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This thesis presents an observational study of accreting compact binaries, whose radiation is emit-
ted across the entire electromagnetic spectrum. Each wavelength probes a different binary com-
ponent, providing insights into the physical processes at play. Ultraviolet (UV) emission, in par-
ticular, has been proven crucial in understanding the structure and dynamics of accretion discs, as
well as tracing inflow and outflow processes. This work focuses on studying two spectacular ob-
jects: the dwarf nova WZ Sge and the black hole X-ray transient MAXI J1820+070, using primarily
time-resolved observations from the Hubble Space Telescope (HST).

For WZ Sge, my research presents the first UV characterisation of the source during three distinct
stages of its 2001 superoutburst. The system exhibits an unusual dip in its light curve, and a
key focus of this study is to investigate whether this dip results from its transition to a magnetic
propeller state. Instead of finding evidence of magnetic propeller signatures, this work proposes
the existence of a veiling curtain — material along the line-of-sight — surrounding the system. The
properties of the material are characterised by a moderate-temperature, high-density, low-velocity
absorbing profile. This result is of high importance as it highlights a previously unknown physical
component, always present around the source.

For MAXI J1820+070, I present the first multi-epoch UV spectral and temporal characterisation
during its outburst, covering both hard and soft states. Using HST and complementary AstroSat
observations, this work constitutes a unique opportunity to define the UV response to luminosity
changes and state transitions in black hole binaries. It is shown how the UV spectrum and the
stochastic and aperiodic variability change among these states. The HST spectra provide mean-
ingful insights about the physical conditions of the accretion disc and the possible emergence of
outflows. This research also quantifies the reprocessing efficiency in the outer disc using irradi-
ated disc models. These avenues are explored due to the low extinction to the system, which is
also determined.

The findings of this thesis significantly advance our understanding of accreting compact binaries.
The discovery of the veiling curtain in WZ Sge opens new routes for investigating similar features
in other systems, while the detailed UV characterisation of MAXI J1820+070 enhances our under-
standing of state transitions and disc dynamics in black hole binaries. These results signify the

importance of UV observations in unraveling the complex processes occurring in these systems.
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Chapter 1

Introduction

"So once you do know what the question actually is, you'll know what the answer means”

-Douglas Adams, The Hitchhiker’s Guide to the Galaxy

1.1 The path to the stellar graveyard

It is noted that the main sources of reference for these sections, if not specified otherwise, are Salaris and
Cassisi (2005), Peters and Hirschi (2013), Karakas and Lattanzio (2014).

Our trip begins at stellar nurseries, a name that describes high-density molecular clouds com-
posed primarily from hydrogen (and helium). A cloud collapses under its own gravity on the
free-fall timescale (tg & p~1/?) when its mass has reached a critical value. At this point, hydrostatic
equilibrium breaks down as the gas pressure is no longer able to support the cloud against gravity.
The mass needed for the immediate collapse is known as the Jeans mass!. As gravity takes over,
the cloud most likely will break into smaller pieces — a process called fragmentation. Each of these
fragments will start to shrink and contract by releasing gravitational energy, and their tempera-
ture and density will increase. This process eventually leads to hydrogen (!H) fusing into helium
(*He) in the core of a fragment. The onset of the thermonuclear reactions signals the fragment’s
arrival as a star on the Zero-Age Main Sequence (ZAMS) or for short here, Main Sequence (MS). Stars
remain on the MS until they run out of their hydrogen fuel in their cores. This occurs over the

nuclear timescale (expressed in years for convenience), which is defined as

.007 2
thua = M/ (11)

where Mcore is the core’s mass of the star at MS, L its luminosity, and c the speed of light.

I The Jeans mass is often recognised as the Jeans criterion or instability and it is proportional to powers of the temper-
ature and density of the cloud as My « T3/2p71/2,
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The predominant factors, which determine the evolution of a single star, are its mass and, as a sec-
ondary effect, its metallicity. Stellar evolution modelling, though, is hampered by several uncer-
tainties and approximations regarding key physical processes like heat transport, mixing, mass
loss and the impact of the exact stellar composition. Therefore, theoretically predicted evolu-
tionary tracks are somewhat model dependent. This is important to note here as, for example,
the mass ranges mentioned in the following sections, are only rough estimates and can vary be-
tween different models. This section is devoted to present both the standard evolutionary tra-
jectories of low-/intermediate-mass stars (Minit < 8 — 10My,), as well as the one of massive ones
(Minit > 10Mg,), as a prelude to the discussion of binary star evolution later in this chapter. As we
are going to see, low- and intermediate-mass stars (Section 1.1.1), in most cases, leave behind a
white dwarf (WD), whereas massive stars (Section 1.1.2) end their lives through a supernova (SN)
explosion that results in the formation of a neutron star (NS) or a black hole (BH). In order to be con-
sistent throughout my description, I am going to employ the mass ranges given by Karakas and
Lattanzio (2014) — the respective graph of plausible stellar trajectories of the employed masses
is shown below in Figure 1.1. The formed compact objects, remnants of stellar journeys, will

constitute one of the stellar components in my study of interacting binaries.

Neutron Star <, Black Hnle§
‘\ Electron “
ONe WD Capture Core Collapse Supernovig
Supernovae &
| £
2 cowp Super—AGB Phase | Burn Ne and beyond «
£ i :
7 £7 B

E co /// Degenerate  Off-centre |ignition 7/:'(/// oD Eaid TR o,

8 Asymptotic Giant Branch (AGB) Phase Core C Burning | Core C Bumi

3 we 7 s A =
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Brown H H | | '
Planets | Dwarf cara: H Byrning : Core H Burning | Core H Burning | H Core H Burning
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stars

FIGURE 1.1: Basic illustrative chart that demonstrates the evolutionary stages of solar-metallicity stars with
respect to their initial mass. The mass range which is employed at the current illustration is
between 0.08M, — star’s minimum needed mass to ignite hydrogen at its core — to approx-
imately 30My. Beyond that mass, the stars are susceptible to significant mass loss through
stellar outflows with characteristic examples the short-lived Wolf-Rayet stars and/or the lu-
minous blue variables. However, it is noteworthy to mention that the showcased mass ranges
are only estimates as their calculation is dependent on the input physics ingredients of the
performed modelling such as metallicity, mass loss, convection or mixing processes. Figure
taken from Karakas and Lattanzio (2014).

1.1.1 Low and intermediate-mass stars

Low and intermediate-mass stars represent the majority of the stellar population (e.g. Salpeter,
1955; Kroupa, 2001), and their longevity offers us a unique opportunity to study evolution pro-
cesses in different stages of their lives. The MS is a period of stability for these objects, as they
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spend most of their MS lifetime without significantly changing their physical properties such as
their temperature, radius or luminosity. The Hertzsprung-Russell (HR) diagram, perhaps the
most popular diagram in astronomy, sketches the evolutionary tracks of stars of different mass,
in which the luminosity of a star is plotted against its surface temperature (Figure 1.2). The low
mass? stars are characterised by different internal structures based on their initial mass. In partic-
ular, stars between 0.075My < Minit < 0.35M, are fully convective whereas stars in the range of
0.35Mg < Minit < 1.5Mg, are described by a radiative core and a convective envelope during their
time on the MS. In both cases, the proton-proton (p-p) chain mechanism is responsible for the 'H
fusion onto He. On the other hand, the increased core temperatures in higher mass stars cause
the CNO cycle to dominate for masses > 1.5My. The CNO cycle is an alternative hydrogen-
to-helium fusion mechanism, that uses the carbon, nitrogen, oxygen isotopes as catalysts. The
temperature dependence of the CNO cycle results in an enhanced energy production rate as the
temperature in the core rises. The structure of these stars differs from the structure of their lower-

mass counterparts and is described by a convective core and a radiative envelope.

The stars will remain on the MS until their hydrogen is exhausted in their cores. This may be the
endpoint, for example, of stars between 0.075My < Minit < 0.5M), where they finish their lives
as He WDs?. Somewhat higher mass stars, however, let’s say roughly up to 7M,, will continue
to evolve until a CO WD is created. In these objects, the newly-formed *He core is initially inert
— there is no hydrogen fuel to burn and the core is not hot enough to commence the fusion of
helium into carbon (>C). Radiation pressure therefore cannot support the core to act against
gravity, so the core contracts, causing the central temperature and pressure to rise. Still, at this
stage, nuclear fusion takes places only in a shell around the core, in which 'H fuses to “He (H-
shell burning). Radiation reaches the outer layers of the envelope, causing it to expand. The star
therefore becomes bigger and redder (as its temperature decreases) — it has reached the red giant
branch (RGB).

Meanwhile, the core continues to shrink until it reaches the critical temperature, of the order of
~ 108K, required to ignite “He. In stars of 0.5My < Minit < 2.2Mg, an electron—degenerate4 core

2The lowest mass bound corresponds to the minimum mass that permits nuclear fusion. Below that mass, we find
sub-stellar—brown dwarf objects. The most recent determination of the hydrogen-burning limit is by Chabrier et al.
(2023).

3Helium white dwarfs (He WDs) are only observed as part of binary systems (first observed by Marsh et al., 1995).
Even though modelling of single star progenitors in the range of 0.075Ms < Mjnit < 0.5M¢ forms He WDs at the end
of their lives, observationally, this is not so obvious. The life span of these objects exceeds the Hubble time even though
there is evidence that He WDs can be found in metal-rich environments (Kilic et al., 2007). Undoubtedly, metallicity
influences the conditions of their surrounding regions as stars evolve.

4Electron degeneracy pressure is exerted in specific conditions of high densities or low temperatures (Fowler, 1926).
At high densities, as the ones created in stellar cores, electrons are obliged to occupy different bound states of higher
and higher energy levels since otherwise Pauli’s exclusion principle is violated. Pauli’s principle states that two elec-
trons cannot occupy the same bound state. The electrons have high kinetic energy (as a result of their compression and
based on Heisenberg’s uncertainty principle) and exert great pressure. The pressure is dependent only on the particle
density and not the temperature (contrary to the scaling for gas pressure, for example). For the case where the electrons
are relativistic, the electron degeneracy pressure it is given by Pe « pg/ 3, This pressure can act against gravitational col-
lapse in stars up to 1.4M . This limit defines the maximum white dwarf mass, known as the Chandrasekhar limit. The
same principles are extended to all fermions — nucleons (protons, neutrons) and the rest of the leptons (e.g. neutrinos),
particles that are generated at the cores of massive stars (as it will be mentioned in Section 1.1.2.)
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is formed, in which electron degeneracy pressure provides the support against gravity. The core
starts fusing *He into 2C through the triple-alpha process, but the release of the generated energy,
and the steep rise of the core temperature, lead to a "runaway effect", accelerating the production
rate. These cascade processes cause “*He ignition to turn on rapidly, in the so-called helium flash.
In the HR diagram, this marks the peak of the RGB. The helium flash constitutes the beginning
of “He fusion in the star’s core. It is worthwhile to mention that the helium flash is not apparent
at the star’s surface, as the released energy is absorbed by the enclosing layers. Stars with masses
> 2.2M, do not develop degenerate conditions, so they do not undergo a helium flash and instead
ignite ‘He gradually. The period that the stars burn *He stably (into >C) in their cores is called
the horizontal branch (HB).

12
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FIGURE 1.2: The stellar evolutionary paths of different mass stars can be illustrated through a Hertzsprung-
Russell (HR) diagram, like the one seen above. Here, the luminosity of a star is plotted against
its temperature. The provided HR diagram showcases characteristic evolutionary tracks of
0.4Mp, 2Mg, 15Mg, 60My. The different stages have been named along the track while a
legend is already provided with the different abbreviations. Figure taken from Wikipedia
Commons.
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A similar pattern will be followed as the star climbs from the HB up the asymptotic giant branch
(AGB). A star in this phase has an inert 12C core (a small admixture of oxygen, 160 is also created
in the core through a-capture i.e. carbon’s reaction with the remaining *He-nuclei), surrounded
by an inner He-burning and an outer H-burning shell. The shell-burning causes the star to expand
and cool, so it moves back to the top right of the HR diagram, towards lower temperature and
higher luminosity. The AGB is a quite short-lived phase and is characterised by strong mass loss.
During the AGB, the star ejects most of its envelope to form a planetary nebula, leaving behind
only the dense, degenerate CO core. This nearly-formed CO WD slowly cools down and becomes
dimmer and dimmer. The ejected layers carry heavy elements — the result of mixing processes at
the later stages of the star’s life (e.g. via slow n-capture process aka s-process) — that enhances

the nucleosynthesis fraction of its environment.

A fraction of intermediate-mass stars, usually of Minit > 7 — 10M), will ignite 12C at their de-
generate cores. These stars will eventually reach the super-AGB stage. Here, the star’s structure
consists of a degenerate ONe core, surrounded by an envelope of 12C,*He,! H burning shells.
They eventually end their lives either as ONe WDs — if they lose their envelopes before their
core reaches the Chandrasekhar limit (i.e. M, = 1.4M; Karakas and Lattanzio, 2014) or as low-
mass NSs — through the electron-capture supernova (ECSN) formation channel (e.g. Nomoto, 1984,
1987; Jones et al., 2013; Leung et al., 2020). The details of these channels and the percentage of
intermediate-mass stars that actually lead to CO/ONe WDs or ECSNe are still uncertain, as they
depend on the input physics and the detailed implementation of various complex processes (e.g.

thermal pulsations, mixing, composition).

1.1.2 High-mass stars

Massive (early-type, young O/B) stars, despite their rarity (Kroupa, 2001) and short life, influence
the dynamics and evolution of their surrounding regions and, in general, their host galaxies. They
enrich their environments and constitute sources of stellar feedback and nucleosynthesis. This
happens either through mass loss (stellar winds) — cases of Wolf-Rayet (WR) stars or luminous
blue variables (LBVs) that they lose their outer layers quite early in their lives — or SN explosions.

Unlike their low-mass counterparts, though, massive stars are described by a convective core and
a radiative envelope. After the H-depletion of the core during the MS phase, they become red
supergiants (RSGs). In this stage, similar to the one sketched in Section 1.1.1, fusion takes place
only in an H-burning layer, surrounding the inert “He core. As the core contracts and heats up,
the envelope expands and cools down. Eventually, conditions in the core reach the point where
the fusion of *He into 12C, through the triple-alpha process, is ignited. These stars then evolve to
the blue supergiant (BSG) branch. In the subsequent burning stages, the same pattern continues as
heavier and heavier elements are ignited and typically burn more and more rapidly. Throughout
these burning cycles, the outer layers expand (RSG phase) and contract (BSG phase), creating back
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and forth tracks at the HR diagram. This is the case, for example, for stars > 15M,, as can be seen
in Figure 1.2.

