-
quencies (by < 1 hour for AGNs and by < 1 second for XRBs). The frequency where the lags
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invert sign can depend on several factors such as source intensity and/or hardness/colour, but
is nonetheless generally associated with a characteristic size within the accretion disc (Reig
et al [2000; De Marco et al. [2013). The origin of the hard lags is yet not well understood,
but it is well established in AWDs, that the lags are too long to be explained by reprocessing
from the inner hot flow on the geometrically thin accretion disc or donor star as they are
larger than the light travel time of the binary systems Scaringi et al.| (2013)); Aranzana et al.
(2018)). Whereas [Scaringi et al.| (2013) and Aranzana et al.| (2018) detected these lags in
AWDs, the ground based optical data did not allow to probe low enough frequencies to re-
solve the turn-over frequency and to probe lags between optical bands. There have been lags
reported between X-ray and UV in AWDs Balman & Revnivtsev (2012) with X-ray lagging
the UV band by 100-200 s. However the quality of the data did not allow to study frequency
or phase dependence of lags. The extension to optical wavelength was not performed though,
preventing to disentangle the energy dependence - still unknown - of the lags. This leaves

open a fundamental question: What drives variability of the inner accretion disc in AWDs?

This project is a joint strictly-simultaneous XMM-Newton and TESS pilot study of an
archetypal examples of novalike AWD to test the physics behind variability of accreting

systems on different timescales. I propose to do this in 2 steps:

1. How does the PSD shape depend on wavelength, and what implications does

this have on the disk geometry?

PSD breaks are a key indicator of accretion scale invariance. In a study of broad-
band variability in AWDs shows that high and low accretion rate sources have different
PSD structures and breaks at various frequencies. Similarly, Dobrotka et al.| (2020)
reviewed previously reported breaks, finding a strongly bimodal distribution, likely
caused by combining optical and X-ray data. This contradicts Balman & Revnivtsev
(2012), who found no difference in breaks between EPIC-pn and OM in archival XMM-
Newton data, showcasing the need for a wider simultaneous X-ray to UV and optical

coverage.

According to Shakura-Sunyaev accretion disc theory, breaks should vary with wave-
length, depending on the accretion rate and viscosity. These conflicting results highlight
a gap in understanding inner accretion flow in AWDs. By measuring breaks with two
independent instruments in 3 different bandpasses, I will determine if optical /near IR
(nIR), UV and X-ray breaks arise from the same flow or different regions and physical

conditions.
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Figure 8.6: Top: Simulated XMM-Newton and TESS PSDs for BB Dor showing the observ-
ability of the PSD break modeled by CorrSim|Paice et al.| (2024a). Middle: Simulated lag
spectra for the simulated PSDs from the top panel with an artificial lag of 50s. Bottom:
Ezxamples of archival TESS data of targets showing PSD breaks and respective fits.
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The synergy between XMM-Newton and TESS is crucial; long-term TFESS monitor-
ing (covering a dynamic range from ~ 3x1072Hz to ~10~7 Hz) reveals broad-band
structure, which can be compared with simultaneous X-ray and UV bands from XMM-
Newton to create a spectral energy distribution. This comparison will inform not only
the broad-band structure but also the activity level. It will allow us to infer the energy
dependence of the breaks and study the spectral energy distribution of the accretion
flow components. Additionally, multi-wavelength measurements at different accretion

rates will inform predictions for future missions like PLATO.

2. What are the optical/UV /X-ray time-lag properties in AWDs and how does

this inform disk geometry?

Accretion systems have multiple components, each contributing to variability from dif-
ferent physical processes. Understanding these is key to grasping accretion physics.
Fourier lags help identify which process dominates at various timescales and radii. In
Balman & Revnivtsev| (2012), UV to X-ray lags of around 100s were reported for low
accretion rate dwarf novae in quiescence, too long to be consistent with reprocessing
off the accretion disc. This hence raises the question of what is driving this variability
and what other part of the accretion disc and hence wavelength range does it extend
to? I will extend to the TESS band for for an archetypal novalike AWD. With this
source, I will relate these lags to differences in breaks (see Section. Fourier-based
time and phase lags will directly test the propagating accretion rate fluctuations model.
Lag behaviour as a function of frequency can also be compared in the future to XRBs,

further testing accretion properties across different scales.

Simultaneous X-ray, UV, and optical /nIR observations with XMM-Newton and TESS could
study the variability in AWDs at an extended wavelength and timescale range. Since it is
not possible to observe such a wavelength range simultaneously with XMM-Newton alone,
through combining with the cadence and baseline of TESS I can combine the optimal wave-

length coverage with TESS ’s long-term observing capability.

8.2.3 Multiwavelength broad-band variability of accreting white dwarfs in

PLATO

ESA M-class mission PLAnetary Transits and Oscillation of Stars (PLATO) is panned to
launch in 2026 (Rauer & Heras, 2018)). The primary science case of PLATO consists of
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studying planets in the habitable zone of Sun-like stars, and characterising these stars. With
26 cameras and fastest cadence of 2.5 seconds in 2 visible bands PLATO will bring more

opportunities to understand variability in AWDs.

PLATO will provide a unique opportunity with its high cadence, long-term, and simulta-
neous multiband observations, enabling time-domain techniques not previously available in
optical astronomy on this scale. I will extend the proposed TESS analysis to test the semi-
analytical model and characterize the radial dependence of a(%)2 across different accretion

rates. PLATO will enable this in two simultaneous bands.

Understanding the origin and phenomenology of power spectral breaks is challenging due to
the lack of simultaneous multi-band studies in AWDs. A parallel can be drawn to |Scaringi
et al. (2013), where 2 NLs were observed simultaneously in 3 optical ULTRACAM bands.
However, no significant difference in break frequency was detected, only a time and phase
delay between the bands, referred to as Fourier-dependent phase and time lags. The origin
of the frequency-dependent phase/time lags is unclear, but they are too long to be explained
by reflection from the inner hot flow on the geometrically thin accretion disc or donor star
(Scaringi et al.l 2013; [Aranzana et all [2018)). While Scaringi et al| (2013]); |/Aranzana et al.
(2018) detected these lags in AWDs, the ground-based data couldn’t probe low enough fre-

quencies to resolve the turnover frequency.

Measuring the Fourier lags with PLATO will allow me to probe frequencies down to ~ 1076
Hz, 3 orders of magnitude lower than previously measured [Scaringi et al.| (2013)); |Aranzana
et al.| (2018), spanning ~ 5 orders of magnitude compared to the usual 2 — 3 in XRBs
and AGN. TPS spanning this many orders of magnitude in frequency have been previously
shown in AM CVn J1908 (Veresvarska & Scaringi, 2023). Therefore, PLATO will also allow
for general broad-band monitoring of accreting sources and potentially detecting an outer
region of an AD in a CV, providing a stationary light curve in a system with sufficiently high

signal to noise ratio.

I will propose to observe the sample of bright targets from Section[8.2.1] to expand the existing
sample and incorporate it into the model from Section There are 28 bright targets in
the currently planned southern PLATO field of view, with a mean Gaia g magnitude of 14.6
mag, with 8 in the multi-band fast cameras field of view. Since the required signal-to-noise
ratio for broad-band variability is lower than that for exoplanet transit detection, all targets
are sufficiently bright for PLATO. Among the 28 targets, there are 11 DNs and 9 NLs,
including the closest AWD, VW Hyi, at 54 pc, which shows a DN burst about once a month.
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This sample offers excellent candidates to measure Fourier lags, not only in NLs and one DN
in quiescence as done previously Scaringi et al.| (2013)); |Aranzana et al. (2018), but also in

DNs in outburst, which has never been attempted before.

8.3 Concluding remarks

In this thesis I have hoped to provide a detailed overview of my work during the past four
years. Not all that I have learned and that I would have wished to include made it in to this
thesis. However, I have strived to include a complete picture of my published work, which
I hope has provided new insights into the geometry of accreting compact objects and the

physical processes driving their variability.