After all of the available fuel for fusion reactions is exhausted, the final state for such a star is
an inert iron-nickel (°**Fe/>°Ni) core, surrounded by thin burning shells of 2Si, 2’Ne, 1°O, 12C,
*He and 'H (multiple shell-burning). The fusion of elements heavier than *°Fe requires energy
rather than releasing it, and therefore *°Fe-fusion extracts energy from the system. The degenerate
core soon enough becomes unstable and contracts — if it exceeds the Chandrasekhar limit, it
must collapse. Beyond this point, the continuous core contraction increases both temperature
and density. These conditions cause the disintegration of *®Fe-nuclei to a-particles and unbound
nucleons (electrons and protons). These nucleons quickly fuse to form neutrons and neutrinos
through e-capture (neutronisation). The core is compressed until it reaches nuclear densities (p ~
10'gr cm~2). At this stage, neutrino losses guide the imminent explosion (e.g. Janka et al., 2007;
Janka, 2012) as the outer layers collapse and rebound off the newly-formed neutron core, resulting
in a powerful explosion. This phenomenon is known as a core-collapse supernova (CCSN). The
material once at the core of this massive star is ejected and travels outwards, thus enriching the

interstellar medium (ISM) with heavy elements.

What happens to the core left behind during the SN explosion? Its contraction may be halted as
neutron degeneracy pressure acts against gravity. If that is the case, a NS is formed. The maximum
(non-rotating) NS mass that can be supported by neutron degeneracy pressure, known as the
Tolman-Oppenheimer-Volkoff limit (TOV limit), is calculated between 2.2 — 2.9M, (Kalogera and
Baym, 1996); the most recent estimate is Moy = 2.25f8:8§M@ (Fan et al., 2024). A stellar remnant
of this mass corresponds to a progenitor mass between 10M; and 25M;. On the other hand,
beyond the TOV limit, neutron degeneracy pressure cannot prevent further contraction, and the

core collapses into a BH. This is the destiny of stars > 25M,.

1.2 Cosmic pairs

The discussion so far has treated stars as individual objects. The majority though of the stellar
population in the Milky Way is found in binaries and several times, in a configuration of more
than two stellar components (e.g. Sana et al., 2012; Duchéne and Kraus, 2013; El-Badry et al., 2021).
Nevertheless, these binary systems may interact or not. This depends on their orbital separation,
the distance of their mass centres. If the separation between the two objects is quite large, then
both companions evolve independently as they are in isolation (Section 1.1). These binaries are
named non-interacting binaries. Conversely, interacting binaries are close systems where binarity
affects the evolution of at least one of the two components. This thesis revolves around interacting
binary systems, where one component is already a compact object, i.e. a WD, NS or a BH, and
it is accreting material from a companion star. The evolution of binary systems in such a state
typically involves common envelope phases, i.e. periods of dynamically unstable mass transfer,
during which the whole system is embedded in the envelope of the more massive component.
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This section is devoted to provide to the reader the appropriate ingredients regarding the different
aspects of binary evolution and the formation of the systems in question.

1.2.1 The family of interacting compact binaries

No classification scheme is perfect, and the taxonomy of compact binaries is no exception. In par-
ticular, there is always a tension between making classifications granular enough to capture the
diversity of the population, yet simple enough to reflect their underlying commonalities. Part of
the issue is that classification schemes are no longer solely an observational (i.e. phenomenologi-
cal) tool, but often involve the intersection of theory, observations and computational modelling.
In the case of interacting compact binaries, the primary classification criteria are (i) the nature
of the binary components (the accretor and the donor star) and (ii) the mechanisms responsible
for driving mass transfer between them. Beyond these factors, observational properties such as
the persistence (or not) of outburst episodes provides us additional information, allowing us to
subdivide these systems as persistent or transient sources. In this section, I will describe the main
categories of interacting compact binaries, starting with the distinction between different types
of accretors (WD, NS or BH). More detailed classification based on additional characteristics are

discussed further below, and a summary of the classification scheme is provided in Figure 1.3.

Accreting white dwarfs (AWDs) are interacting binaries where a WD primary accretes mass either
from a Roche-lobe filling low-mass MS star, an evolved red giant or a (semi-)degenerate secondary
(Hellier, 2001; Warner, 2003). The most common category of AWDs is the one called cataclysmic
variables (CVs), semi-detached systems with short orbital periods, ranging from 80 minutes® to 2
days. In CVs, a low-mass (< 1M) (near-)MS star fills its Roche lobe and transfers mass to the WD
usually via an accretion disc. As we will see, orbital angular momentum losses, either through
magnetic braking or gravitational radiation, drive the binary evolution in these systems. The
majority of the CV population consists of dwarf novae (DNe), systems that show outbursts due
to a thermal-viscous disc instability (e.g. Hameury et al., 2000; Buat-Menard et al., 2001; Lasota,
2001; Hameury, 2020). DNe are further divided in U Gem, Z Cam and SU UMa systems based
on the morphology of their outburst light curve. I am going to discuss more in depth about their
characteristics and their outburst manifestation in Chapter 2, a chapter that it is dedicated to WZ
Sge (a subcategory of the SU UMa systems).

Apart from DNe, the non-magnetic CV classification tree includes the nova-like variable (NLs) sys-
tems. They are considered persistent sources, where the accretion rate is so high (of the order
of Maee > 107°Mg, yr 1) that it suppresses the instability that causes the DN behaviour (suste-
nance of a hot, ionised disc). The presence of a magnetic field can significantly affect the accretion
process and the environment around the WD. If present, two subgroups of CVs arise based on
its strength, polars (Bwp > 10’G) and intermediate polars (IPs; 10°G < Bwp < 10’G). The strong

5The smallest orbital period corresponds to the observed period minimum of CVs, marking the transition of a low-
mass companion to a brown dwarf (e.g. Barker and Kolb, 2003; Knigge, 2006; Knigge et al., 2011).
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magnetic field in polars will prevent the formation of an accretion disc whereas in IPs, a disc is
created until the magnetosphere is reached. The distinction between magnetic systems and the
role of the magnetic field will be discussed later in Section 1.5.

The other main AWD classes are the symbiotic binaries, the supersoft X-ray sources and the AM CVn
systems. Symbiotic binaries are hosts to a WD (albeit there is a NS subclass — defining them as
symbiotic X-ray binaries), orbiting an evolved red giant. They are typically wide, wind-fed systems
(due to the size of the secondary), even though mass transfer through Roche lobe overflow has
also been observed (Iben and Tutukov, 1996). Supersoft X-ray sources (SSS), now, are persistent
systems where the WD accretes from a more massive MS star, i.e. My > Myp, through Roche
lobe overflow. As we will see later in Section 1.2.3, systems with more massive secondaries are
susceptible to unstable mass transfer. SSS are considered thermal timescale mass transfer systems.
Stable nuclear burning onto the WD’s surface may result in its accretion-induced collapse as it sur-
passes the Chandrasekhar limit (Mg, > 1.4Mg). Both of these classes are considered plausible
single-degenerate routes for being Type Ia SN progenitors (e.g. Mikotajewska and Shara, 2017;
Liu et al., 2019). On the other hand, AM CVn are the most compact semi-detached systems —
orbital periods between 5 to 65 minutes — where the WD orbits either WD or He-rich secondaries
(e.g. Solheim, 2010; Ramsay et al., 2018). They may constitute strong low-frequency gravitational
wave (GW) sources (e.g. Nelemans et al., 2004; Liu et al., 2022), some of which will be detectable
from future missions such as the Laser Interferometer Space Antenna (LISA; Amaro-Seoane et al.,
2023). Of particular note, I mention the classical novae (CNe) and the recurrent novae (RNe), both
of which are known as thermonuclear runaways. In these systems, an explosion is triggered when

inflowing hydrogen-rich material burns onto the WD’s surface after reaching a critical mass.

In contrast, systems with NS and BH accretors, commonly known as X-ray binaries (XRBs), are
divided into three main categories based on the mass of the companion star: the High-mass X-
ray binaries (HMXBs), the Intermediate-mass X-ray binaries (IMXBs) and the Low-mass X-ray binaries
(LMXBs). In HMXBs, luminous, early-type O/B donors (M, > 8 — 10M) orbit most likely a
NS primary — the absence of BH accretors in most cases is expected from binary evolution. The
anatomy of these systems involves the NS either accreting mass during its periastron passage
through the equatorial decretion disc of a Be-star, giving rise to Be X-ray binaries (BeXRBs) or it
is wind-/disc-fed from its O/B supergiant companion, in systems called Supergiant X-ray binaries
(SgXBs). The latter category contains the Supergiant Fast X-ray Transients (SFXTs), wind-fed sys-
tems that display short eruptions, in contrast to the persistent nature of the broader SgXB category
(e.g. Pradhan et al., 2018). Note that only a few SgXB systems harbour BHs (e.g. Orosz et al., 2007,
2009, 2014; Miller-Jones et al., 2021; van den Heuvel, 2019, and references therein). Key examples
include the BH SgXBs Cygnus X-1 (the first discovered BH X-ray source) and M33 X-7 (to date,

the one containing the most massive BH accretor).
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Analogously to CVs, LMXBs are accreting binary systems with orbital periods ranging from a few
hours (systems with MS donors) to days/weeks (systems with red giant companions). However,
in LMXBs, the accretor is a NS or BH. As of today, almost 200 confirmed and candidate LMXB
systems have been discovered in the Milky Way (Bahramian and Degenaar, 2023). The majority
of them are transients, i.e. they display outburst episodes, similar to the ones seen in DNe. Dur-
ing these outbursts, they can reach luminosities of the order of 103 — 10%erg s~!, compared to
< 10%erg s ! at their quiescent state (Bahramian and Degenaar, 2023). The taxonomy can be
quite complex, as we can see in Figure 1.3, in the case of NSs. The sub-classifications here can
be based on either spectral and temporal X-ray signatures (e.g. as for the split between Atoll and
Z sources) or the magnetic field strength and the existence (or not) of an accretion disc. BH sys-
tems, though, are simpler in that extent, giving rise only to BH X-ray transients (BHXTs). Finally,
IMXBs constitute a short-lived phase while unstable mass transfer takes place, and these systems
transition into the LMXB regime. A schematic example of an LMXB system can be seen in Figure
1.4.

Accretion e - . _ Xray heating

. . N Hot spot

. Accretion . .
stream . Companion

- star - -

FIGURE 1.4: Schematic of a low-mass X-ray binary (LMXB) system. In these systems, the companion star
transfers mass through the formation of an accretion disc into the NS or BH. The different
components of the system are already identified as it is seen in the figure. Figure produced by
Rob Hynes.

Other categories of compact binaries with NS/BH primaries include the aforementioned symbiotic
X-ray binaries and the equivalent to the AM CVn sources, the ultra-compact X-ray binaries (UCXBs).

1.2.2 Roche geometry

In this thesis, I am mainly interested in semi-detached binary systems. The basic geometry we
typically consider in studying them is the so-called Roche geometry.
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Let us consider two massive bodies, with masses M; and M», orbiting one another. The two
objects are approximated as point sources, as their mass is centrally-concentrated, while they are
moving in Keplerian circular orbits around the common centre of mass (CM). Let us imagine a
test particle under the influence of the gravitational wells of these two bodies. In the co-rotating
reference frame, a centrifugal force is acting on the particle that modifies the effective gravita-
tional potential. This effective potential — which is called the Roche potential — accounts for both

gravitational and rotational effects.

In the non-inertial frame, the effective Roche potential is defined as

M CMp 1 (@ xT)?, (1.2)

© O F-al [Foml 2

where 17 and 17 are position vectors from the centres of the two stars. The last term in the Roche
potential represents the centrifugal force per unit mass. Here, w is the angular velocity of the

1/2
binary, relative to an inertial frame, given by w = [G(Ml +My)/a’ }

Important features of the Roche geometry are the equipotential surfaces, i.e. surfaces of con-
stant @, as well as saddle points, known as Lagrangian points, where V®r=0. These features
are demonstrated in Figure 1.5, and their structure is connected to the mass ratio, g = M,/M;,
between the two components. It can be seen that circular equipotential surfaces arise either at
large distances (much greater than the binary separation) or around the centres of each of the two
objects. In both of these limits, the material is governed by the gravitational field of a point-like
source. The spherical shape of the equipotentials is distorted, however, for locations influenced
significantly by both stars.

Furthermore, the Lagrangian (equilibrium) points can be divided into two categories, based on
their stability. The unstable Lagrangian points, i.e. Li,L,, L3, are on the line connecting the two
stars while the remaining two, i.e. L4, Ls, are stable® and located at the vertex of the two equilat-
eral triangles, created by the two stellar masses. In a semi-detached configuration, mass transfer
occurs through the inner Lagrangian point, L;, which creates a two-lobed figure-eight shape with
each lobe centred around one of the two stars. Indeed, as the donor fills its Roche lobe, material
passes through L; and falls into the gravitational well of the accretor. This situation marks the
onset of Roche lobe overflow (RLO).

1.2.3 Mass transfer through RLO

Accretion via RLO is the most common mass transfer mechanism in interacting binaries, as seen

in CVs and LMXBs. Here, the donor fills its Roche lobe and transfers mass to a compact object, i.e.

®] note in passing that the mass ratio, g, between the two bodies controls the structure of the Roche geometry and,
therefore, plays a role in the stability of the Lagrangian points. In particular, the stability of the L4 and Ls points is
valid under the requirement that q < 0.0385. This is true, for example, for the Trojan asteroids that are located at the
L4, Ls points of the Sun-Jupiter system.
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FIGURE 1.5: Cross-section of the Roche lobe geometry of a binary system with q=0.25. The mass ratio
between the two stellar components defines the shape of the resulting geometry. The contours
correspond to equipotential surfaces in the orbital plane of the system while the presented
numbers, 1-7, indicate levels of increasing potential. The Lagrange points, L; — L5 , are also
presented in the figure. Mass transfer occurs through the inner Lagrangian point, L;, which
allows, material to cross from one star to the other. Figure taken from Frank et al. (2002).

a WD, NS or a BH (see the different formation channels in Figure 1.6 for more details). However,
as the donor approaches the Roche lobe, its shape diverges from that of a sphere, and it becomes
increasingly deformed. For a fully Roche lobe-filling star, i.e. the donor in a semi-detached binary,
the Roche lobe radius, Ry, is the maximum radius that the star can acquire. As a consequence,
accretion continues as long as the donor adjusts its structure to maintain contact with its Roche

lobe radius over time (Frank et al., 2002).

Due to the lobe’s divergence from spherical symmetry, its size is typically parameterised by con-
sidering the radius of a sphere with the same volume as the lobe. This value is mostly approx-
imated analytically or numerically, with the most widely used analytical formulae in different
mass ratio regimes being those derived by Eggleton (1983)

RLZ 0.49(]2/3
2 _ 0 ) 13
a 0.6¢%/3 4+ In(1+g'/3) S (1.3)
and Paczyniski (1971)
R, q \3
=2 0.462(1 +q) 0.1<q<08. (1.4)
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The above expressions (Equations 1.3 and 1.4) highlight that, during mass transfer, the binary
orbit will evolve, as it is linked to the mass ratio, g, of the two objects and the orbital separation,

a, between them.

The evolutionary stage of the donor at the time it fills its Roche lobe, defines three distinct cases
of mass transfer, known as cases A, B and C. In Case A, for example,the star is on the MS when the
mass transfer begins. This happens either when the donor expands or the orbit shrinks through
angular momentum losses. It typically applies to short-period binaries, like the Algol-type sys-
tems. On the other hand, Cases B and C correspond to mass transfer beginning at later stages of
the donor’s evolution. Case B signifies a (sub-)giant donor that burns hydrogen in a shell and/or
fuses helium in its core, whereas case C arises in wide binaries, where the donor reaches its super-
giant stage (inert CO core, He- and H-burning shells). The latter scenario is particularly important
for the formation of LMXBs through the common envelope phase, as we shall see later in Section
1.2.4.

The motion of material from one star to the other will change the mass ratio of the binary, causing
the orbital parameters to change as mass and angular momentum are redistributed. The stability
of mass transfer depends on the interplay of three factors coming together. These factors concern
how the properties of the system respond and readjust in response to mass transfer. Specifically,
these factors are the stellar and Roche lobe radii, as well as the orbital separation of the system.
To decipher how these properties will change then, it is often assumed that the mass transfer is
conservative, i.e. that the total angular momentum and mass are conserved, ] = 0,M = 0 (there
is no mass loss from the system). Conservative mass transfer is considered to be the simplest
useful framework. Strictly speaking, this applies only in certain specific cases, like the Algol-type

systems. In many systems, however, angular momentum and perhaps mass are lost via outflows.

In order to gain insight and intuition into the evolution of interacting binary systemes, it is nev-
ertheless useful to derive some of the key results for the conservative mass transfer case. The
following discussion follows Frank et al. (2002). We start by considering the orbital angular mo-

2

mentum of the system, ] = mr°w, which can be written as

Ga >1/2

= (Mya? + Mya3 =MMy(———
] = (Myaj +Moaz)w =] 1 2<M1+M2

(1.5)
The separations of the two components from the centre of mass, 41,4, are expressed in terms of

the total binary separation, a, as a; = a(Mz/M; +M,) and a, = a(M;/M; + M;). We have also
made use of Kepler’s third law, 47t%a> = G(M; + M,)P2

- to substitute for the angular velocity,

w.

Logarithmically differentiating Equation 1.5 with respect to time, we derive that

a_ 2 My,
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As the secondary conservatively transfers mass to the primary (i.e. My = —M; and | = 0), it
is evident from Equation 1.6 that the binary orbit must expand (2 > 0) whenever M, < M.
Indeed, since the transferred material is moved closer to the CM, the donor has to expand its orbit
in order to conserve angular momentum. On the contrary, in the case that M, > M;j, the orbit
shrinks (2 < 0). The minimum binary separation for conservative mass transfer to take place is in

the case that the two masses are equal, i.e. My = M;.

The Roche lobe radius of the secondary, R >, must respond to the mass loss and the associated
changes to the orbit. To quantify this, we employ the same mathematical trick as we logarithmi-
cally time-differentiate the Paczyriski relation (Equation 1.4). The simpler form of the Paczyriski
approximation (Paczynski, 1971) is usually preferred in these cases as it offers us invaluable in-
sights despite the fact that the Eggleton approximation (Eggleton, 1983) covers a broader range of
mass ratios. The following relation then describes the time evolution of these properties as mass

transfer occurs

i Rip My
b2 T2 1.7
a RL,Z 3M2 ( )
Combining both Equations 1.6 and 1.7, we find that
Rio 2] 2M, /5
2 2 T2 (2 q). 1.8
R, J M (6 ) (1.8)

The above expression, i.e. Equation 1.8, signifies the response of the Roche lobe radius (either
through expansion or shrinkage) to mass loss. We can immediately identify two different regimes,
depending on the mass ratio of the system. Less-massive secondaries (q < 5/6 systems) are suscep-
tible to the expansion of their Roche lobe with respect to time (R 2/Ry, > 0). In this case, RLO
can only be maintained via two different channels: either the secondary star expands (R > 0) as
part of its evolutionary process (on a nuclear timescale) or the binary orbit shrinks due to angular

momentum losses (] < 0). These situations lead to stable mass transfer.

The two main angular momentum loss (AML) mechanisms that take place during stable mass
transfer periods are gravitational radiation and magnetic braking. Gravitational radiation (GR) is
released from binary systems, thereby removing angular momentum, as they spiral towards one
another (Kraft et al., 1962). Hence despite being always present, GR-driven orbit shrinkage dom-
inates mostly in close binaries as J/J|cr & a~* (Landau and Lifshitz, 1951; Paczytiski, 1967). On
the other hand, magnetic braking (MB; Kraft, 1967; Skumanich, 1972) occurs in systems where
the companion star is a late-type star. The magnetic fields in these objects play a crucial role as
they channel the donor’s ionised wind, which therefore removes angular momentum out of the
system. Here, the rate at which this process takes place is less certain, as it is estimated mainly
observationally (e.g. see Skumanich, 1972, for some of the initial studies on magnetic braking).

In systems with more massive donors (q > 5/6), the Roche lobe will shrink (R;»/Ry > < 0) in re-
sponse to mass loss. The secondary then has to either rapidly contract to maintain its radius equal
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to the Roche lobe radius or encounter runaway mass loss that drives the star out of equilibrium.
This unstable mode of mass transfer eventually terminates when enough material has been accreted
to the companion, and the mass ratio of the system has been reversed. At this point, mass transfer
can become stable again. Unstable mass transfer can occur on either the thermal or dynamical
timescale, depending on the donor’s mass and radius, as well as its evolutionary stage. Let us

briefly consider these two cases.
Dynamically unstable?

Low-mass MS stars are described by a radiative core and a convective envelope, whereas in
higher-mass MS stars, a convective core is surrounded by a radiative envelope (see Section 1.1).
The response of a star to rapid (adiabatic) mass loss is sensitive to these structural differences.
Stars with convective envelopes are expected to expand (or maintain constant radius) in response

to adiabatic mass loss, while radiative envelopes shrink.

Based on these considerations, we can expect to encounter dynamically unstable mass transfer in
binary systems with q > 5/6 (so that the Roche lobe shrinks in response to mass loss) and donor
stars with convective envelopes (so that the star expands in response to rapid mass loss). Mass
transfer will then take place on the dynamical timescale (of the envelope), which is defined as

R
tayn = ~ (1.9)
S

where ¢, the local speed of sound.
Thermally unstable?

If the donor in a q > 5/6 binary can maintain hydrostatic equilibrium (e.g.because it has a ra-
diative envelope), the mass transfer rate is likely to be set by the timescale on which the donor

attempts to maintain thermal equilibrium. This thermal timescale is given by

GM2

th, & —= 1.10
th ZRQLZ, ( )

where My, Ry, L, the mass, radius and luminosity of the secondary star (mainly we consider the

envelope and not the star as a whole).

1.2.4 Origin of CVs and LMXBs

The common envelope (CE) phase is one of the most characteristic manifestations of a dynamically
unstable mass transfer configuration. It is critical for explaining the origin of CVs, supersoft X-ray
sources and LMXBs, but is also relevant to other types of systems. For example, it constitutes a

possible formation channel for type Ia SNe or double compact binaries (check Figure 1.6 for a
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schematic chart of some of the aforementioned formation channels). A review by Ivanova et al.
(2013) provides a thorough description of the fundamental principles of the CE phase. Never-
theless, here, I would like to give a small overview due to its importance to the formation of the
studied systems.

The CE formation channel was first introduced by Van Den Heuvel (1976) and Paczynski (1976)
as a mechanism to help explain the origin and evolution of close binaries. However, later studies
in the field (e.g. Webbink, 1984; Livio and Soker, 1988; de Kool, 1990; Taam and Sandquist, 2000;
Dewi and Tauris, 2000; Ivanova et al., 2013, 2020) established the importance of the CE phase as an
inevitable part of the binary evolution. A first encounter with a CE stage may be the case where
two MS stars orbit one another, and the more massive one first evolves and encloses the compan-
ion at its envelope. Loss of the established synchronisation between the stellar components along
with the appearance of a drag force due to the companion’s movement within the envelope cause
the orbit to shrink and the two stars to spiral-in. As this process takes place, energy and angular
momentum are redistributed and transferred to the hydrogen-rich envelope. The most employed
formalism that describes the CE evolution, commonly referred to as the a-formalism (Webbink,
1984; de Kool, 1990), works under the premise that the envelope would be ejected if its binding
energy, denoted as Epyq, is less than or equal to the orbital energy difference, AE.,, between the
initial and final stages of the CE phase, Epjng < AEqp. Otherwise, in the opposite case, the out-
come of the CE process would lead to a merger of the two stars. They parameterise the efficiency
of this energy balance, accounting for our lack of knowledge of the included uncertainties, by

using the acp parameter as

E in
Epind = &cEAEo, = acE = AE i, (1.11)
or

where the envelope binding energy is expressed as

- GMZ MZ,env

1.12
Rin (1.12)

Ebind =

with My the mass of the more massive star, My ¢y its envelope mass, Ry » its Roche lobe radius
while A, an introduced numerical factor (e.g. de Kool, 1990; Dewi and Tauris, 2000) to account for

different structures of its envelope (which depend on the evolutionary stage of the evolved star).

On the other hand, the orbital energy dissipation between the onset and final product of the CE is
given by the following relation

N GMcoreMl + GMZMl

AE., = E —Eopi =
orb orb,f orb,i 2ﬂf 2ai ’

(1.13)
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where, now, M the core mass of the more massive star, defined as Mcore = My — Meny, M; the
companion’s mass while a¢ < a; the orbital separations of the system at these stages.

The final outcome of this process would be a close binary, which consists of the core of the
evolved star as the donor and the companion star as the accretor. Other formalisms, such as the
y-formalism (conservation of angular momentum, c.f. Nelemans et al., 2000), have also been pro-
posed. Even though these approaches are simplistic, it is quite challenging to fully simulate these
types of binary populations and evolve stars through the whole CE phase due to the plethora of
implemented processes and lack of computational power. The key point that I am trying to con-
vey is that we have to recognise the complexity of such rapid phenomena in order to decipher the
observed properties of such systems.

1.3 Accretion discs - in a nutshell

1.3.1 Disc formation

Accretion discs are efficient structures for extracting gravitational potential energy and converting
it into radiation. But how are they formed? We saw in previous sections how mass transfer takes
place between the two binary components, and how material is transferred through the inner
Lagrangian point onto the primary star. The gas stream, though, being supersonic and carrying
still substantial angular momentum, will follow elliptical, precessing” trajectories, instead of falling
directly onto the compact object.

To be more precise, let us imagine the orbits of a particle stream coming through the L; point.
Each particle will follow, as mentioned, such a trajectory that would lead, eventually, to their
orbits” intersection. The particles will start colliding with each other, dissipating their energy via
shocks. Gas still maintains its angular momentum (as it has to be conserved), but as energy is lost
from the system, the infalling material will be concentrated at the orbit of the lowest energy for
its angular momentum, i.e. a Keplerian circular ® orbit. The radius of that orbit is known as the
circularisation radius, Reir, and it is given by

R _ (14 q)RL, (1.14)

"The presence of the companion changes the effective potential from the exact R~! dependence which is required
for closed periodic orbits.

8This configuration is easily justified if we consider that the orbit’s eccentricity, e, is related to its specific orbital
energy, €, and specific angular momentum, #, as

2eh? 11/2
(GM)Z]
As orbital energy is decreased and the angular momentum is conserved, the eccentricity should be adjusted appro-

priately. Here, the term "specific" signifies that the relevant properties have been divided by the reduced mass of the
system.

e= [1—1—
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FIGURE 1.6: A representative, schematic illustration of various evolutionary formation channels that in-
clude stages of accretion onto compact objects (denoted as the CV, LMXB and HMXB stages at
the charts above). The left panel showcases potential paths to form type Ia SNe either through
the single- or double-degenerate scenarios. On the other hand, the right panel displays forma-
tion of NS XRBs with the LMXB to lead to the creation of millisecond pulsar (MSP) orbiting
a WD whereas the HMXB binary forms a double NS system (pulsar system). It is evident, in
all cases, the transition through a CE phase as the initial MS pair evolves while some channels
also go through a second round of CE before the final products are formed. For clarity, it is
noted that, at the second stage, there is not an involved mass transfer phase but only that the
donor star fills its Roche lobe. These formation channels are not exclusive. Figure adapted
from Ivanova et al. (2013).

At the circularisation radius, gas will continue to lose energy through its interactions with neigh-
bouring particles while viscous stresses will redistribute its angular momentum. The original circu-
lar ring will spread towards both larger and smaller radii, thereby forming an accretion disc. The
undefined nature of viscosity, though, presents a challenging issue to address, but it is possibly
associated with the existent turbulence of the disc. The most accepted mechanism responsible for
the transport of angular momentum in such flows is the magnetorotational instability (MRI; Balbus
and Hawley, 1991), even though other mechanisms have been proposed, e.g. spiral waves (e.g. Ju
et al., 2016, 2017). In the MRI-based picture, ionised gas elements of adjacent annuli are coupled
with the magnetic field lines. Differential rotation provides an additional, yet crucial ingredient of
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FIGURE 1.7: Both edge- and face-on illustration of the magnetorotational instability (MRI; Balbus and Haw-
ley, 1991) in an accretion disc. Magnetic fields and differential rotation are essential ingredi-
ents to drive accretion onto the compact object. The differential rotation (parts of the disc are
rotating with different angular velocities) perturbs and stretches the magnetic field lines, em-
bedded vertically in the plasma. Magnetic tension forces are trying to restore the bent field
lines by transporting angular momentum outwards. Figure taken from Armitage (2022).

how momentum is transported radially, as different parts of the disc are rotating at different ve-
locities. Let us not forget that Keplerian velocities have a R~3/2 radial dependence, and therefore,
the rotational velocity drops as we move further away from the central object.