I have reported on the first detection of an outer disc edge using a TPS of an AM CVn system
J1908+3940. The application of the propagating accretion rate fluctuations have consistently
shown that the broad band variability of J1908+3940 is consistent with an accretion disc with
an outer edge around the tidal radius and a variable « (%)2 parameter value through the
accretion disc. Furthermore I have discovered new type of QPO in AWDs, which show direct
analogies to type-C QPOs in XRBs. Modelling these QPOs with the magnetically driven
precession model has allowed to explain the empirical relation with broad-band structure
connecting them to the QPOs in XRBs. The model has also proved helpful in interpreting
the QPOs in PULXs. I have shown that it can be used to derive an lower limit on the
magnetic field of the NSs and provide a viable alternative to Lense-Thirring precession.

With my reports of two new micronova systems I have also shown peculiar pole-switching

behaviour in an AWD DW Cnc, immediately prior to a micronova burst.

Highlighting this unusual behaviour in close proximity to the burst showcases the importance
of understanding the geometry of accreting systems individually and in the broader context
of accretion around compact objects. Overall, this is the message which I wish to convey
through this thesis, in particular with the new possibilities brought to us by the new and
planned instruments. With more data and information at our disposal then ever before, we
have the hope for an in depth understanding of the Universe and the fundamental laws that

drive it.



Appendix A

A.1 Neighbouring Kepler targets

In order to verify that the low frequency break associated with the outer disc edge cannot
be produced by instrumental effects of Kepler the analysis is reproduced on 3 neighbouring
Kepler sources. The selected stars are all rotating variable stars, namely KOI-625, TYC
3124-850-1 and Kepler-475. KOI-625 was observed by Kepler between Quarters 7 and 14.
It is ~ 3 mag brighter than J1908 in g band and ~ 25 away from J1908 with its rotational
period of 5 + 1 days (Mazeh et al., 2015)). Similarly, TYC 3124-850-1 was observed between
Quarters 2 and 10. It is substantially brighter than J1908 by ~ 6 mag in g band and is
at a distance of ~ 30’ from it. Kepler-475 was observed by Kepler between Quarters 3 and
14. Tt is of similar brightness as KOI-625 in g band and is about ~ 32" from J1908. It’s

corresponding rotational period is at 42 4+ 2 days (Mazeh et al., 2015).

The time-averaged PSDs of these objects are shown in Figure It is clear that the stars
show little variability as expected (Reinhold et al., 2014), with the level of RMS variability
at ~ 1077. However, the stars also show no significant break at low frequencies that is not
associated to the binning and construction of the time-averaged PSD. The masked out data
points denote frequencies whose power is affected by the length of the segment, as described
in Section [3.3.1] The main increase in the power in these systems is associated with the
rotational periods in for KOI-625 and Kepler-475 with their rotational periods being
reported in [Mazeh et al. (2015). TYC 3124-850-1 is not included in Mazeh et al. (2015),
but considering the similarity in the increase in power at the frequency range between the
rotational period of the other 2 systems (~ 3 x 10™7 — 2 x 1076 Hz) it is assumed that the
rotational period of TYC 3124-850-1 is roughly at ~ 6.8 days in Figure Kepler-475 also
shows a clear feature at ~ 5 x 10~7 Hz that is not associated with the length of the segments.

Since the rotational period of Kepler-475 is ~ 3 x 1077 Hz, I suggest that this broad-band
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Figure A.1: Time-averaged PSD of neighbouring rotating variable stars KOI-625, TYC 3124-
850-1 and Kepler-475. The masked out data denotes the frequencies below the segment

sensitivity limit.
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variability feature is intrinsic to this target and possibly associated to the rotational period
of the star. It is important to note that although the break in Kepler-475 appears similar
to that of J1908, it does not occur at the same frequency. Furthermore, the shape of the
broad-band feature in Kepler-475 is also clearly different (possibly double-peaked), further
distinguishing it from that of SDSS J1908+4-3940.

A.2 Robustness, stability and stationarity of the PSD seg-

ments

It is possible that structure in the disc evolve over time and this can in turn change the
location and amplitude of features within the PSD. An obvious scenario that would alter the
stationarity oif the PSD are thermal-visous outbursts observed in several AM CVn systems
lasting about ~ 1 — 10 days (Rivera Sandoval et al. 2021)). J1908 does not display any
outbursting behaviour over the 3 year period it has been observed with Kepler. However this

does not necessarily imply that the PSD is stationary across the entire observation length.

To test for stationarity I have performed empirical model fits to the individual 11 segments
using the same model as described in Section [3.3.2] The results are tabulated in Table
Model fits, together with the individual PSDs are also shown in Figure Although not
all segments find an acceptable x2, all model fits seem to be qualitatively well described by
the same 4 components. More importantly, the recovered characteristic frequencies for the
low and high Lorentzians are found to be consistent across the 11 observations (see Figure

A.3]), supporting the assumption of stationarity for these components.
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Figure A.3: Low and high frequency break as fitted by the empirical fit for separate segments
as a function of time. Blue diamonds denote the frequency of the break, with the low
frequency break in the bottom panel and high frequency in the top one. The weighted non-
logarithmic mean is denoted by a green horizontal line, with the uncertainty limit on the
weighted mean being marked in the light green shaded region. The weights used to compute
the mean are based on the individual x2 values of each fit. The break frequencies from the
overall empirical fit of the time-averaged PSD as reported in Table [3.2] are shown in dashed
purple line with the shaded dotted region representing the uncertainty.



Table A.1: Free parameters of the empirical fit of the time-averaged PSD of J1908 as described in section [3.3.2] The the best fit value of the
parameters for the central power law: A, power law amplitude, a1_3, bending power law indexes when going from low to high frequency and v _o,
bending power law frequencies at which the power law transitions between the different indexes. For the Lorentzian components the parameters
are r1_g, integrated fractional RMS power of the Lorentzian components of the fit, Av;_o, HWHM of the Lorentzians and v 1_2, central frequency
of the Lorentzians. For the white noise components the parameters are (3, white noise power law index, and Py, white noise normalisation.