The angular momentum transport mediated by the MRI is illustrated in Figure 1.7, where we
can see how two elements of adjacent annuli are displaced as time progresses. Initially, due to
differential rotation, the inner element (blue circle) will rotate faster than the one located further
away (green circle). Magnetic tension will arise as a restoring force and will try to bring the two
elements back together (left side of Figure 1.7). Hence, the inner element will slow down while
the outer element will speed up. Slowing the inner element down removes energy from it, and
therefore it causes its displacement to an even lower orbit. Overall, a runaway process emerges
— for any given radius on the disc, a fraction of particles gains angular momentum as they move
outwards, allowing a particle fraction to move inwards and be deposited closer to the compact
object. This is easy to understand if we realise that the angular momentum scales as R'/2 with the
radius.

In practice, the viscosity in accretion discs is often modelled via the simple a —prescription. Shakura
and Sunyaev (1973) described the nature of viscosity via this single parameter, a, and parame-
terised their uncertainty about how the angular momentum is transferred outward and how the

different accretion rings interact. This prescription establishes the kinematic viscosity in the disc as
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v = acgH, (1.15)

where a ranges between 0 < a < 1, ¢ is the local sound speed and H its scale-height. The
discs that fall under this prescription are called standard discs. A standard disc is the simplest
kind of accretion flow — and the one we will be concerned with in this thesis — and describes a
steady (constant mass accretion rate from the companion star), geometrically thin (H/R << 1) and
optically thick (T >> 1) disc.

The total (maximum) luminosity that the infalling accreted material of such a disc radiates as it

switls around the compact object is set by the mass accretion rate, M., as

GMM
Ldisc,max = Tacc ’ (1 1 6)

which is half of the accreted luminosity, Lacc = GMM.,./R (as we also see later on). The other half
is expected to be released in a thin boundary layer, at the surfaces of at least WD and NS accretors,
in which the material spins from Keplerian velocities to nearly zero. For BHs, the drop in angular
velocity occurs at the innermost stable circular orbit (ISCO)’. Note that in these boundaries, as
=0, the torque is considered zero.

Especially, in XRBs, the total (or disc) luminosity is often described by the efficiency with which
they release rest mass energy as

Liad = Maccc?. (1.17)

It is easy to see between these relations that the efficiency, 7, is directly dependent on the compact-
ness of the accretor, i.e. M/R, since 7 o« M/R. Typical values range from #=0.001 for accretion on
to WDs while higher values are met on XRBs. Characteristic efficiency approximation value of
accretion on to BHs is considered #=0.1.

Alternatively, the radiative luminosity is also often expressed as a fraction of the Eddington lu-
minosity. The Eddington luminosity (aka the Eddington limit) is the maximum luminosity that a
spherical object can emit isotropically before radiation pressure will overwhelm the object’s self-
gravity. Assuming that the disc consists only of ionised hydrogen, accretion provides the luminosity
and this limit (Lycc = Leqq) is written as

47tGMmy,c M
Leqg = ———— 2" =126 x10%8( — -1 1.18
edd ot X (MQ)erg S ( )

9The innermost stable circular orbit (ISCO) is the smallest stable circular orbit that a particle can be found around a
black hole and its location is dependent on the black hole spin. For example, for a (non-spinning) Schwarzschild black
hole, the ISCO is located at 6GM/c?, where the term GM/c? is defined as the gravitational radius, Rg.
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where my, the proton’s mass and or the electron scattering (Thomson) cross-section. In reality, the
considered assumptions are far from what happens in real objects, such as accretion discs, but
this limit provides us with a reasonable estimate of the maximum luminosity an accreting object
is likely to reach.

In the sub-Eddington regime (L << Lgg4q), which is relevant for the work in this thesis, Shakura
and Sunyaev (1973) derived the disc structure and the emitted spectrum, as we will see in the
following section. The Shakura and Sunyaev (1973) work was primarily focused on observational
properties of BH binaries in the framework of classical (non-relativistic) mechanics. Novikov and
Thorne (1973) expanded the previous study by taking into account relativistic effects in the vicin-
ity of the BH and beyond the ISCO. In my description, though, I will purely stay at the classical
Shakura-Sunyaev disc implementation, rather than the Novikov-Thorne one, as GR-effects are

not relevant in this work.

1.3.2 Standard discs - geometrically thin, optically thick accretion flows

The transient nature of many accreting systems and the appearance of their eruptions are a re-
minder that the standard, steady-state Shakura and Sunyaev model (Shakura and Sunyaev, 1973)
is just a simplification. However, it is useful to gain valuable insights. The thin approximation
allows us to disentangle the vertical and radial disc structure, while the thinness of the accretion
flow imposes that the local Keplerian velocity of each annulus is supersonic as H/R = ¢s/Qx <<
1. On the other hand, the emitted radiation is approximated as blackbody radiation. This is a valid
approximation in an optically thick disc, where the photons and gas particles are in local thermal

equilibrium (LTE), and therefore, the gas heating and cooling rates are in balance.

The solutions of the (mass, angular momentum) conservation equations can help us to compute
the rate of dissipated energy throughout the disc and define the luminosity emitted from its sur-
face. Viscous dissipation in a steady, thin disc is expressed as

- 3Gl\/[ll\‘/[acc

2
D(R) = —¢ =3 , (1.19)

where the last term, i.e. the one in brackets, arises from the usage of a zero-torque boundary
condition to the innermost radius of the disc, Ri,. This is related to the fact, as already mentioned,
that the accretors are rotating slowly with respect to the rotational (Keplerian) velocity of the
inner disc. Note that the viscous dissipation has a R~2 radial dependence. Consequently, most of
the energy is deposited towards smaller radii, closer to the compact object, thereby making these
regions emitting at higher energies.

The energy dissipation rate through the disc drives the radiative flux, released from the system,

as the potential energy is converted to radiation. Requiring that these two contributions should
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be equal, we can find that the effective temperature distribution due to viscosity is given by
3GM;M Rin\1/2 A

1V1lacc in
oMM || _ (R } o

D(R) = USBTgff,visc(R) = Tetivise(R) = { 87ospR3

where ogg is the Stefan—Boltzmann constant.

For such discs, since each annulus of the disc emits at a different temperature, Tef visc(R), the
spectral energy distribution (SED) is usually constructed as a superposition of local blackbody
profiles, a multi-temperature blackbody spectrum (Mitsuda et al., 1984; Makishima et al., 1986).

Here, the specific intensity from each ring follows Planck’s law, described as

2hv3 1

I(v,T) =
( ’ ) 2 ehv/KgTegvise — 17

(1.21)

where v is the frequency, and h and kg are Planck’s and Boltzmann’s constants, respectively.

The monochromatic flux, F,, which an observer of a distance D and an inclination i receives is
then given by the following relation

47thcosiv®  [Rou RdAR
B ncosw/ : (1.22)

F, = —_——.
v c2D? Ry,  eh/ksTeftvise — 1

173 and this is often considered to be the

At intermediate frequencies, the flux scales as F, o v
characteristic accretion disc spectrum. The turnover on either side of this regime is due to the

temperature range being limited by the presence of the inner and outer disc radii. Specifically,

kBTeff,vEc (Rout> <y < kBTeff,\iilsc (Rin) :

F, « 1173, (1.23)

The detailed disc structure (e.g. the radial distribution of density, scale-height, mid-plane temper-
ature, etc) as derived by Shakura and Sunyaev (1973), mainly depends on the specific opacities
that dominate in a given regime, as well as the relative strengths of gas and radiation pressure'”.
Figure 1.8 provides a comprehensive overview of the different regimes. At the smallest radii
(closer to the compact object), temperatures are high, radiation pressure dominates, and opac-
ity is mainly due to electron scattering. At larger radii, the temperature is much lower, so the
gas pressure surpasses the radiation pressure, and free-free and bound-free emission processes

dominate the opacities (which can then be described by Kramer’s law).

190pacity constitutes a measure of the photon’s penetrability through a medium and it is considered temperature-
dependent. The relevant opacity laws that we take into account in the current thesis are a) the electron scattering
opacity that dominates in high temperatures, defined as xes = orn, with op the Thomson cross-section and ne the
electron density, and b) the Kramer’s opacity, result of free-free (photon absorbed by a free electron) and bound-
free (photon absorption from a bound electron) processes. The latter law powers with density and temperature as

Kkramers & 0Tc 7/2 where Tk the central temperature on the disc. In general, it is expected that T, > 10*K.
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FIGURE 1.8: Different regimes in an accretion disc based on the Shakura and Sunyaev (1973) model, where
the disc radius is plotted against the mass accretion rate at each radii. The relevant properties
of each regime and their limits are highlighted (pressure, opacity laws, temperature) while
at the upper x-axis, characteristic length scales (compared to the size of the binary) are men-
tioned. Figure taken from Frank et al. (2002).

Despite the model’s simplicity, strong evidence of geometrically thin and optically thick discs is
apparent at the soft states of CV and LMXB outbursts (see Section 1.4.1 for more information).
For example, the disc temperatures may vary between 0.5-1.0 keV for the case of LMXBs. The
blackbody approximation should be modified, though, if emission line formation is needed to be
captured. The only way to form emission lines is via a vertical temperature inversion in the disc,
i.e. there has to be a hot layer on top of a cooler optically thick disc. Furthermore, one should
consider effects such as relativistic distortions of the disc emission in the case of BH transients
or spectral hardening (caused by Compton scattering in the disc atmosphere!! — Shimura and
Takahara, 1995; Davis and El-Abd, 2019).

On the other hand, the standard disc model fails for extremely low- and extremely high-mass
accretion rates, where the accretion flow is unable to radiate away all of the gravitational potential

energy that is released. In these cases, much of the energy can be carried with the flow (as internal

1 The Planck’s law neglects the effect of the disc’s atmosphere (optically thin regime — 7 << 1) in redistributing the
radiation over frequency. There is an underestimation of atmospheric opacity as a function of frequency.
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heat) via advection. It is important to remember that in the standard Shakura-Sunyaev disc model,
advection is not included (since radiative cooling is assumed to be sufficient to balance viscous
dissipation). At the low-accretion regime, studies by Narayan and Yi (1994, 1995), for example,
tried to elucidate these optically thin, advection-dominated accretion flows (ADAFs), when H/R <<
1. In contrast, at the high-accretion, (super-)Eddington end, the disc is sustained by radiation.
Here, slim (H/R < 1; Abramowicz et al., 1988) and thick (H/R > 1; Abramowicz et al., 1980) disc

solutions exist and describe the respective accretion flows.

In general, the luminosity radiated by a steady, thin disc is found by integrating Equation 1.19.
This shows that the disc radiates half of the accreted luminosity as

M;M 1
CMiMace _ “Lace. (1.24)

Ldisc,max =2 /R N ZNRD(R) dR = Ldisc,max = R >

The other half, either is released as thermal radiation at the boundary layer of accretors with a
solid surface i.e. WDs and NSs or it is advected into the event horizon of BHs.

1.3.3 Outburst episodes
1.3.3.1 The disc instability model

CVs and LMXBs alternate between extended periods of quiescence and sudden dramatic erup-
tions, during which the luminosity increases by several orders of magnitude within short time-
frames (which can last from days to months). This transient behaviour is normally interpreted in
the framework of the disc instability model (DIM; see e.g. Osaki, 1996; Buat-Menard et al., 2001; La-
sota, 2001; Hameury, 2020, for recent reviews). The DIM is based on the recognition that accretion
discs are susceptible to a thermal-viscous instability associated with the ionisation of hydrogen.
This instability is driven by the steep dependence of the opacity on temperature in the partially-
ionised hydrogen disc, thereby making the disc unstable. Note that DIM is based on the standard
disc implementation, introduced by Shakura and Sunyaev (1973).

In order to illustrate the basic concepts of the model, we are going to consider a DN outburst,
following the evolution sketched below in Figure 1.9. In general, CV discs are preferred to test
basic accretion models, as they are not affected by ultra-strong magnetic fields or relativistic effects
(unlike their NS and BH counterparts). The figure also showcases the X — Tegt isc plane, known
as S-curve, where the different green lines correspond to a family of thermal equilibrium solutions

during an eruption (as a function of disc radius).

During quiescence, the disc is located at the stable cold branch on which hydrogen is neutral, and
the mass transfer rate through the disc, denoted as Mg ,is low everywhere (lower left panel of
Figure 1.9). As its mass builds up, the disc’s surface density and mass accretion rate increase
until the point, where the latter reaches a critical value, Mg = M., on a viscous timescale. The
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FIGURE 1.9: Evolution of a DN outburst where we can see four different stages: a) quiescence, b) rise
to outburst, ¢) outburst and d) outburst decay. A limit cycle is created during these stages, as
demonstrated by the X — Teg vigc plane, known as S-curve (surface density-temperature plane).

Its secondary y-axis represents the mass accretion rate, scaling as My o Tgff,vis - The distinct

green lines represent thermal equilibrium solutions as a function of radius. Here, the disc is
stable as long as its heating rate is less or equal to its cooling rate. The disc starts at the stable
cold branch (quiescence) but as Mg = Mg, it becomes unstable and transitions into the hot
branch on thermal timescale (outburst). As the disc mass gets depleted through accretion onto
the WD surface, the disc returns back to quiescence. Noted that the viscosity parameter, «, is
different at the two branches, i.e. a, = 0.01 and ay, = 0.1. Figure taken from Armitage (2022).

gas opacity raises as the disc heats up (as Teffyisc & M:r/zl) and the hydrogen-ionisation instability
is triggered (Teffvise i = 6500K). Two heating fronts propagate in the disc (at a speed of ~ ayc;)
— one inwards that reaches the inner disc, and one outwards that reaches the outer edge (lower
right panel of Figure 1.9). Once in outburst, the disc becomes fully ionised (upper right panel of
Figure 1.9) and it is located to the stable hot branch of the S-curve on the thermal timescale. Finally,
the surface density starts to decrease as the rate at which mass is transferred through an annulus
is larger than the rate at which the donor supplies mass to the disc. The outburst finishes when
the disc is back to the stable cold branch by the propagation of a cooling front (of a speed ~ a.cs).
The cooling front begins at the outer disc and propagates, in our case, towards the WD, thereby

bringing the disc to its quiescent state (upper left panel of Figure 1.9) on a thermal timescale.

The observed light curve phenomenology of these systems can help us infer where the thermal-
viscous instability is initially triggered. In "outside-in" outbursts, the instability begins in the
cooler, outer disc regions and the heating front propagates towards the WD. In contrast, in "inside-

out" outbursts, it is triggered in the hotter, inner regions of the disc, causing the disc to transition
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to a hot, ionised state. The corresponding light curves are characterised by a slow ("outside-
in" outbursts) or faster ("inside-out" outbursts) brightness rise and a slower, broader (due to the
slower speed of the cooling front) decline.

The timescales that govern these transitions are essential to probe the structure of the accretion
disc and the evolution of these events. In quiescence, mass accumulates in the outer disc, slowly
moves inwards, and drives perturbations at its surface density profile, as mentioned, on a viscous
timescale. In other words, it corresponds to the time required to move along a stable branch. The
timescale can be approximated as

1/R\2 1
tvisc ~ 2 (ﬁ) O (1.25)
On the other hand, the thermal timescale refers to the time it takes the disc to respond to tem-
perature variations and readjust its thermal equilibrium and stability during an outburst. The

timescale needed to move between the two (stable) branches of the S-curve can be expressed as

11
tg, ~ ——. 1.26
™ e (1.26)
For thin (H/R << 1) discs, both timescales can be expressed with respect to the dynamical
timescale (tdyn = 1/Qx, with Qx the local Keplerian velocity), which is the fastest time a change
in the azimuthal direction takes place. Indeed, in these discs, the viscous timescales are several or-
ders of magnitude longer than the other two at the same radius (tdyn <ty < tyisc). Consequently,

the eruption recurrence timescale varies from months to years.

In a gas-dominated accretion disc, the gas opacity and its strong temperature dependence, as we
have seen, play an essential role in the manifestation of these outburst episodes. Moreover, the
viscosity efficiency, as given by the a-prescription, is required to be greater, at least an order of
magnitude, during the outburst compared to its value in quiescence, i.e. ay, /& = 10 to reproduce
the observed light curves. Indeed, shearing-box simulations have shown that convection boosts
the angular momentum transport during high states and introduces vertical gradients and time
fluctuations, resulting in a}, = 0.1 (e.g. Hirose et al., 2014; Coleman et al., 2016; Scepi et al., 2018)
for DN and ap = 0.2 — 1.0 (Tetarenko et al., 2018c) for LMXB discs. This discrepancy of the
viscosity mechanism is justified as MRI requires fully ionised discs to take place.

1.3.3.2 Beyond the standard DIM

The standard DIM and the hydrogen-ionisation instability explain the outburst light curve phe-
nomenology of the majority of DNe. They also constitute a reliable approach to describe the ob-
served light curve profiles of LMXBs. However, other ingredients had to be taken into account in

order to decipher the wide range of outburst characteristics of the documented light curves. This
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is mandatory to interpret phenomena such as the long duration and high luminosity of BHXTs
or the appearance of superoutbursts in DNe (see Hameury, 2020, for a review). This section is
intended to be a brief summary of the most important modifications that have been proposed to
explain key observational features in DNe and transient LMXBs. Life is not that simple though,
as there is not only one game in town. We should keep in mind that more than one of these
ingredients may sometimes be needed to understand the behaviour, even for a single system.

Perhaps the most obvious assumption to relax is that of a constant mass supply from the donor
star. Variations in its mass transfer rate can be either intrinsic (e.g. stellar spots, flares) or extrin-
sic (e.g. irradiation) (e.g. Hameury et al., 2000; Buat-Ménard et al., 2001). In fact, transfer rate
variations are essential to explain the DN light curves of the U Gem and Z Cam-type systems
(Schreiber et al., 2003; Buat-Ménard et al., 2001) even though exceptions arise (e.g. Szkody et al.,
2013; Hameury and Lasota, 2014; Kato, 2019). On the other hand, the irradiation of the donor by the
inner accretion flow and/or the accretor itself accounts for some of the observed features in both
DNe and X-ray transients. Truncation of the inner disc was also an important addition to the model,
and, as we will see later, it is of great interest to us to decipher the light curves of WZ Sge-type
systems (see Chapter 2 for more details). Truncation can occur either due to the existence of a mag-
netic field in the case of WD and NS accretors, disc evaporation (Meyer and Meyer-Hofmeister,
1994), ADAF (e.g. Narayan and Yi, 1994, 1995) or jet formation (e.g. Markoff et al., 2003; Marcel
etal., 2022).

Furthermore, a variation of the DIM that incorporates the perturbation of the outer disc by the
donor’s tidal forces is accounting for the tidal-thermal instability (TTI; e.g. Whitehurst, 1988; Osaki,
1989, 1995). TTI was introduced to explain the superoutbursts and appearance of superhumps —
optical brightness modulations with a period of a few percent of the orbital period of the system
— of the SU UMa DN family (e.g. Hameury et al., 1998; Buat-Menard et al., 2001). The outburst
light curves of these systems are described by the appearance of superoutbursts every few normal
outbursts. At the standard picture, the TTI is most likely triggered by a normal outburst when
the disc is already expanded. The moment its outer edge reaches the 3:1 resonance radius, tidal
stresses would cause its orbit to precess and increase its angular momentum transport rate — the
enhanced angular momentum (transport) rate would last until the disc shrinks back below the
resonance radius. Due to this requirement, the TTI may be the predominant mechanism in low-
mass ratio systems, i.e. q < qerit = 0.22 (Smak, 2020), as the 3:1 resonance is only achieved in such
mass ratios. Even though it is certainly a possibility, the fact that superoutbursts and superhumps
are also detected in q > (it systems is concerning. Characteristic is the example of U Gem and
its 1985 superoutburst (Smak and Waagen, 2004).

Beyond DNe, in XRBs, irradiation of the accretion disc plays a significant role in shaping their light
curves. The reprocessing of X-ray photons by the outer disc’s surface acts as an additional heat
source, thereby changing the thermal equilibrium curves of the accretion disc. It is worthwhile
to mention here that if irradiation is taken into account, Coriat et al. (2012) showed that the DIM
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does a very good job distinguishing transient from persistent XRB sources. The following sec-
tion, Section 1.3.4, provides a more detailed description of irradiated discs and how irradiation
modifies the disc temperature profile.

1.3.4 Irradiated discs

Irradiation of the accretion disc by the central (X-ray) source is known to be important in LMXB
systems, where the outer disc regions absorb and re-emit hard photons at longer (UVOIR) wave-
lengths (van Paradijs and McClintock, 1994; van Paradijs, 1996; King and Ritter, 1998; Dubus et al.,
1999, 2001; Tetarenko et al., 2018b). The radiative heating associated with the incident radiation
modifies the disc’s temperature distribution, thereby influencing its spectral energy distribution,
stability, and its evolution across an outburst.

The absorbed portion of the irradiating flux, Fi, that heats the disc can be expressed in terms of

4

off irr? and written as

an effective temperature, Fi;y = 0T

1/4
L H L; H
4 o irr . irr
OSBTeff,irr = <47‘(R2> <R) ¥ (1 — A) = Teff,irr = { <47T‘7'SBR2) (R) Y (1 — A) } ,  (1.27)

where L;;, is the luminosity of the irradiating source, which is assumed to emit isotropically. A is
the albedo (a measure of the body’s reflectivity, so that (1-A) is the absorbed fraction of the flux).
The quantity -y ranges between 1/8 and 2/7 for a viscous-dissipation-dominated (H « R%/8) and

an irradiation-dominated disc (H o« R%/7), respectively. The pressure scale-height of the disc,

H/R, scales as
H H R \”
— == . (1.28)
R < R > Risc <Rdisc )

Overall, the disc temperature distribution considering both viscous dissipation (Equation 1.20) and

irradiation (Equation 1.27) can then be written as

Teit = (Tefuise T Tegire) ' (1.29)
with the two contributions scaling as Tegt yisc & R™3/4 and Tty o« R™1/2. This shows that irradia-
tion inevitably becomes more and more important as we go to larger and larger radii since Teg iy
drops less steeply than Teg visc. Of course, to what extent irradiation modifies the temperature
profile of the disc is linked to its shape as it defines the fraction of the X-ray reprocessing. For in-
stance, if we assume the irradiating source is in the middle of the disc, its light intercepts a bigger

solid angle in a flared or a convex disc than in an equatorial, flat disc.
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1.4 The transient nature of accreting systems

The previous section highlighted the DIM and its different flavours, which is thought to be re-
sponsible for the transient behaviour in CVs and LMXBs. In general, systems in quiescence (low-
accretion regime) are less-explored, since these phases are quite challenging observationally due
to their faintness. In quiescence, the disc is cold and faint while radiation from the donor star
dominates. Advection is likely to play a crucial role in this low-accretion regime, and the inner
disc may be characterised by an optically thin ADAF (e.g. Narayan and Yi, 1994, 1995). On the
other hand, the outburst periods of these sources are well-explored. Their high luminosity per-
mits us to study their broad-band emission as their spectral energy distribution (SED) ranges from

radio to X-ray wavelengths. In particular, in LMXBs, the innermost'?

regions around the NS or
BH emit mainly in X-rays, while in CVs, for example, the same regions emit in the extreme UV

(EUV).

In LMXBs, X-ray observations have shown that the outburst evolution is hysteretic, as these sources
cycle between two distinct accretion states, the hard and the soft state, via two different paths. This
behaviour sketches a "q-shaped" curve in the hardness-intensity diagram (HID), where the spectral
hardness!® of the source is plotted against its X-ray luminosity. A characteristic example is dis-
played in Figure 1.10, which showcases the HID of the BH LMXB GX 339-4 during its 2002-2003
outburst (Belloni et al., 2005; Romero et al., 2017). The X-ray behaviour of this system during
the same outburst, as monitored by Rossi X-ray Timing Explorer (RXTE), is shown in Figure 1.11
(Belloni et al., 2005). It is worthwhile to mention that a similar hysteretic pattern has also been
discovered in CVs (Kording et al., 2008, for the case of the DN SS Cygni), although it is not clear
whether this can be interpreted in the same way as for LMXBs (Hameury et al., 2017).

The interchange between the hard and the soft state, though, mainly concerns BH binaries, rather
than NS systems. Aql X-1, for example, is one typical case that a NS system may display hysteretic
behaviour (Kording et al., 2008). In the majority of (weakly-magnetised) NS LMXBs, though, the
observed behaviour may be completely different, presenting a clear dichotomy in mass accretion
rates. Having said that, two subclasses arise, i.e. the atoll and Z sources, which sketch defined
paths at the X-ray colour diagram (e.g. van der Klis, 1989). As NS binaries are not discussed in
this thesis, this section aims to bring familiarity to the reader only about the outburst evolution in
BHXTs.

12The mentioned innermost regions include both the inner disc and the boundary layer in the case of solid accretors,
i.e. WDs and NSs.
13The X-ray spectral hardness or hardness ratio defines the energetics of the X-ray emission and is expressed as

Hard — Soft

X — hard tio = —————
ray hardness ratio = 17— d 1 Soft

x X — ray photon rate.
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FIGURE 1.10: HID of the LMXB GX339-4, where the x-axis represents the spectral hardness of the source
and the y-axis, its X-ray luminosity. The source presents a hysteretic behaviour (follow the
blue arrow between the different states), as it transitions from the hard state to the soft state
and returns back to the hard state at the end of the outburst (hard — soft — hard). The nature
of the radiation (thermal /non-thermal) and the spectral indices of the dominant component
at each case are also highlighted. The appearance (or not) of different type of outflows (jets:
hard state, winds: soft state) are displayed through schematic illustrations. The A-D letters
identify the transitions between the two states during the eruption. In particular, A signifies
the low-hard state, B the transition between the hard and soft state (encompassing the inter-
mediate states), C represents the beginning of the soft state and D the transition back to the
hard-intermediate/low hard state. Figure adapted from Romero et al. (2017).
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FIGURE 1.11: The upper panel demonstrates the X-ray light curve of the LMXB GX339-4 during its 2002-
2003 outburst, as was observed by RXTE/PCA while the lower panel its respective hard-
ness. The three vertical lines correspond to transitions between the states. The used notation
(A,B,C and D) has been explained in Figure 1.10, which shows the corresponding HID of the
source. It is noted that the horizontal line at the hardness panel signifies the hardness value,
as the system evolves from the right to the left side of the HID. Figure adapted from Belloni
et al. (2005).

1.4.1 The BHXT properties along the outburst

The accretion states of BHXTs are defined by their X-ray spectral and temporal properties (e.g.
Esin et al., 1997, Homan et al., 2001; Zdziarski and Gierliriski, 2004; Homan and Belloni, 2005;
Remillard and McClintock, 2006; Done et al., 2007; Gilfanov, 2010; Belloni and Motta, 2016). They
evolve in the course of an eruption as the geometry of the accretion flow changes. The majority of
these systems succeed in completing the full hysteresis outburst cycle, although there are systems
that fail to accomplish this. For example, some BH binaries undergo the so-called failed-transition
outbursts, during which they never reach a soft state before their return back to quiescence (e.g.
Alabarta et al., 2021, for a comprehensive study on these systems). Throughout a canonical out-
burst though, a source will pass through four main accretion states: the low-hard state (LHS), the
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hard-intermediate state (HIMS), the soft-intermediate state (SIMS) and the high-soft state (HSS), creat-
ing an HID as the one seen in Figure 1.10. This figure will be my reference point throughout this
section as I describe both the spectral and timing properties of a typical BHXT.

At the beginning and end of the eruption (lower right part of Figure 1.10), the source is in the LHS.
Here, the accretion disc is thought to be located far away from the BH, and the mass accretion rate
is fairly low, e.g. ~ 0.01Leqq for GX 339-4. The X-ray spectrum is dominated by non-thermal
radiation in the form of a hard power-law (I' < 2) component with a high-energy cutoff (around
100 keV). This is usually interpreted as the result of inverse Compton scattering of low-energy
photons by relativistic electrons in a hot "corona", i.e. a Comptonisation region. The concept
of the corona is essentially that of a hot cloud around the BH for which different geometrical
configurations have been proposed (e.g. Bambi et al., 2021). A weak thermal component is also
apparent at low-energies (e.g. Grove et al., 1998), a feature attributed to the radiation from the
accretion disc. In this state, strong X-ray aperiodic variability — on the order of 20%-50% (e.g.
Belloni et al., 2005; Mufioz-Darias et al., 2011; Belloni and Stella, 2014; Motta, 2016) is typically seen
in variability studies. A useful tool in this context is the rms-intensity diagram (Mufioz-Darias et al.,
2011), which tracks the variability evolution throughout the eruption and shows its tendency
to decrease as the source proceeds to the HSS. In the LHS, the power density spectra (PDS) are
characterised by band-limited (red) noise, but broad peaks, known as quasi-periodic oscillations
(QPOs), may also be present.