Segment  Time - 2454833 A ai as as V1 Vo 1
(BKJD days)  (RMS Normalised) (Hz) (Hz)
1 539 — 599 0£5x 107" —0.2+0.9 —3+4 0+12 02+8x10° 6.19+002x10° 4+5x10°
2 599 — 659 0+2x107* —0.2+0.9 —3+4 0+ 11 02+7x107° 5.56 +0.02 x 107° 5+4x 1073
3 659 — 719 1+5x1074 —0.34+0.6 —4+6 0+13 02+7x107° 5174+0.03x107° 4+3x10°3
4 808 — 868 0+1x107* —0.24+0.5 —4+6 0+12 0.24+6x107° 462+003x107° 5+2x1073
5 868 — 928 24+4x%x107° —0.2+0.2 —4+8 0+ 11 0.1+7x107° 6.724+0.02x 107> 44+2x1073
6 928 — 988 1+£8x107°° —0.1£0.5 446 0410 0.1+6x107° 533+0.05x107° 4+2x1073
7 088 — 1048 24+9x107° —-0.24+05 —4+5 0410 0.1+6x107° 5424+ 0.07x107° 44+2x1073
8 1099 — 1159 0+1x107* —0.2+0.7 —4+7 0+13 0.1+9x107° 6.74+0.06 x 107> 44+4x1073
9 1159 — 1219 0+2x107* —0.1+1 —4+6 0+16 0.1+10x107° 7.14+0.1x107° 44+8x1073
10 1306 — 1366 1+6x107° —0.08+0.6 —4+5 0+13 0.14+14x107° 824+0.1x107° 3+6x1073
11 1418 — 1477 0+9x107° —0+0.2 —44+18 0+27 024+17x107° 2758 +£0.005 x 10™* 3+3x10°3
Segment AVl V0,1 ] Al/2 Vo,2 5 Po X12/
(Hz) (Hz) (Hz) (Hz) (RMS normalised)
1 9+4x107° 09+1x1071 24+03x107% 35+08x10"7 52+05x10" 0+1 0+2 2.9
2 10+4x 107° 0.7+1x107* 25+03x107% 42+09x1077 53+05x10°" 0+7 0+2 2.4
3 94+4x107° 0.7+0.8x 107 29+04x1073 7T+2x1077 5+1x1077 0.0+05 0+2 3.4
4 943 x107° 0.7+0.7x 1074 3.0+04 x 1073 54+2x1077 5.7+0.7x 1077 0+4 0+2 3.1
5 8+3x107° 14+0.6x107* 25+09x%x107% 3.1+0.8x107" 5+1x1077 0.01 + 0.05 0+1 1.7
6 94+3x107° 0.7+0.7x 1074 3+1x1073 7+6x 1077 44+3x1077 0.01 + 0.05 0+1 1.4
7 10+3x 1075 0.8+0.7x 1074 3+1x1073 8+6x 1077 5+2x1077 0.0+0.1 0+1 1.4
8 10+5x 107° 09+1x10"* 442x1073 8+8x 1077 5+3x1077 0.01 +0.08 0+2 2.4
9 10+6 x 107° 0.8+2x107% 44+3x1073 1+2x10°° 44+5x%x1077 0.0+0.1 0+2 2.4
10 10+ 12 x 107° 1+3x107* 2+2x1073 1+1x10°° 10+ 10 x 1077 0.0+0.1 0+3 6.7
11 74+53%x107° 0.3+6x107* 3+2x1073 6+2x1077 10+£3x 1077 0.0+0.8 0+5 7.6

¢V
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A.3 TESS light curves

Figure shows the TESS light curves of AWDs used in this work apart from CP Pup
as noted in Table To demonstrate more clearly the variability on the QPO timescale a

running average of the light curve is overlaid on top of the data in solid black line.

A.4 Linear PSDs of QPOs

Figure shows the linear non-averaged PSD of the light curves from Table The PSDs
are zoomed in on the frequency range where the QPOs and their harmonics are the most
dominant. In this case the orbital period signals are not removed to demonstrate the difference
between the QPOs and a coherent orbital period. For WZ Sge the first harmonic of the QPO
is not visible due to the first harmonic of the orbit. Other high frequency harmonics of the
QPO and orbit are present but not shown in the frequency range displayed here. For GW
Lib only the first harmonic of the QPO is shown as the fundamental of the signal observed
in (Chote et al.| (2021)).

A.5 QPO Model: Magnetically Driven Precession Model

The magnetically driven precession model of QPOs discussed in this Section was developped
by Lai (1999)) for the purpose of explaining QPOs in NSs and T Tauri stars. In this frame
work the accretor’s spin axis is misaligned to the angular momentum of the accretion disc
causing magnetic and warping torques. These torques warp the inner part of the disc which

then precesses around.

The magnetospheric radius at which the accretion flow is disrupted by the accretor’s magnetic

field B is given by

1
o2 7
S ) A51
M ”(ug GMM2> (4.5.1)

where 7 is a dimensionless parameter describing the geometry of the accretion flow and the
relation between the Alfvén and magnetospheric radius. It is usually set to 0.5 for magnetic
systems, but a lower value could indicate that the assumption of ry; = rco, typically assumed
for magnetic systems, is not valid (i.e. for a low magnetic field). Such a scenario (low value

of ) could also be possible for a system with high inclination. p is the stellar magnetic
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Figure A.5: A zoom-in on a section of PSD of light curves from Tablewith labelled QPO
and orbital period signals. The frequency range is fixed to be the same for all panels. Some
of WZ Sge harmonics were excluded for better visualisation.

dipole moment such that p = BR3, M the accretor mass, R the accretor radius, M its
accretion rate, G the gravitational constant and pp the vacuum permeability. Following

(1999); Pfeiffer & Lai (2004), the magnetospheric radius from is set to be equal to the

co-rotation radius:

1
GMP2. \3
_ spin

where Py, is the spin period of the accretor. This assumption of co-rotation radius being
equal to magnetospheric radius is a simplification and may not be entirely realistic. This
radius is also set to be equal to the inner disc radius r;,. With these assumptions, the global

precession frequency of the inner flow is given by

Qp Tin A 2
voro =4 2(71' ! T 2 2T (T)MZ (r)D (r) F®), (A.5.3)

where A is related to the offset between the global precession frequency and the magnetically

driven precession frequency. Depending on the details of the disc structure at r;, = 7,

A ~ 0.3 —0.85 as determined by |Shirakawa & Lai (2002c). € (r) is the Keplerian frequency
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at a radius r, X (r) is the surface density as determined in Equation 5.41 in Frank et al.

(2002a). D (r) is a dimensionless function given by

D (r) = mazx ( :22 -1, 2171;7(:”)) , (A.5.4)

where H (r) is the half-height of the disc at radius r, as defined in Equation 5.41 in [Frank
et al|(2002a)). F (0) is a function that depends on the dielectric property of the disc, so that
F (0) = 2fcos*0 — sin?0, where § is the angle between the magnetic moment of the accretor
and the angular momentum of the disc. f is a dimensionless number between 0 and 1, so
that for f = 1 all the vertical field is screened out by the disc, whereas for f = 0 only the
spin-variable vertical field is. I follow [Pfeiffer & Lai (2004) in taking f = 0 throughout this

work for simplicity.

Though the QPO can happen at any radius r the degeneracy this would create would not allow
to test the model through observations. However, assuming r;, = ry = rco = r mitigates
this. Through r;, = rypr = rco, the precession and QPO frequency depend on the spin of
the accretor, providing a potential handle on the spin period of systems in which it cannot
be directly measured, such as weakly magnetic AWDs. Naturally the model is dependent
on many other parameters, chiefly among them the strength of the intrinsic magnetic field
strength of the accretor B, the accretion rate of the system M and the viscosity of the disc

Q.

A.6 Magnetic precession model parameter space for M51 ULX-
7 and NGC 7793 P13

A.7 DMagnetic precession model parameter space for CP Pup,

T Pyx and V3101 Cyg

A.8 TESS systems with high frequency breaks

Table A.2: TESS systems with high frequency breaks for all available Sectors and errors.