As the outburst progresses, and the luminosity rises, the source moves upwards in the HID (at
constant spectral hardness). At some luminosity, i.e. ~ Leqq for GX 339-4, it is going to turn to
softer hardness ratios, signifying its arrival at the HIMS (upper right part of Figure 1.10). The
X-ray spectrum becomes softer, as the accretion disc moves closer to the BH. Here, the PDS are
described by the appearance of QPOs on top of the band-limited noise. These signals are primarily
prominent in the low-frequency regime (LF-QPOs), but high-frequency QPOs (HF-QPOs) have
also been discovered in the hard state (e.g. Casella et al., 2004; Motta et al., 2011; Belloni et al.,
2012). The low-frequency oscillations in this state are called type-C QPOs (vgpo=few mHz-10
Hz) and are most likely associated with either geometrical effects, such as the Lense-Thirring
precession of the hot accretion flow in the vicinity of the BH (e.g. Stella and Vietri, 1998; Stella et al.,
1999; Schnittman et al., 2006; Ingram et al., 2009; Ingram and Motta, 2019), instabilities such as the
accretion/jet instability (e.g. Tagger and Pellat, 1999; Varniere et al., 2002, 2012; Ferreira et al.,
2022), or corona oscillations (e.g. Titarchuk and Fiorito, 2004; Cabanac et al., 2010). Collimated,
relativistic jets (e.g. Markoff et al., 2001; Corbel et al., 2003; Fender et al., 2004, 2009; Fender and
Gallo, 2014) are observed in the radio and infrared bands.

The transition between HIMS and SIMS (jet line in Figure 1.10) is difficult to detect and may co-
incide with the quenching of the radio jet (e.g. Gallo et al., 2003; Corbel et al., 2003; Fender et al.,
2009) and the appearance of a type-B QPO (vgpo=5-6 Hz) at the PDS (e.g. Belloni and Motta, 2016).
The distinct timing properties between these short-lived phases elucidate the passage from one

stage to the other (as the luminosity is mostly constant). At the SIMS, the disc thermal emission



1.4. The transient nature of accreting systems 35

begins to dominate, the aperiodic X-ray variability decreases even more (compared to the previ-
ous stages), and the PDS may display type-A (vgpo =6-8 Hz; Miyamoto et al., 1993; Belloni et al.,
2005) or type-B QPOs (e.g. Belloni and Motta, 2016). Eventually, the HSS is reached (upper left part
of Figure 1.10). The luminosity of the system will start to drop and it will move vertically down
the HID until it reaches the lower part of the HSS. Here, the accretion disc has reached the ISCO.
The X-ray spectrum is dominated by blackbody emission (I' > 2) from a geometrically thin, opti-
cally thick accretion disc, whereas the power-law component contributes only few % of the total
flux, extending in a coronal tail beyond 500 keV. On the other hand, in the timing domain, vari-
ability during the soft state is limited to amplitudes of a few % (commonly between 1%-5%; e.g.
Casella et al., 2004; Belloni et al., 2005, Mufioz-Darias et al., 2011; Belloni and Stella, 2014; Motta,
2016), while the QPO signatures are broader and weaker than the ones found in the hard state.
In HSS, highly ionised X-ray disc winds emerge (e.g. Miller et al., 2006b, 2008; Neilsen and Lee,
2009; Ponti et al., 2014, 2016; Diaz Trigo and Boirin, 2016; Higginbottom et al., 2018) instead of jets
seen before (see more in Section 1.4.2). After the HSS is over, the system passages through HIMS
until its final transition back to the LHS (horizontal line at the HID). At the end of the outburst,
this transition seems to occur near ~ 0.02L.44. The HIMS and LHS share the same properties and
characteristics as their respective state in the beginning of the eruption.

Reflection signatures are also observed in the X-ray spectra of BHXTs, mostly taken during the
hard state. Hard X-ray photons produced in the Comptonisation region can intercept the accre-
tion disc and either be scattered by free electrons (Compton scattering) or absorbed by heavy
elements in the disc (like iron) and then re-emitted. These processes procure discrete features at
the X-ray spectrum, such as the Compton hump (which is mostly seen between 20-30 keV) and
the fluorescent Fe Ka emission line (at 6.4 keV) or K-edge. Inextricably linked to relativistic dis-
tortions in the vicinity of the BH, the shape of these signatures are influenced by phenomena such
as gravitational redshift and (relativistic) Doppler shifts as the disc rotates. Nevertheless, these
reflection signatures are useful as we can extract information about the plunging region (region
between ISCO and the event horizon of the BH, where material is in free-fall motion) and the
ionisation state of the disc. For example, the velocity width of the relativistically broadened Fe Ka
line depends primarily on the inner disc radius (the ISCO) and, therefore, on the BH's spin.

1.4.2 Outflows: jets and winds

Outflows impact the accretion flow and provide mechanisms for feedback between systems and
their environments. In BHXTs, the standard picture is that outflows come in two flavours, based
on the accretion state of the system (e.g. Miller et al., 2006a, 2008; Neilsen and Lee, 2009). Indeed,
when the source is in the hard state (right branch of the HID in Figure 1.10), compact, relativistic
jets are seen, and synchrotron (radio) radiation is emitted. As the inner disc moves inwards to-
wards the ISCO, and the source transitions from the hard to soft state, the jet properties change.
There is no detection of steady jets, but as the jet line is crossed, luminous radio flares are pro-
duced (e.g. Fender et al., 2004, 2009; Miller-Jones et al., 2012). These are thought to be associated
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with the ejection of the inner accretion flow in distinct "blobs", which are sometimes resolved spa-
tially later on during the soft state, as they move out and interact with the ISM. Characteristic is
the case of the microquasar GRS 1915+105 and its superluminous ejecta (Mirabel and Rodriguez,
1994). The soft state is also characterised by a suppression of the jet, while ionised X-ray winds
take its place (e.g. Gallo et al., 2003; Fender et al., 2009; Neilsen and Lee, 2009; Miller-Jones et al.,
2012). By the end of the outburst, the X-ray spectrum becomes harder again, and the radio jet
reappears.

The seen connection between the accretion state and the emergence of radio jets is known as the
disc-jet coupling. This may be illustrated through the found correlation in the hard state between
the X-ray and radio luminosities of such systems. This phenomenon is not mutually exclusive to
BHXTs, but also observed in NS LMXBs (e.g. Corbel et al., 2003; Gallo et al., 2003; Migliari and
Fender, 2006; Gallo et al., 2014, 2018). For completeness, I note that the emission from a partially
self-absorbed (optically thick) jet, found at the hard state, can be described by a flat/inverted
spectrum. This constitutes the superposition of frequency-dependent synchrotron spectra ranging
from radio to the infrared. The infared component, in particular, corresponds to the base of the jet
and can be used to infer the location of its release (e.g. Markoff et al., 2003) from an optically thin
disc (e.g. Marino et al., 2021; Marcel et al., 2022). As we go towards the radio though, the emission
originates from higher and higher layers of the jet as we move outwards.

On the other hand, wind signatures in the form of blue-shifted X-ray absorption lines are mainly
found in the soft state, where (hot) ionised, equatorial X-ray winds are present, and mostly absent
in the hard state, where synchrotron emission from the jet dominates. Winds may remove both
mass and angular momentum away from the system as the material becomes unbound from the
atmosphere of the accretion disc. The three contestants that can battle against gravity are thermal,
magnetic, and radiation pressure. To see this quantitatively, we can use the general equation

describing the conservation of angular momentum in magnetohydrodynamics, which is

— —

do (VxB)xB .
ogp = VP A 0B T 08 (1.30)

Here, all of the force/pressure terms have been summed to the right part of the equation. The
forces that may act against gravity, pg, are the thermal pressure, — VP, the magnetic pressure
(V x B) x B/4r or the radiation pressure, 08,.q- Thus thermally-driven, magneto-centrifugal and
radiatively-driven winds can, in principle, be formed, respectively, depending on which of these
terms dominates. For example, in BHXTs, strong X-ray irradiation can lead to the formation of
a thermally-driven wind (e.g. Begelman et al., 1983; Higginbottom et al., 2017, 2018). The heating
of the upper layers of the outer disc’s atmospheres by the central X-ray emitting source results in
gas acquiring thermal velocities that surpass the local escape velocity of the medium, enabling it

to escape.

Even though wind signatures are inclination dependent (e.g. Ponti et al., 2012, 2014; Diaz Trigo

and Boirin, 2016), the anticorrelation between wind and jet signatures has long been recognised.
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It is still not understood, however. It may be associated with the nature of the outflows or how
they are triggered in the course of the outburst, as the accretion flow evolves. Of course, there is
also the possibility that the absence of observational signatures is merely a type of selection effect.
For example, a wind could be present, but too highly ionised in some states to produce spectral
signatures (e.g. Diaz Trigo et al., 2014; Diaz Trigo and Boirin, 2016).

In any case, simultaneous wind and jet signatures in the hard state have been found in a number
of high-luminosity sources (e.g. Homan et al., 2016; Higginbottom et al., 2020, including both BH
and NS systems). This suggests that there is a luminosity dependence in the expression of these
signatures over the course of the outburst (Higginbottom et al., 2019). This fact may point to
radiation pressure being at least an important factor in driving these outflows.

Wind signatures in bands, other than X-rays, have also been seen in states other than the HSS.
Optical/near-infrared (cold) winds have been detected through their blue-shifted absorption or P-
Cygni profiles of the Balmer series and/or He I lines in the hard state of LMXB systems. These
systems include V404 Cyg (Mufioz-Darias et al., 2016), V4641 Sgr (Mufioz-Darias et al., 2018),
Swift J1357.2-0933 (Jiménez-Ibarra et al., 2019) and MAXI J1820+070 (Mufioz-Darias et al., 2019).
Similarly, hard-state UV winds have been detected in two NS systems, Swift J1858.6-0814 (Cas-
tro Segura et al., 2022) and UW Crb (Fijma et al., 2023). Soft-state wind signatures are also not
restricted to the X-ray band - e.g. Sdnchez-Sierras and Mufioz-Darias (2020) have found near-IR
winds (Paschen series spectral signatures) in the soft state of MAXI J1820+070. The last system is
of great interest to us, since it is the focus of much of this thesis (see Chapters 3 and 4). In Chapter
3, Ispecifically search for UV disc wind signatures in different stages of the source’s 2018 outburst
via the UV resonance lines.

1.5 Magnetically-controlled accretion onto white dwarfs

Accretion onto magnetised objects has been a subject of considerable theoretical research, via both
analytical studies (e.g. Ghosh et al., 1977; Ghosh and Lamb, 1979a,b; Shu et al., 1994; Lovelace
et al., 1995; D’Angelo and Spruit, 2010, 2012) and magnetohydrodynamical simulations (e.g. Ro-
manova et al., 2002, 2003; Zanni and Ferreira, 2013). Although the majority of these studies have
been focused on the extreme accretion in NSs, in this section, I am going to focus my attention on
the basic principles of the disc-magnetosphere interaction, as well as on the observational char-
acteristics of magnetic CVs. This is going to lay the foundation for our discussion in Chapter 2
about WZ Sge and its possible magnetic nature.

As a reminder, magnetic WD systems can be classified into two main categories, the polars (Bwp >
107G) and the IPs (105G < Bup < 107G), even though subclasses and outliers exist particu-
larly near the intersection between these regimes. Examples of these more unusual magnetic CVs
are the asynchronous polars (e.g. Stockman et al., 1988; Silber et al., 1992; Schwope et al., 1997;
Schwarz et al., 2004) or the disc-less IPs (e.g. Buckley et al., 1995; Hellier and Beardmore, 2002).
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The current section will not delve into details of these exotic objects, but will focus on the fun-
damental distinction between polars and IPs, as well as on their different spectral and temporal
properties (e.g. Hellier, 2001; Warner, 2003; Ferrario et al., 2015; Mukai, 2017; Page and Shaw,
2022).

1.5.1 The role of the magnetic field

Strong magnetic fields affect the behaviour of the surrounding ionised material and can interact
with the inner parts of an accretion disc. If there is an accretion disc surrounding the primary,
the magnetic field starts to dominate the dynamics of the system, defining its own "sphere" of
influence or magnetosphere, at the point where the disc’s ram pressure is in equilibrium with the
magnetic pressure exerted by the accretor (Pringle and Rees, 1972). Inside this magnetospheric ra-
dius (Rp), the field guides the gas into the star’s surface in free-fall. The exact location of Ry,
depends on the strength of the magnetic field, with stronger fields resulting in larger magneto-
spheric radii.

For a spherically symmetric inflow, pressure equilibrium gives

B2 (2GMwp)V/*M B2, RS
_ ; 2 WD acc __ Pwp™WD
Pram = Prmag = Vg = 871 47TR5/2 ~ 8mR6 (1.31)

Here, we have assumed steady-state accretion, pvg = Macec/47R?, where v the free-fall velocity
(v = 2GM/R) of the inflowing material. We have also taken the magnetic field to be dipolar,
B(R) = BWDR%VD /R3, where Bwp is the WD’s magnetic field, and Ryp is its radius (Frank et al.,
2002).

Under these assumptions, rearranging Equation 1.31, the magnetospheric radius at which these

pressures are balanced is also called Alfvén radius, R, and is given by

B4 RlZ 1/7
Rm =Ry = (WDWDZ> . (1.32)
ZGMWDMaCC

It is important to note that in some models (e.g. Ghosh et al., 1977; Shu et al., 1994; D" Angelo and
Spruit, 2012), the interaction between the field lines and the disc is expressed through a slight
modification of the above relation, R, = {Ra. The dimensionless normalisation factor, ¢ ~ 1, is
included to recognise the simplistic nature of the spherical inflow scenario described above. The
nature of the rotating accretor constrains its value to lie in the range ¢=0.5-1 for magnetised NSs
(e.g. Ghosh et al., 1977) and 0.4-0.5 for magnetised WDs (e.g. Long et al., 2005). In general, for

magnetic accretion from a disc, a value of {=0.5 is often assumed.

The relationship between the magnetospheric and circularisation radius (Equation 1.14) provides

us with a criterion for deciding whether a disc should be formed at all. In polars, for example, it
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is expected that the magnetospheric radius lies beyond the circularisation radius of the accretion
disc, Rm > Ruaire, and therefore, an accretion disc is not formed. Instead, material is strongly-
coupled to the magnetic field lines (at or near L) and is deposited onto the WD’s polar caps in
a collimated accretion column (e.g. Frank et al., 2002; Warner, 2003). In IPs, on the other hand,
a (partial) disc is created as Ry, < Rgire. The following figure, Figure 1.12, compares different
accretion flows in various types of CVs: a non-magnetic CV (left), an IP (center), and a polar
(right).

accretion curtain Roch Magnetic field-lines

Accretion stream

C

— Companion star

AN / accretion column
h White dwarf

FIGURE 1.12: Illustrative sketches of accretion mechanisms in CVs. The left panel shows the case of a non-
magnetic CV undergoing Roche lobe overflow. The center and right panels show magnetised
WD systems: in the IP case (center), the strong magnetic field disrupts the inner accretion
disc, channeling material along magnetic field lines, whereas in the polar case (right), the
accretion stream directly follows the field lines without the formation of the disc. Figure
taken from Giovannelli (2017).

How does the magnetic field actually change the accretion flow in these systems? At R ~ Ry,
the field truncates the inner disc regions. What happens next depends on whether Ry, is smaller
or larger than the corotation radius, R.,. This is the radius in the disc where the Keplerian angular
velocity — Qx(R) = (GMwp/R3)'/?2 — matches the angular velocity of the accretor — Qwp =
27t/ Pspin, Where Pgpin is the spin period of the WD. The corotation radius is therefore defined by
the condition Ok (Re) = Qwp, giving

GMWDP?pin > 1/3

Reo = ( 472

(1.33)
The criterion that determines whether material is accreted or expelled from the system is whether
the inner edge of the disc rotates faster or slower than the star. As a result, two accretion regimes
can be identified:

¢ If Ry < Reo, matter at the inner edge of the disc is moving faster than the star, Qwp <
Ok (Rm). In this case, we are going to have channeled accretion, where the magnetic field
lines will guide the gas onto the star’s magnetic poles in an accretion column. Upon collision
with the upper layers of the WD photosphere, a shock is formed, thermalising (Tghock ~
3GMwpmy /8kpRwp =10-50keV) and decelerating the infalling material (Frank et al., 2002).
In the steady state, the accreting gas releases the fraction of L. that has not already been
released in the disc as it moves along the accretion column and impacts on the star. Thermal
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bremsstrahlung'* (hard X-rays) and cyclotron'> emission (optical/infrared) are primarily ra-
diated throughout the column. In addition, close to the WD surface, a significant portion of
the bremsstrahlung and cyclotron radiation is reprocessed, i.e. absorbed and re-emitted in
longer wavelengths (soft X-rays/UV radiation). Smaller contributions to the overall spec-
tral energy distribution may also be observable from the post-shock region (soft X-rays) or
we may observe line emission throughout the column (e.g. Mukai, 2017). The interplay be-
tween the two prominent cooling mechanisms (bremsstrahlung/cyclotron) depends on the
strength of the magnetic field and the mass accretion rate per unit area'® (also known as the
specific mass accretion rate, m). These parameters permit a clear distinction between differ-
ent types of magnetic accretion flows. In WD systems with moderate Byyp and high m, like
IPs for instance, the cyclotron cooling contribution is negligible. In this case, material in the
hot post-shock region (mostly electrons and ions) exchanges energy much faster than the
electrons’ radiative loss timescale, allowing us to treat them as a unified one-temperature
plasma (e.g. Aizu, 1973; Lamb and Masters, 1979; Wu et al., 1994). Note that the radiative
cooling is primarily carried out by electrons rather than ions, as electrons have smaller mass
and, consequently, higher interaction cross-sections. Cyclotron cooling becomes important
as the field becomes stronger and/or the specific mass accretion rate drops, breaking the
simplicity of the above treatment as ions and electrons can attain different temperatures

(e.g. Wu, 2000; Saxton et al., 2005, and references therein).

e If Ry > R, the object rotates faster than material at the inner disc edge, Qwp > Ok (Rm). A
"centrifugal barrier" is created, which prevents the material from accreting onto the rotating
object. Instead, it gets ejected out to large radii. Of course, preceding this outcome, the gas
will be forced to corotate for potentially quite a while with the field. This means that it can
be accelerated effectively all the way out to some radius, R,. In order to become unbound,
the only thing which is required is that vouiow > Vesc(Ra), where v, = GMwp /2R, is the
local escape velocity at the radius where acceleration stops. The system resides in a propeller
state, characterised by an observed drop in luminosity in its light curve (e.g. Illarionov and
Sunyaev, 1975; Syunyaev and Shakura, 1977). This drop happens because a lot of the accre-
tion luminosity is not released radiatively in the propeller state. Instead, it goes into ejecting
the material and into spinning down the WD (since that supplies the torque for the outflow).
It is straightforward to estimate the mass accretion rate, My, reaching the centrifugal bar-

rier and hence the limiting luminosity, Lj;y,, of different systems by the apparent distinctive

14Bremsstrahlung (or free-free) radiation is emitted as a (free) charged particle decelerates when encounters the
electric field of another (free) charged particle, i.e. an electron or an atomic nucleus. The field will force the particle
to divert its trajectory by losing energy. In our case, electrons do decelerate when deflected by ions at the WD’s
photosphere.

15Cyclotron radiation is emitted by acceleration of charged particles, e.g. electrons, due to the presence of the mag-
netic field. The acceleration is procured by the exerted Lorentz force as particles spiral around the field lines. The
constructed spectrum is discrete as emission is radiated at the cyclotron frequency and its harmonics. The cyclotron
frequency is given by w. = nqB/mc (cgs units), where n=1,2,3,...n the number of the harmonics, B the magnetic field’s
strength, m and q the particle’s mass and charge and c the speed of light.

16The specific mass accretion rate, m, is usually used in this context (rather than Mace) since it is important to account
for the channeling effect of the magnetic field as it accretes onto the WD surface.
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drops in their light curves. Following Campana et al. (2002), the limiting luminosity can be
expressed as

Rm = Reo : Llim(R> = % = Llim<R) ~1.97 x 103867/2‘1’!501);137'1{/131\/[72/31{671/ (134)
where 1, Pspin, M, R are the magnetic moment, spin period, mass and radius of the involved
object, respectively. Transitions into and out of the propeller regime have been suggested to
occur in accretors of all scales, including LMXBs, HMXBs, IPs and YSOs, as demonstrated
in Figure 1.13. It is worth noting that this is — in principle — a direct observational method to
estimate the magnetic field strength of rotators, if everything else is known.
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FIGURE 1.13: Correlation between physical parameters of rotators of all scales, such as the magnetic mo-

ment, spin period and radius at the point where the outburst light curves appear a drop in the
luminosity, Lmin (onset of the propeller regime, Equation 1.34). Different classes of sources
are sketched in this diagram: the red triangles represent the LMXBs, the green squares the
HMXB systems, the blue dots the IPs and the cyan stars the YSOs. The black solid line di-
vides the region where accretion onto the system'’s surface takes place with the region where
the propeller dominates. Figure taken from Campana et al. (2018).
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1.5.2 Magnetic cataclysmic variables

Magnetic WD systems are remarkably common, although the field’s origin and evolution are still
under investigation (Schreiber et al., 2021). Volume-limited (d < 150 pc) CV demographics have
shown that more than one-third (36%) of the local CV population consists of magnetic WD bina-
ries (Pala et al., 2020). Here, my aim is to give a brief overview of the observational properties
regarding these two classes of CVs (e.g. Warner, 2003; Hellier, 2001; Ferrario et al., 2015; Mukai,
2017; Page and Shaw, 2022). The following section is based on information found in the afore-
mentioned studies, if not otherwise stated.

1.5.2.1 Polars

Polars (or AM Her systems — named after AM Herculis, the prototype system that showed similar
characteristics), are close, disc-less systems, where the magnetic field is strong enough, Bwp >
107G, that magnetic torques have synchronised (tidally-locked) the orbit with the WD rotation, i.e.
Porb = Pspin- Hence this is the period of the observed variability in their light curves (e.g. Cropper,
1990, for a detailed review). In this strong Bwp/low m regime, the post-shock region is described
by radiative losses via optically thick (circularly and linearly) polarised cyclotron emission —
radiated at optical, near-infrared and sometimes, UV wavelengths. UV cyclotron emission has
been detected only in few systems, whose magnetic field is quite strong (e.g. Gansicke et al., 2001;
Ferrario et al., 2003, for the case of AR UMa). These polarisation signatures constitute not only an
essential tool to measure the field strength of these objects, but are crucial to our understanding
of the structure and the geometry of their accretion flows (e.g. Cropper, 1990; Ferrario et al., 2015).
On the other hand, bremsstrahlung radiation acts complementary to the overall radiative cooling
of the post-shock region, contributing only a small percentage to the hard X-ray luminosity of the

system.

Among magnetic WD binaries, the magnetic field strength can be determined observationally
only in polars. Methods such as Zeeman splitting of photospheric optical absorption lines (e.g.
Balmer series — low-mass accretion rates), modelling of cyclotron harmonic features (apparent at
the optical/infrared spectra) or finally, polarisation measurements (ratio of the linear to circular
polarisation) are typically employed (Cropper, 1990). Note that although estimating field strength
is beyond the scope of the current thesis, these methods are mentioned here for completeness.

1.5.2.2 Intermediate polars

IPs are accreting WDs with weaker magnetic fields that do not prevent the formation of an accre-
tion disc. Instead, the material that reaches the magnetosphere is channeled into the WD’s poles
through the formation of accretion curtains (larger effective area covered by the accretion column).

The (partial) disc may still be susceptible to the thermal-viscous instability, as seen in other DNe.
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Indeed, a fraction of IPs shows outburst episodes, although these are rarer and much shorter in
duration due to the impact of the field (Hameury and Lasota, 2017).

In these systems, the magnetic torque has not synchronised the WD with the orbit (Pyr, > Pspin) ei-
ther due to the WD’s internal weaker magnetic field or the large separation of the two components
(the magnetic field drops as R~% with distance). Observationally, it is certainly true that the orbital
periods of IPs are very different from those of polars (e.g. Patterson, 1994; Ferrario et al., 2015).
A controversial, at the time, idea was when Chanmugam and Ray (1984) emphasised that the IPs
may be progenitors of polars, i.e. that their weaker magnetic field had not allowed the system’s
synchronisation — yet (e.g. Chanmugam and Ray, 1984; Pretorius et al., 2013). The evolutionary
connection between these two classes, currently, is a fairly unexplored domain.

Due to their asynchronous rotation and the misalignment between their rotator and magnetic
axes, multi-periodic variability is detected in both X-ray and optical bands. In particular, these
signals are found at both the orbital and spin periods, and, sometimes, also in an orbital sideband,

expressed as Ps_y}n = Ps_plin -

P! (synodic period). The detection of variability in the sideband pe-
riods may be the result of reprocessing of radiation in various parts of the system, such as the disc
itself. Spectroscopically, in this moderate Byyp/high m regime, much of the accretion luminosity
is released at the WD’s surface through optically thin bremsstrahlung radiation (Section 1.5.1).
Circular polarisation is not an obvious feature in the spectra of IPs (Wickramasinghe et al., 1991),
but it has been detected in few systems (e.g. Butters et al., 2009; Katajainen et al., 2010; Potter
et al., 2012). Due to lack of simultaneous optical/near-infrared polarisation measurements (e.g.
Wickramasinghe et al., 1991; Ferrario et al., 2015), magnetic field strength determination is quite

difficult in these systems.

1.6 Open questions and thesis outline

This introductory chapter has given us the essential ingredients in our quest to understand accret-
ing compact binaries a bit better and it serves as our guideline to establish the proper background
for the upcoming chapters. In particular, we have explored how these binaries are formed and
evolve, how accretion discs around compact objects are produced and the way they convert grav-
itational potential energy to radiation. Furthermore, it was introduced that these discs are most
likely unstable and susceptible to erupt briefly while they are "sleeping" for long periods. Finally,
we focused our attention on understanding the observational properties of BH binaries during
these eruptions and in the end, how magnetic fields may influence the accretion flow around
WDs.

Even though I would like to provide an introduction consistent and self-constrained, there are
many instances, where interpreting the related phenomena is impeded by uncertainties of various
factors. These factors may include the lack of simultaneous multi-wavelength observations in

order to characterise its different components at the same time and trace the binary as a whole
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body, simplistic approximations of the underlying physics or even observational effects. Some
of the open questions that we may still have and were expressed throughout this chapter are the
following

¢ Are the DIM modifications enough to explain the wide range of characteristics between DNe
and LMXBs? What other factors should be taken into account?

¢ What is the origin of hysteresis in disc-accreting systems?
¢ What are the driving mechanisms for the manifestation of disc winds?

¢ Is the clear anticorrelation between jets in the hard state and disc winds in the soft state still
valid?

¢ What causes the periodic and aperiodic variability in these systems?

This thesis presents an effort to tackle some of these issues and discuss their implications through
time-resolved UV spectroscopic observations on two objects, the prototypical DN WZ Sge and the
BHXT MAXI J1820+070. To be more specific, in Chapter 2, 1 study the outburst evolution of the DN
WZ Sge in the aftermath of its outburst. My goal is to explain the process that may be responsible
for creating such a peculiar feature, a dip, at the source’s eruption decline. Here, I test the idea that
this drop in luminosity is due to the transition into a propeller state, as was hinted by Campana
et al. (2018). To test and interpret such an idea, I create both time-averaged and variability (RMS)
spectra of the source in all of the epochs that I have in my disposal. This is the first attempt to look
the UV spectral signatures at different stages of the eruption decay and characterise each one of
them. This study is a milestone in this path, and an immediate contribution right before the next

superoutburst is due.

On the other hand, Chapters 3 and 4 are devoted to the BHXT MAXI J1820+070. I present, here, the
first multi-epoch characterisation of a LMXB in the UV wavelengths. This is a unique opportunity,
as most of the LMXBs suffer from high extinction along the line-of-sight. MAXI J1820+070 allows
us to study it throughout the whole outburst and compare its signatures between both hard and
soft states. Characteristically, I analyse two hard state observations — the first epoch is close to
the peak brightness of the source, the second epoch is some days before the hard-to-soft state
transition — and a soft state. The UV observations, taken by both the HST and complementary, by
AstroSat (covers alone the soft state), permit us to properly characterise the system by measuring
its extinction, its spectral and temporal (stochastic and/or UV QPOs) properties throughout the
outburst along with the standard reprocessing picture at the outer part of the accretion disc among
others. Here, the HST spectra will also allow us to search for UV winds at the hard state while we
can characterise the properties of the line-forming regions by modelling the observed emission

lines.