System Name TESS Sector | v, (Hz) | v low error (Hz) | v high error (Hz)
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IGR J14536-5522 11 0.0012 | 0.0002 0.0012
12 0.0015 | 0.0004 0.002
38 0.001 0.0012 0.0014
[PK2008] J102442.03-4 36 0.0007 | 0.0002 0.0002
VX Ret 29 0.0001 | 9e-05 7e-05
30 0.0001 | 4e-05 4e-05
31 0.00013 | 7e-05 8e-05
35 0.0001 | 3e-05 7e-05
62 0.00018 | 8e-05 0.00081
65 0.0001 | 3e-05 8e-05
VV Pup 34 0.00049 | 0.0002 0.00046
VAR Ret 29 0.00035 | 0.00015 0.00023
30 0.0006 | 0.0002 0.0003
31 0.0009 | 0.0005 0.0011
32 0.0005 | 0.0002 0.0003
35 0.00037 | 0.00015 0.00023
38 0.00042 | 0.00016 0.00026
62 0.00028 | 8e-05 0.00012
65 0.00022 | 6e-05 8e-05
68 0.00017 | 6e-05 9e-05
69 0.00023 | 7e-05 8e-05
V834 Cen 38 0.00024 | 5e-05 9e-05
V795 Her 25 0.0012 | 0.0003 0.0003
26 0.0011 | 0.0002 0.0002
79 0.0009 | 0.0006 0.0004
V751 Cyg 15 0.0008 | 0.0003 0.0003
55 0.001 0.0002 0.0002
56 0.0009 | 0.0003 0.0002
75 0.0008 | 0.0002 0.0002
76 0.0008 | 0.0002 0.0002
V592 Cas 17 0.0012 | 0.0004 0.0004
24 0.0013 | 0.0003 0.0003
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57 0.0011 | 0.0002 0.0001
58 0.0012 | 0.0002 0.0002
V533 Her 26 0.0007 | 0.0003 0.0002
40 0.0006 | 0.0003 0.0003
52 0.0006 | 0.0003 0.0003
93 0.0006 | 0.0002 0.0002
54 0.0006 | 0.0002 0.0002
74 0.0005 | 0.0002 0.0002
79 0.0006 | 0.0003 0.0003
V405 Aur 19 0.00035 | 9e-05 0.00012
59 0.0005 | 0.0001 0.0001
73 0.00044 | 0.00012 0.00018
V3885 Sgr 13 0.0007 | 0.0001 0.0001
27 0.0006 | 0.0003 0.0008
67 0.0009 | 0.0002 0.0009
V378 Peg 57 0.0006 | 0.0001 0.0001
V2709 Cyg 15 0.00046 | 0.00015 0.00022
16 0.0006 | 0.0003 0.0003
41 0.0006 | 0.0001 0.0001
56 0.0006 | 0.0001 0.0001
75 0.0006 | 0.0002 0.0002
76 0.0006 | 0.0001 0.0001
V2690 Cyg 14 0.00048 | 0.00014 0.00018
41 0.0012 | 0.0004 0.0007
54 0.0006 | 0.0002 0.0002
95 0.0008 | 0.0004 0.0004
74 0.0006 | 0.0002 0.0003
75 0.00031 | 5e-05 5e-05
V1193 Ori 5 0.001 0.0003 0.0005
32 0.0012 | 0.0002 0.0002
V1084 Her 51 9e-05 8e-05 9e-05
52 0.0008 | 0.0004 0.0003
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78 0.001 0.0005 0.0004
79 0.001 0.0002 0.0002
V1068 Per o8 0.00037 | 0.00016 0.00015
V1033 Cen 37 0.0015 | 0.0004 0.0026
38 0.0014 | 0.0004 0.0018
V0704 And 17 0.0009 | 0.0005 0.0005
57 0.0013 | 0.0002 0.0002
V504 Cen 38 0.0011 | 0.0003 0.0003
V0436 Cen 36 0.0013 | 0.0006 0.0005
63 0.001 0.0003 0.0004
V0391 Hya 36 0.00025 | 6e-05 8e-05
63 0.00037 | 0.00017 0.00016
V* WX Ari 42 0.0005 | 0.0001 0.0002
43 0.0005 | 0.0001 0.0002
44 0.0007 | 0.0002 0.0002
70 0.0007 | 0.0003 0.0005
71 0.0006 | 0.0002 0.0002
V* V923 Cyg 40 0.0008 | 0.0002 0.0002
41 0.0009 | 0.0002 0.0002
o4 0.00047 | 0.00059 0.0005
74 0.00012 | 5e-05 0.0001
75 0.0001 | 6e-05 0.00013
UU Aqr 42 0.0005 | 0.00017 0.0002
55 0.001 0.0005 0.0011
KR Aur 43 0.001 0.0002 0.0003
44 0.0011 | 0.0003 0.0003
45 0.0011 | 0.0002 0.0002
72 0.0001 | 2e-05 4e-05
TX Col 5 0.0014 | 0.0008 0.0013
6 0.0006 | 0.0002 0.0003
32 0.0008 | 0.0003 0.0003
32 0.0008 | 0.0003 0.0003
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33 0.0005 | 0.0001 0.0001
33 0.0005 | 0.0001 0.0001
TW Pic 1 0.0012 | 0.0005 0.0005
2 0.0012 | 0.0007 0.0006
3 0.0011 | 0.0007 0.0007
4 0.001 0.0007 0.0005
5 0.0009 | 0.0004 0.0004
6 0.001 0.0006 0.0005
7 0.001 0.0005 0.0005
8 0.0011 | 0.0006 0.0006
9 0.0008 | 0.0002 0.0003
10 0.0006 | 0.0002 0.0004
11 0.001 0.0005 0.0014
12 0.001 0.0007 0.0007
13 0.0011 | 0.0006 0.0006
32 0.00018 | 5e-05 5e-05
31 0.00018 | 6e-05 5e-05
30 0.0012 | 0.0006 0.0005
33 0.001 0.0003 0.0004
28 0.00025 | 7e-05 6e-05
27 0.0009 | 0.0004 0.0004
29 0.0005 | 0.0002 0.0002
34 0.001 0.0004 0.0004
35 0.001 0.0009 0.0007
36 0.0012 | 0.0006 0.0005
37 0.0006 | 0.0002 0.0002
38 0.0012 | 0.0005 0.0004
39 0.0011 | 0.0006 0.0006
69 0.0007 | 0.0003 0.0003
68 0.0009 | 0.0003 0.0004
67 0.0009 | 0.0006 0.0005
66 0.0006 | 0.0002 0.0002




A.8. TESS systems with high frequency breaks

208

62 0.001 0.0005 0.0004
64 0.0009 | 0.0005 0.0006
63 0.0008 | 0.0003 0.0003
61 0.0011 | 0.0005 0.0005
65 0.0007 | 0.0003 0.0004
TT Ari 42 0.0009 | 0.0003 0.0003
43 0.0009 | 0.0003 0.0003
70 0.0007 | 0.0001 0.0001
71 0.0008 | 0.0002 0.0002
SS Aur 60 0.00046 | 0.00017 0.00014
73 0.00041 | 0.00011 0.0001
SERIV 90 40 0.00034 | 0.00019 0.0002
41 0.00032 | 8e-05 0.00041
54 0.0005 | 0.0002 0.0002
55 0.0005 | 0.0002 0.0002
SDSS J225831.18-09493 42 0.00021 | 7e-05 8e-05
70 0.0001 | 2e-05 3e-05
SDSS J083751.004-383012.5 | 47 0.0006 | 0.0002 0.0002
SDSS J075844.174+12015 34 0.00026 | 0.0001 0.00044
44 0.0006 | 0.0002 0.0003
45 0.0007 | 0.0002 0.0004
46 0.00049 | 0.00016 0.00027
61 0.00046 | 0.00018 0.00033
71 0.0007 | 0.0003 0.001
RZ Gru 28 0.0004 | 0.0001 9e-05
68 0.0008 | 0.0003 0.0004
RW Tri 18 0.0014 | 0.0004 0.0017
58 0.0006 | 0.0002 0.0008
RR Pic 2 0.00033 | 0.00017 0.00026
3 0.0006 | 0.0002 0.0005
4 0.0006 | 0.0002 0.0005
5 0.0006 | 0.0001 0.0004
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6 0.00031 | 0.00014 0.00016
7 0.0006 | 0.0001 0.0004
8 0.0006 | 0.0002 0.0006
9 0.0006 | 0.0007 0.0004
10 0.0006 | 0.0008 0.0004
12 0.0005 | 0.0002 0.0007
13 0.0005 | 0.0006 0.0004
32 0.0006 | 0.0001 0.0005
31 0.0006 | 0.0001 0.0004
33 0.0005 | 0.0001 0.0004
29 0.0007 | 0.0002 0.001
27 0.0006 | 0.0001 0.0005
30 0.0005 | 0.00012 0.00035
34 0.0005 | 0.0001 0.0004
35 0.0005 | 0.0001 0.0005
36 0.0005 | 0.00011 0.00037
37 0.0005 | 0.0001 0.0004
39 0.0006 | 0.0009 0.0004
69 0.0006 | 0.0003 0.0007
68 0.0006 | 0.0001 0.0006
67 0.0005 | 0.0002 0.0007
66 0.0005 | 0.0002 0.0008
63 0.0006 | 0.0002 0.0007
64 0.0006 | 0.0001 0.0008
62 0.0006 | 0.0001 0.0006
65 0.0006 | 0.0002 0.0008
QU Car 37 0.0005 | 0.0001 0.0001
38 0.00048 | 0.00013 0.00011
64 0.00019 | 0.00013 9e-05
65 0.00017 | 7e-05 6e-05
QQ vul 41 0.0012 | 0.001 0.0012
o4 0.0012 | 0.0011 0.0012
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55 0.0024 | 0.0015 0.0052
Q Cyg 15 0.0006 | 0.0002 0.0002
16 0.0007 | 0.0002 0.0001
56 0.0006 | 0.0001 0.0001
76 0.0006 | 0.0002 0.0002
OR And 16 0.001 0.0011 0.001
17 0.0009 | 0.0013 0.0011
o7 0.0008 | 0.0005 0.0004
7 0.0007 | 0.0008 0.0006
MU Cam 19 0.0009 | 0.0003 0.0011
20 0.00043 | 0.0002 0.00031
26 0.00041 | 0.00015 0.00022
40 0.0005 | 0.0001 0.0002
53 0.0006 | 0.0003 0.0003
59 0.0006 | 0.0002 0.0002
60 0.0006 | 0.0002 0.0003
73 0.0006 | 0.0003 0.0003
79 0.00046 | 0.00011 0.00013
MT Pup 34 0.0011 | 0.0002 0.0015
61 0.0007 | 0.0002 0.0015
MT Dra 14 9e-05 7e-05 0.00015
15 0.00022 | 0.00011 0.00035
16 0.00014 | 6e-05 0.00012
18 0.00018 | 8e-05 0.00016
19 0.00013 | 6e-05 0.0001
20 0.00018 | 0.0001 0.00025
26 0.0002 | 8e-05 0.00016
23 3.6e-05 | 3.4e-05 0.000544
25 0.00019 | 6e-05 0.00011
21 0.0002 | 7e-05 0.00014
22 0.00018 | 3e-05 5e-05
40 0.00019 | 6e-05 0.00013




A.8. TESS systems with high frequency breaks

211

41 0.00033 | 0.00012 0.00021
56 0.00013 | 3e-05 5e-05
60 0.00013 | 3e-05 6e-05
59 0.00012 | 3e-05 4e-05
58 0.00013 | 4e-05 7e-05
o7 0.00013 | 3e-05 4e-05
55 0.00012 | 3e-05 4e-05
53 0.00014 | 3e-05 5e-05
49 0.00023 | 7e-05 0.00014
48 0.00029 | 0.00012 0.0003
54 0.00011 | 2e-05 4e-05
75 0.00021 | 7e-05 0.00014
76 0.00012 | 4e-05 7e-05
74 0.0013 | 0.0011 0.0021
MR Ser 24 0.00032 | 0.00025 0.00032
25 0.0004 | 0.00034 0.0004
MGAB-V202 34 0.001 0.0002 0.0001
35 0.0009 | 0.0001 0.0001
61 0.0009 | 0.0002 0.0002
62 0.001 0.0001 0.0001
MASTER OT J072703.91- | 27 0.0008 | 0.0003 0.0003
28 0.0008 | 0.0003 0.0003
30 0.0007 | 0.0002 0.0002
31 0.0008 | 0.0002 0.0002
32 0.0008 | 0.0002 0.0002
33 0.0007 | 0.0002 0.0002
34 0.0009 | 0.0003 0.0003
35 0.0009 | 0.0002 0.0003
36 0.0011 | 0.0004 0.0003
37 0.0008 | 0.0002 0.0002
38 0.00029 | 7e-05 9e-05
69 0.0011 | 0.0003 0.0002
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68 0.0009 | 0.0002 0.0002
67 0.0009 | 0.0002 0.0002
66 0.001 0.0003 0.0003
61 0.00018 | 7e-05 0.0001
64 0.001 0.0003 0.0003
63 0.001 0.0003 0.0003
62 0.0012 | 0.0007 0.0008
65 0.0009 | 0.0002 0.0002
LX Ser 24 0.00022 | 0.00012 0.00014
78 0.00043 | 0.00034 0.00062
LS Peg 55 0.0007 | 0.0002 0.0003
LQ Peg 55 0.00033 | 9e-05 0.00015
LN UMa 14 0.00031 | 0.00026 0.00023
20 0.0006 | 0.0004 0.0004
21 0.0006 | 0.0004 0.0004
40 0.0006 | 0.0004 0.0005
41 0.0005 | 0.0002 0.0007
47 0.0008 | 0.0003 0.0004
74 0.00045 | 0.00025 0.00024
Karachurin 15 42 0.0017 | 0.0017 0.0018
70 0.0014 | 0.0008 0.0007
KV Dra 14 0.00032 | 3e-05 0.00037
15 0.0005 | 0.0004 0.0029
16 3e-05 le-05 3.1e-05
21 3.9e-05 | 2.6e-05 2.1e-05
22 3.1e-05 | 1.4e-05 1.4e-05
41 2e-05 7e-06 9e-06
48 3.5e-05 | 1.5e-05 2e-05
49 3.7e-05 | 3.6e-05 2.7e-05
50 4.1e-05 | 3.1e-05 2.6e-05
76 2.5e-05 | 1le-05 1.3e-05
7 3.7e-05 | 6e-06 8e-06
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KT Eri 32 0.00034 | 0.0004 0.00022
KQ Mon 34 0.0008 | 0.0003 0.0003
J2124+0502 55 0.0008 | 0.0002 0.0002
J202921+180925 55 0.00012 | 3e-05 3e-05
J1858+4914 14 0.00029 | 8e-05 9e-05
15 0.00028 | 9e-05 0.00011
26 0.0011 | 0.0003 0.0009
40 0.0005 | 0.0002 0.0004
41 0.00041 | 0.00011 0.00013
54 0.00047 | 0.0002 0.00037
55 0.0008 | 0.0003 0.0006
74 0.00026 | 0.00012 0.00013
75 0.0006 | 0.0007 0.0007
J18314-6511 14 0.0005 | 0.0001 0.0013
16 0.0009 | 0.0002 0.0024
17 0.0006 | 0.0008 0.0006
18 0.0006 | 0.0003 0.0019
19 0.0005 | 0.0002 0.0006
20 0.00033 | 0.00013 0.00021
26 0.00018 | 7e-05 0.00011
24 0.00029 | 0.00013 0.00022
25 0.00034 | 0.00014 0.00053
21 0.00028 | 9e-05 0.00012
23 0.00025 | 0.00015 0.00028
40 0.0014 | 0.0005 0.0018
41 0.0014 | 0.0003 0.0022
47 0.00014 | 6e-05 0.0001
55 0.0014 | 0.0001 0.0019
60 0.00021 | 0.00012 0.00026
59 0.0002 | 0.0001 0.00032
58 0.00028 | 0.00015 0.00036
o7 0.00032 | 0.00015 0.00031
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54 0.0014 | 0.0006 0.0019
53 0.0014 | 0.001 0.0012
52 0.001 0.0003 0.0016
51 0.0014 | 0.0005 0.0026
48 0.00017 | 6e-05 0.00016
73 0.00016 | 9e-05 0.00016
79 0.0014 | 0.0003 0.0015
76 0.001 0.0004 0.002
7 0.001 0.0002 0.0019
75 0.00027 | 3e-05 0.0005
74 0.001 0.001 0.001
78 0.00014 | 0.00014 0.00056
J172710+614527 14 0.00024 | 0.00018 0.00049
15 1.4e-05 | 1.2e-05 2e-05
16 0.00028 | 0.00028 0.00062
17 3.3e-05 | 3e-05 6.3e-05
19 0.00021 | 0.00016 0.00043
20 8e-05 8e-05 0.00085
26 0.00021 | 0.0002 3e-05
24 0.01 0.01 0.01
25 4.2e-05 | 4e-05 8.2e-05
22 0.00018 | 0.00017 0.00062
21 0.00034 | 0.00032 0.00034
23 0.00017 | 0.00017 4e-05
40 2e-05 0.000534 0.000559
41 4e-05 4e-05 0.000105
47 0.0006 | 0.0006 0.0006
56 6e-05 2e-05 2e-05
60 0.001 0.0002 0.0003
59 0.0008 | 0.0002 0.0003
58 0.0006 | 0.0002 0.0003
o7 0.0005 | 0.0002 0.0002
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55 0.0002 | 0.0002 0.00117
53 4.3e-05 | 4.3e-05 0.000695
52 0.0005 | 0.0004 0.0005
51 0.0001 | 0.0001 9e-05
50 5e-05 5e-05 4e-05
49 0.0003 | 0.0003 0.00011
48 4e-05 4e-05 8.7e-05
54 1.6e-05 | 1.6e-05 5.4e-05
73 0.0007 | 0.0002 0.0004
76 0.0004 | 0.00011 0.00014
78 0.00039 | 0.00015 0.00023
7 0.00042 | 0.00016 0.00024
74 0.0006 | 0.0002 0.0002
79 0.00042 | 0.00014 0.00023
J0746-0934 7 0.00029 | 0.00017 0.00026
34 0.00037 | 0.00013 0.00016
61 0.0008 | 0.0003 0.0002
J0742-1049 34 0.00024 | 5e-05 7e-05
61 0.00042 | 0.0001 0.00013
J071202+322641 20 0.00022 | 0.00023 0.00027
44 0.0007 | 0.0003 0.0002
45 0.0005 | 0.0001 0.0005
47 0.00023 | 0.0001 0.00032
60 0.0008 | 0.0003 0.0002
71 0.0007 | 0.0002 0.0005
72 0.0008 | 0.0002 0.0002
IX Vel 8 0.0003 | 0.00011 0.0001
9 0.00035 | 0.00015 0.00013
34 0.0005 | 0.0005 0.0002
35 0.00045 | 0.00023 0.00019
36 0.00048 | 0.00037 0.00023
61 0.00012 | 4e-05 5e-05
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62 0.00031 | 9e-05 8e-05
IU Leo 46 0.00028 | 9e-05 0.00027
72 0.00042 | 6e-05 0.00047
IR Gem 44 0.00031 | 0.00015 0.00013
45 0.00028 | 0.00012 0.00012
71 0.00018 | 0.00011 0.00041
72 0.0006 | 0.0007 0.0005
HV And 57 0.0008 | 0.0003 0.0003
HS 000240901 42 0.00034 | 0.0002 0.00025
43 0.0002 | 6e-05 0.00011
HR Lyr 40 0.0003 | 7e-05 0.00011
53 0.00017 | 7e-05 0.00031
54 5e-05 4e-05 0.00016
74 0.00028 | 8e-05 0.0002
HR Del 55 0.0003 | 8e-05 7e-05
Gaia 18dnm 33 4.8e-05 | 3.5e-05 2.9e-05
34 4.2e-05 | 2.2e-05 4.6e-05
61 3.5e-05 | 1.6e-05 1.5e-05
Gaia 16bnz 18 0.00028 | 9e-05 0.00012
59 0.0005 | 0.0002 0.0002
GZ Cnc 46 9e-05 3e-05 3e-05
72 0.0001 | 3e-05 0.00018
GSC 08944-02101 36 0.0009 | 0.0002 0.0002
37 0.0009 | 0.0002 0.0002
62 0.0009 | 0.0002 0.0002
63 0.0008 | 0.0002 0.0002
64 0.0008 | 0.0002 0.0002
GSC 06742-00051 38 0.00034 | 0.00014 0.00023
64 0.0005 | 0.0002 0.0003
GSC 03285-01142 18 0.00046 | 0.0001 0.0001
58 0.00042 | 7e-05 7e-05
FO Aqr 42 0.00044 | 0.00014 0.00022




A.8. TESS systems with high frequency breaks

217

EX Hya 10 0.00041 | 0.00016 0.00028
37 0.00022 | 6e-05 8e-05
64 0.00036 | 0.00013 0.00021
EK TrA 38 3.4e-05 | 1.3e-05 1.6e-05
39 4.3e-05 | 2.1e-05 1.6e-05
EF Tuc 27 0.00024 | 7e-05 8e-05
28 0.00045 | 0.0002 0.0002
68 0.0002 | 4e-05 4e-05
DX Oct 27 0.00015 | 4e-05 4e-05
39 9e-05 6e-05 6e-05
66 0.00013 | 6e-05 5e-05
67 0.00018 | 0.00011 9e-05
DW Cnc 44 0.0004 | 0.0001 0.00014
45 0.00036 | 0.0001 0.00014
46 0.0007 | 0.0003 0.0004
71 0.00032 | 8e-05 0.00012
72 0.00036 | 0.0001 0.00015
DO Dra 20 0.0009 | 0.0002 0.0002
21 0.0009 | 0.0005 0.0005
40 0.0005 | 0.0001 0.0001
41 0.0007 | 0.0001 0.0001
47 0.00049 | 8e-05 0.0001
48 0.0007 | 0.0001 0.0001
74 0.0015 | 0.001 0.0042
75 0.0005 | 0.0002 0.0004
DDE 79 33 0.0007 | 0.0001 0.0001
DDE 75 14 0.0008 | 0.0002 0.0002
20 0.0007 | 0.0002 0.0001
21 0.0008 | 0.0002 0.0002
26 0.0007 | 0.0002 0.0002
40 0.0008 | 0.0002 0.0002
41 0.0008 | 0.0002 0.0002
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47 0.0008 | 0.0002 0.0002
48 0.0008 | 0.0003 0.0003
60 0.0008 | 0.0003 0.0003
73 0.0009 | 0.0003 0.0003
74 0.0008 | 0.0003 0.0003
75 0.0007 | 0.0002 0.0003
CH UMa 14 0.00031 | 0.00015 0.00031
20 0.00028 | 8e-05 0.00015
21 0.00041 | 0.00016 0.00023
40 0.00031 | 7e-05 7e-05
41 0.00031 | 9e-05 9e-05
47 0.00033 | 8e-05 7e-05
74 0.00031 | 0.00661 0.00713
CD-35 9665 38 0.0009 | 0.0002 0.0002
65 0.0009 | 0.0004 0.0003
BZ UMa 20 0.00047 | 0.00021 0.00037
47 0.0007 | 0.0001 0.0001
60 0.0006 | 0.0001 0.0002
74 0.0009 | 0.0003 0.0003
BZ Cam 19 0.0007 | 0.0002 0.0006
20 0.0005 | 0.0005 0.0005
26 0.0007 | 0.0001 0.0005
40 0.00047 | 0.00047 0.00047
53 0.0006 | 0.0006 0.0006
59 0.0008 | 0.0008 0.0007
60 0.0005 | 0.0005 0.0005
73 0.0005 | 0.0005 0.0005
BL Hyi 1 0.00027 | 0.00015 0.00014
2 0.00037 | 0.00018 0.00028
29 0.00037 | 0.0003 0.00037
68 0.00022 | 8e-05 0.00017
69 0.00043 | 0.00017 0.00059
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BB Dor 1 0.0006 | 0.0002 0.0002
2 0.0007 | 0.0002 0.0002
3 0.0007 | 0.0002 0.0002
4 0.0007 | 0.0003 0.0003
5) 0.0007 | 0.0002 0.0002
6 0.0007 | 0.0003 0.0002
7 0.0007 | 0.0002 0.0002
8 0.0007 | 0.0002 0.0002
9 0.0007 | 0.0003 0.0003
10 0.0008 | 0.0004 0.0003
11 0.0007 | 0.0003 0.0003
12 0.0007 | 0.0003 0.0003
13 0.0007 | 0.0003 0.0003
33 0.0007 | 0.0002 0.0002
31 0.0007 | 0.0002 0.0002
30 0.0007 | 0.0002 0.0002
32 0.0007 | 0.0002 0.0002
28 0.0007 | 0.0002 0.0002
27 0.0006 | 0.0002 0.0002
29 0.0009 | 0.0005 0.0004
34 0.0007 | 0.0002 0.0002
36 0.0007 | 0.0002 0.0002
37 0.0009 | 0.0005 0.0005
38 0.0007 | 0.0003 0.0003
39 0.0006 | 0.0002 0.0002
69 0.0007 | 0.0003 0.0003
68 0.0007 | 0.0004 0.0003
67 0.0008 | 0.0004 0.0003
66 0.0007 | 0.0003 0.0003
63 0.0008 | 0.0002 0.0002
64 0.0007 | 0.0002 0.0002
62 0.0008 | 0.0002 0.0002
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61 0.0008 | 0.0002 0.0002
65 0.0007 | 0.0002 0.0002
AT Cnc 21 0.00045 | 0.00041 0.00038
44 0.00024 | 7e-05 0.00012
45 0.0007 | 0.0003 0.0002
46 0.00032 | 7e-05 8e-05
47 0.00026 | 6e-05 7e-05
71 0.00029 | 0.00012 0.00011
72 0.0006 | 0.0001 0.0012
ASASSN-V J210752.24+4 15 0.00049 | 0.0002 0.00028
16 0.0008 | 0.0005 0.0004
95 0.0006 | 0.0002 0.0002
56 0.0007 | 0.0003 0.0002
75 0.0009 | 0.0005 0.0004
76 0.00045 | 0.00013 0.00015
ASASSN-14ke 27 0.00037 | 0.00017 0.00015
29 0.00043 | 0.0002 0.00021
31 0.00047 | 0.0003 0.00026
32 0.00044 | 0.0002 0.00021
33 0.00028 | 0.00012 0.00018
38 0.00048 | 0.00011 0.00011
37 0.00044 | 0.00012 0.00011
39 0.0006 | 0.0002 0.0006
35 9e-05 4e-05 6e-05
34 0.0007 | 0.0001 0.0019
36 0.00039 | 0.00017 0.00017
61 0.00041 | 0.00013 0.00015
62 0.0006 | 0.0003 0.0003
63 0.00035 | 0.00012 0.00018
64 0.00042 | 0.00018 0.00025
65 0.00049 | 0.00015 0.0002
66 0.0006 | 0.0003 0.0003
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69 0.00037 | 0.00011 0.0001
ASAS J071404+7004.3 20 0.0005 | 0.0001 0.0001
26 0.00044 | 7e-05 8e-05
40 0.00043 | 9e-05 0.00012
47 0.00025 | 3e-05 3e-05
93 0.00016 | 4e-05 4e-05
60 0.00035 | 0.00011 0.00015
73 0.00033 | 9e-05 0.00011
74 0.00039 | 9e-05 0.00011
AQ Men 1 0.00046 | 0.00014 0.00022
5) 0.0007 | 0.0002 0.0006
8 0.00045 | 0.00018 0.00043
11 0.0007 | 0.0002 0.0013
12 0.00038 | 0.00021 0.00028
13 0.00045 | 0.00022 0.00039
27 0.00046 | 0.00014 0.00016
28 0.00042 | 0.00014 0.00016
31 0.0007 | 0.0003 0.0003
39 0.0006 | 0.0005 0.0004
35 0.0005 | 0.0004 0.0003
38 0.0005 | 0.0003 0.0003
61 0.00042 | 0.00014 0.00017
62 0.0006 | 0.0006 0.0004
65 0.0006 | 0.0002 0.0002
66 0.0008 | 0.0007 0.0005
67 0.0006 | 0.0003 0.0002
68 0.0006 | 0.0003 0.0003
AO Psc 42 0.0006 | 0.0002 0.0006
70 0.00028 | 0.00012 0.00016
AH Men 1 0.0009 | 0.0003 0.0003
4 0.0011 | 0.0003 0.0003
11 0.0007 | 0.0001 0.0002
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12 0.0008 | 0.0002 0.0002
13 0.001 0.0004 0.0004
27 0.0009 | 0.0002 0.0003
31 0.0008 | 0.0003 0.0003
38 0.0008 | 0.0002 0.0002
39 0.0007 | 0.0001 0.0002
AB Dra 18 0.00041 | 0.00016 0.00015
19 0.00047 | 0.00013 0.00016
20 0.0008 | 0.0004 0.0006
23 0.00041 | 0.0002 0.0004
24 0.00046 | 0.00012 0.00014
26 0.0005 | 0.0002 0.0003
40 0.00039 | 9e-05 0.0001
47 0.00032 | 8e-05 9e-05
60 0.00021 | 6e-05 7e-05
58 0.00039 | 0.0001 0.00012
o7 0.0005 | 0.0001 0.0002
54 0.0005 | 0.0002 0.0003
53 0.00039 | 0.00012 0.00014
52 0.0006 | 0.0002 0.0003
50 0.0008 | 0.0004 0.0007
73 0.001 0.0005 0.0019
74 0.00044 | 0.00018 0.00026
7 0.00042 | 0.00013 0.00017
78 0.0007 | 0.0004 0.0003
79 0.00047 | 0.00013 0.00022
1813+6122 14 0.00033 | 9e-05 0.00016
15 0.00039 | 0.0001 0.00014
16 0.00035 | 0.00011 0.00017
17 0.00046 | 0.00016 0.00029
18 0.001 0.0002 0.0003
19 0.0009 | 0.0003 0.0004
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26 0.00027 | 7e-05 0.00042
25 0.0007 | 0.0002 0.0018
24 0.00017 | 5e-05 9e-05
22 0.00038 | 0.00014 0.00026
21 0.0009 | 0.0003 0.0004
23 0.0006 | 0.0005 0.0014
41 0.0008 | 0.0003 0.0005
47 0.0007 | 0.0003 0.0003
56 0.00048 | 0.00011 0.00014
60 0.00019 | 5e-05 7e-05
59 0.001 0.0005 0.0009
o8 0.0007 | 0.0002 0.0003
57 0.00047 | 0.0001 0.00011
55 0.0003 | 8e-05 0.0001
54 0.00048 | 0.00019 0.00032
53 0.0005 | 0.0002 0.0003
52 0.0004 | 0.00013 0.00022
o1 0.00021 | 5e-05 7e-05
49 0.0008 | 0.0001 0.0012
48 0.0013 | 0.0007 0.0018
73 0.00035 | 0.00012 0.00018
77 0.00048 | 0.00019 0.00036
76 0.00037 | 0.00013 0.00021
75 0.00028 | 8e-05 0.00012
050647725 19 0.0011 | 0.0002 0.0002
20 0.0013 | 0.0003 0.0003
25 0.001 0.0002 0.0002
26 0.0013 | 0.0003 0.0003
52 0.0006 | 0.0002 0.0002
53 0.0007 | 0.0003 0.0003
59 0.0008 | 0.0002 0.0002
60 0.0006 | 0.0001 0.0002
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73 0.001 0.0002 0.0002
EI UMa 20 0.00015 | 0.00011 0.00012
47 0.0001 | 7e-05 7e-05
J1509-6649 12 0.00025 | 0.00013 0.00024
38 0.0006 | 0.0003 0.0008
39 0.0011 | 0.0002 0.001
65 0.00032 | 0.00012 0.00018
V709 Cas 17 0.00039 | 0.00011 0.00015
18 0.00037 | 0.00014 0.00015
24 0.00046 | 0.00017 0.00024
o7 0.0008 | 0.0002 0.0002
o8 0.0008 | 0.0002 0.0002
78 0.0008 | 0.0002 0.0002
RX J2133.7+5107 15 0.0003 | 0.00015 0.00026
16 0.00042 | 0.00021 0.00052
56 0.0005 | 0.0003 0.0006
o7 0.00039 | 0.00015 0.00028
76 0.00032 | 9e-05 0.00012
77 0.0005 | 0.0002 0.0004
VY Scl 29 0.0009 | 0.0002 0.0002
69 0.00028 | 5e-05 0.00046
MV Lyr 14 0.0008 | 0.0002 0.0001
26 0.0009 | 0.0003 0.0003
40 0.0011 | 0.0003 0.0003
41 0.001 0.0003 0.0003
53 0.001 0.0004 0.0003
54 0.001 0.0003 0.0003
55 0.0011 | 0.0003 0.0003
80 0.0011 | 0.0003 0.0003
81 0.0011 | 0.0003 0.0002
82 0.0011 | 0.0002 0.0002
Z Cam 26 0.00034 | 0.00031 0.00022
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40 0.00035 | 0.00038 0.00023
47 0.00048 | 0.0001 0.0005
93 0.00034 | 0.00017 0.00012
60 0.0005 | 0.0001 0.0006
73 0.00049 | 8e-05 0.00036
WW Cet 29 0.0006 | 0.0001 0.0002
70 0.0013 | 0.0015 0.0012
VZ Sex 45 0.0006 | 0.0003 0.0004
46 0.00012 | 3e-05 4e-05
62 0.0005 | 0.00013 0.00013
72 0.0005 | 0.0002 0.0004
VZ Pyx 35 0.00037 | 9e-05 0.00013
61 0.00034 | 9e-05 0.00016
62 0.00037 | 0.0001 0.00013
VW Vul 41 0.00028 | 0.00012 0.00017
VW Hyi 1 0.00026 | 0.00017 0.00044
2 0.00045 | 0.00024 0.0004
3 0.00038 | 0.0002 0.00029
4 0.0006 | 0.0005 0.0012
5 0.0019 | 0.0007 0.0015
6 0.0019 | 0.0001 0.0019
7 6e-05 5e-05 0.00021
8 0.00034 | 0.00015 0.0002
9 0.0007 | 0.0004 0.0006
10 0.0011 | 0.0005 0.0011
11 0.0011 | 0.001 0.0008
12 0.00033 | 0.00015 0.00017
13 0.00044 | 0.00044 0.00038
33 0.00041 | 0.00028 0.00025
31 0.0012 | 0.0012 0.0012
32 0.0006 | 0.0004 0.0013
29 0.0015 | 0.0008 0.0014
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27 0.0018 | 0.0008 0.003
30 0.0021 | 0.0021 0.0014
34 0.0006 | 0.0003 0.0011
35 0.0012 | 0.0012 0.0026
36 0.0015 | 0.0013 0.0011
37 0.0008 | 0.0003 0.0005
39 0.00031 | 0.00017 0.00025
69 0.00032 | 0.00032 0.00105
67 0.00029 | 9e-05 0.00011
66 0.00049 | 0.00022 0.00028
65 0.00029 | 0.0001 0.00011
62 0.0012 | 0.0002 0.0022
63 0.0007 | 0.0003 0.0004
61 0.00015 | 0.00011 0.00018
64 0.00037 | 0.00012 0.00014
VAR Ret 2005 29 0.00045 | 0.00016 0.00025
30 0.0006 | 0.0002 0.0003
31 0.0009 | 0.0005 0.001
32 0.0005 | 0.0002 0.0003
35 0.00037 | 0.00015 0.00023
38 0.00049 | 0.0002 0.00035
62 0.00028 | 8e-05 0.00012
65 0.00022 | 6e-05 0.0001
68 0.00018 | 6e-05 7e-05
69 0.0012 | 0.0005 0.0012
V1147 Cen 37 0.0005 | 0.0002 0.0002
64 0.00028 | 7e-05 9e-05
UY Pup 34 0.00044 | 0.00028 0.00071
61 0.00022 | 0.0001 0.00011
TW Vir 46 0.0009 | 0.0008 0.0006
72 0.00049 | 0.00013 0.00013
SS Cyg 16 0.0005 | 0.0002 0.0002
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56 0.0004 | 7e-05 7e-05
76 0.00032 | 0.00011 9e-05
MASTER OT J142023.5-4 | 38 7e-05 7e-05 7e-05
65 0.00044 | 0.00012 0.00079
LX And 18 0.0005 | 0.0002 0.0003
o8 0.00044 | 0.00019 0.0002
HL CMa 33 0.00048 | 0.00027 0.00033
DT Oct 27 4.6e-05 | 2e-05 1.9e-05
39 0.0006 | 0.0002 0.0002
66 0.0006 | 0.0002 0.0003
67 0.00043 | 0.00015 0.00021
CK Eri 29 0.00045 | 0.00013 0.0002
30 0.0005 | 0.0002 0.0004
BY Cam 19 0.00025 | 9e-05 0.0003
59 0.001 0.0003 0.001
BV Cen 64 0.00038 | 0.00017 0.00052
65 0.00034 | 0.00018 0.00037
ASASSN-16hl 39 0.00022 | 9e-05 0.00036
65 0.00039 | 0.00021 0.00027
66 0.00044 | 0.00018 0.00034
AQ Eri 32 0.00027 | 0.00013 0.00012
AM Cas 18 0.001 0.0003 0.0005
19 0.0006 | 0.0002 0.0004
52 0.00028 | 8e-05 0.00012
58 0.00033 | 0.00012 0.00017
99 0.00018 | 6e-05 7e-05
V2069 Cyg 15 7e-06 7e-06 1.7e-05
16 0.00025 | 5e-05 0.00029
95 0.00012 | 4e-05 9e-05
56 0.00025 | 0.0002 0.0002
76 0.00023 | 6e-05 0.0002
GK Per 18 0.0011 | 0.0003 0.0004
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Figure A.6: Parameter space of the MDP model for M51 ULX-7 with all parameter com-
binations (in grey circles) producing QPO frequency and spin within the observed errors as
noted in Table All the solutions which also reproduce accretion rate within the range in
Table are given in red diamonds for no beaming (b = 1) and in blue squares for moderate
beaming of b = 0.1. Distributions of all parameters are provided, with all being scaled to
unity. The explored parameter ranges are noted as also shown in Table
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Figure A.7: Parameter space of the MDP model for NGC 7793 P13 with all parameter
combinations (in grey circles) producing QPO frequency and spin within the observed errors
as noted in Table 5.2} All the solutions which also reproduce accretion rate within the range
in Table are given in red diamonds for no beaming (b = 1) and in blue squares for
moderate beaming of b = 0.1. Distributions of all parameters are provided, with all being
scaled to unity. The explored parameter ranges are noted as also shown in Table
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Figure A.8: Parameter space of the MDP model with all parameter combinations (in grey
circles) producing QPO frequency and spin within the observed errors as noted in Table
and [5.4] All the solutions which also reproduce accretion rate within the range given in Table
are given in red diamonds. Distributions of all parameters are provided, with all being
scaled to unity. The explored parameter ranges are noted as also shown in Table @
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Figure A.9: Parameter space of the MDP model with all parameter combinations (in grey
circles) producing QPO frequency and spin within the observed errors as noted in Table
and [5.4] All the solutions which also reproduce accretion rate within the range given in Table
are given in red diamonds. Distributions of all parameters are provided, with all being
scaled to unity. The explored parameter ranges are noted as also shown in Table @
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Figure A.10: Parameter space of the MDP model with all parameter combinations (in grey
circles) producing QPO frequency and spin within the observed errors as noted in Table
and [5.4] All the solutions which also reproduce accretion rate within the range given in Table
are given in red diamonds. Distributions of all parameters are provided, with all being
scaled to unity. The explored parameter ranges are noted as also shown in Table @
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