Finally, the last chapter, Chapter 5, summarises my results while highlighting the main conclu-

sions and what it has to be done so we can go further.
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Chapter 2

Searching for a magnetic propeller in the
prototypical DN WZ Sge

...but finding a veiling curtain

"Don’t adventures ever have an end?”

"I suppose not. Someone else always has to carry on the story.”

-J.R.R.Tolkien, The Lord of the Rings

This chapter is based on the following work published at the MNRAS:

Georganti M., Knigge C., Castro-Segura N., Long K.S., "Plateaus, dips, and rebrightenings during the
outbursts of WZ Sge: no magnetic propeller, but a veiling curtain”, 2022, MNRAS, 511, 4, 5385

Abstract

WZ Sge is the prototype of highly evolved, low-accretion rate DNe. During the decline from
eruptions, its light curve displays a "dip" followed by ~ 10 "echo-outbursts". The standard DIM
does not account for this behaviour, which is also seen in other low-accretion rate DNe. One recent
interpretation for these rapid brightness changes is that they represent transitions into and out of a
magnetic propeller regime. Here, I test this scenario with time-resolved, ultraviolet spectroscopy
taken with the Hubble Space Telescope (HST) just before, during and after the dip in WZ Sge’s 2001
eruption. I find no distinctive or unique signatures that could be attributed to a propeller in either
the time-averaged UV spectrum or the variability spectrum. Thus the data do not support the
magnetic propeller scenario. Instead of resolving the mystery of WZ Sge’s outburst light curve,
my study has actually added another: the origin of the narrow absorption features seen in all
outburst phases. I show explicitly that these features are likely formed in a high-density "veiling
curtain” with a characteristic temperature T ~ 17,000 K. However, the nature and origin of this

veil are unclear.
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2.1 Introduction

DNe represent a subcategory of CVs that exhibit eruptions with amplitudes in the range of 2-
5 mag (and sometimes even larger) and with recurrence timescales ranging from days to years.
The taxonomy of these systems, initially, was purely phenomenological as they were categorised
by the morphology of their outburst light curves. Even today, this basic scheme still persists.
Based on this type of classification then, three distinct subclasses arise: the U Gem, the Z Cam
and the SU UMa systems (see e.g. Hellier, 2001; Warner, 2003, for more information), named after
the prototype system of each subclass. The SU UMa stars are subdivided further into different
classes, with the WZ Sge-type binaries being of particular interest to us, especially their prototype
WZ Sge.

The light curves of systems belonging to these different categories are quite different, as demon-
strated in Figure 2.1. For example, U Gem systems are characterised by periodic eruptions, during
which their amplitude increases between 2-5 mag in a matter of days before their subsequent re-
turn to quiescence (upper panel of Figure 2.1). Z Cam systems show long standstill periods after
some outbursts, during which their luminosity lies pretty close to their acquired maximum bright-
ness (middle panel of Figure 2.1). The light curves of SU UMa systems exhibit both normal erup-
tions and superoutbursts. The superoutbursts are brighter and last longer than normal eruptions
and usually appear every few outbursts (lower panel of Figure 2.1). On the other hand, the WZ
Sge-type stars exhibit only superoutbursts (Figure 2.5 for WZ Sge’s studied 2001 superoutburst).

As noted in Section 1.3.3.2, the variety of additional observed light curve signatures, as the ones
portrayed in Figure 2.1, are not always captured by the standard DIM (e.g. as described by Osaki,
1996; Buat-Menard et al., 2001; Lasota, 2001; Hameury, 2020) but can be explained through a com-
bination of factors such as mass transfer fluctuations, donor’s irradiation and disc truncation (e.g.
Hameury et al., 2000; Smak, 2000). In particular, U Gem-type light curves are typically explained
through the DIM successfully, even though disc truncation and a variable mass transfer rate from
the secondary are required to reproduce the succession of the outbursts in the U Gem-type DN
SS Cygni (e.g. Schreiber et al., 2003). On the other hand, the discs in the Z Cam systems are lo-
cated on the threshold of being unstable as My ~ Mgit. The seen standstill periods are due to an
increased mass transfer rate from the donor star such that My > Mt (Buat-Ménard et al., 2001).

In SU UMa sources, now, the complexity of the light curves together with the emergence of su-
perhumps have been proven more challenging to decipher. Observationally, superhumps are
associated with the manifestation of a superoutburst but there are cases, which may suggest oth-
erwise (Imada et al., 2012; Kato and Osaki, 2013). However, both the TTI and/or irradiation-
enhanced mass transfer are considered concrete candidates for producing the observed signa-
tures. Apart from the already mentioned considerations for the manifestation of the TTI in these
systems (Section 1.3.3.2), the irradiation-enhanced mass transfer scenario requires the accretion
disc to be warped (e.g. Smak, 2009b) for the detection of the superhumps (e.g. Hameury et al,,
2000; Smak, 2009a; Hameury, 2020). However, disc warping — the disc’s axis is not aligned with
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FIGURE 2.1: Optical light curves of different type of DNe. As it is seen, there is a broad range of distinct fea-
tures that may not be explained through the same mechanism. Upper panel: Optical light curve
of SS Cygni, a U Gem-type DN, where normal eruptions are seen. Middle panel: Optical light
curve of Z Cam, where the eruptions are interrupted by a standstill, during which the disc is
hot and ionised. These two figures have bee taken from AAVSO. The three colours correspond
to different bands (visual: black, V:green, B:blue, see also the legend below the figures). Lower
panel: Optical light curve of the superoutburst of the SU UMa DN V1504 Cygni. The system
produces both normal outbursts as well as superoutbursts where different structures can be
seen both in rise and the decline after each eruption. Figure taken from Osaki and Kato (2014).
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the spin of the compact object — is something which is not yet explored in CVs. Lastly, in WZ
Sge-type systems — these highly-evolved, low-accretion DNe — their superoutburst light curves
are described by a distinctive "dip", preceding a series of rebrightening(s) before the systems’ re-
turn back to quiescence. In this chapter, the goal is to test a recently proposed explanation for one
such signature, the demonstrated "dip", seen in the superoutburst decline of WZ Sge.

WZ Sge constitutes one of the closest CVs, located at a distance of d=45.2 + 0.1 pc (Gaia Collabo-
ration et al., 2021). It consists of a highly-evolved (brown dwarf) secondary (e.g. Patterson, 2001;
Patterson et al., 2005; Steeghs et al., 2007) orbiting a moderate massive WD (Echevarria et al., 2008)
with an orbital period of 82min (Krzeminski, 1962). WZ Sge shows spectacular high-amplitude
(~ 7 mag), long superoutbursts with a recurrence time of almost 30 years (e.g. Kato, 2015, for a
detailed review of WZ Sge-type stars).

Its nature was a matter of controversy but it was initially classified as a RN. However, the appear-
ance of superhumps (Patterson et al., 1981) at the beginning of the 1978 superoutburst led to the
reclassification of the system as part of the SU UMa family. The discovery of these double-peaked
variations, first discovered in WZ Sge, was attributed by Patterson et al. (1981) to an enhanced
mass transfer from the companion star. It is now known that these "early superhumps", as they
are called — let us not be confused with the ordinary (single-peaked) superhumps that we have
also in SU UMa stars — are a characteristic property of moderate- and high-inclination WZ Sge-type
binaries (e.g. Ishioka et al., 2002, 2003; Pavlenko, 2007; Kato, 2015, and references therein). They
are most likely produced as the disc expands and reaches the 2:1 resonance during outburst (e.g.
Lin and Papaloizou, 1979; Osaki and Meyer, 2002; Uemura et al., 2012).

The discovery of early superhumps in WZ Sge (e.g. Patterson et al., 1981; Ishioka et al., 2002;
Patterson et al., 2002) was just the beginning, as its observed superoutburst light curves were
nothing as seen beforehand. For WZ Sge, only four (1913, 1946, 1978, 2001) superoutbursts have
been reported and only the last two are well-described. The first three are demonstrated in Figure
2.2 by combining data from Mayall (1946) for the first two events and the American Association
of Variable Star Observers (AAVSO) for the last one. The respected datasets have been extracted
from Patterson et al. (1981). The 2001 superoutburst is displayed in Figure 2.5 using data from the
Variable Star NETwork (VSNET; Kato et al., 2004). It is really astonishing how four superoutbursts
of the same system can be so distinctive even though the observational technique and setup(s) are
not similar for all the eruptions and should be taken into account (follow discussion on Kato,
2015). A few general patterns can be spotted though. The last two eruptions (1978, 2001) are both
described by a slow viscous decline, referred to as the plateau phase, a characteristic dip and a
series of rebrightenings (~ 1 mag), the so-called echo-outbursts. The first two observation series
are more elusive, especially the 1946 superoutburst where the dip is not discernible and the lack
of echo-outbursts is prominent. Note that there is an observational gap during the supposed
rebrightening phase. However, if there was a reflaring phase following the 1946 eruption, it must
have been shorter than those seen following the two subsequent superoutbursts (Mayall, 1946;
Kato, 2015).
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FIGURE 2.2: Optical light curves, binned by day, of the three historical superoutbursts of WZ Sge, extracted
from Patterson et al. (1981). Photographic data are employed to create the 1913 and 1946 light
curves (Mayall, 1946) whereas the 1978 superoutburst made use of AAVSO observations. For
illustration reasons, the magnitude axis of the 1913 and 1946 observations is shifted. The 1913
superoutburst is two magnitudes while the 1946 superoutburst one magnitude brigher. It is
worthwhile mentioning the discussion in Kato (2015) regarding the magnitude conversion to
modern system standards of the first two recorded superoutbursts, leading to an overestima-
tion of the mentioned magnitudes, if this is not properly conducted.

It was soon realised that additional ingredients — beyond the standard DIM — are needed to
explain the intricate and complex patterns of the WZ Sge light curves. The TTI model presents
a challenge as it requires an extremely small viscosity a. value during quiescence (e.g. Smak,
1993; Osaki, 1995) to reproduce the recurrence timescale between superoutbursts and the ob-
served mass accretion rate, Mye.. On the other hand, enhanced mass transfer, disc truncation,
donor irradiation, or a combination of all these have been suggested (Lasota et al., 1995; Warner
etal., 1996; Hameury et al., 1997). Inner disc truncation in quiescence is plausible in WZ Sge, either
via evaporation of the inner disc (Meyer and Meyer-Hofmeister, 1994) or by the existence of a
magnetic field (Livio and Pringle, 1992). Indeed, the discovery of coherent, fast optical (Robinson
et al., 1978; Patterson, 1980), UV (Skidmore et al., 1999) and X-ray oscillations in quiescence (Pat-
terson et al., 1998) around 27.87s may indicate the presence of a magnetic WD, rotating with this
spin period.
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In contrast, the WD spin period was not identified during either the 1978 or the 2001 superout-
burst. Knigge et al. (2002) reports the detection of strong but incoherent 15s UV oscillations as
well as weaker 6.5s signals during the echo-outburst phase of its 2001 superoutburst. This study
signifies the first attempt to analyse the UV observations of WZ Sge following its 2001 super-
outburst, using the same dataset that it is utilised in the current work. The discovery of such
features challenges existing models for WZ Sge’s variability during outburst, as they are distinct
from what has been observed in quiescence. Their origin remains unclear as they do not align
with either the pulsating WD or magnetic rotator frameworks, presenting results that are distinct
from what has been observed in quiescence. Kuulkers et al. (2011) argue that the 27.87s pulses are
only detected during quiescence, as the magnetosphere is suppressed during eruptions (due to
the increased mass transfer rate). In this case, WZ Sge would be an IP in quiescence (but probably
not in outburst). The nature of WZ Sge — and, in particular, the presence (or not) of a dynami-
cally important magnetic field associated with the WD — is still a matter of debate (also see, for
example, Lasota et al., 1999; Matthews et al., 2007; Warner and Pretorius, 2008).

If in fact WZ Sge constitutes an IP system, like the one shown in Figure 2.3, the distinct dip in its
outburst light curve (seen in the last two eruptions) might be the observational signature of the
system that transitions into and out of a propeller state (Campana et al., 2018). Even though this
mechanism is most commonly considered in the context of NS X-ray binaries (e.g. Gilfanov et al.,
1998), the propeller transition has been suggested to occur in many accreting transient sources
that harbour accretion discs, including objects such as LMXBs, HMXBs, IPs and YSOs. Campana
et al. (2018) provide a universal relation between the minimum luminosity (in the dip) and the
stellar (accretor) parameters by investigating the distinctive luminosity drops during the outburst

decays of magnetic stars of different scales (c.f. Figure 1.13).

The present study seeks to test whether a transient magnetic propeller is, in fact, present in WZ
Sge (and, consequently, perhaps also in similar systems). The test is based on the UV spectral
signatures observed before, during and after the dip in its 2001 superoutburst light curve. If the
system transitions to a propeller state during the dip, it is anticipated that this would produce
strong changes in the UV spectrum, relative to spectra associated with disc-dominated phases.
Since magnetic propellers are expected (and observed) to be highly variable, these signatures
should be most apparent in the root-mean-square (RMS) spectra (since constant components, e.g.
the accretion-heated WD, are suppressed in these). The variable spectral component can also be
isolated via a linear decomposition of the time-resolved spectra, and this provides an additional
technique for testing this scenario (as well as a consistency check). The spectral signatures associ-
ated with the propeller state are expected to resemble those observed in another WD binary, AE
Agr, which is permanently in the propeller mode (Eracleous et al., 1994; Eracleous and Horne,
1996; Wynn et al., 1997).

In the section below, Section 2.2, I will give a brief overview of AE Aqr and its unique UV signa-

tures, before evaluating whether the comparison between these two systems is justified. Next, the
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FIGURE 2.3: Artistic illustration of the magnetic nature of WZ Sge. Here, the brown dwarf secondary
transfers mass to the WD, while the inner accretion disc is truncated due to the existence of
the magnetic field. Credit: Casey Reed /NASA.

description of the observational setup(s), analysis and findings of my study follow in the subse-
quent sections. If propellering could be confirmed, WZ Sge would be one of the fastest-spinning

WD systems with a spin period of 27.87s.

2.2 AE Aqr: a guide to magnetic propeller systems

Until recently, AE Aqr was the only known example of a magnetic propeller WD system (Era-
cleous et al., 1994; Eracleous and Horne, 1996; Wynn et al., 1997) 1. As a result, it has been very
well-studied observationally. It therefore provides us with the best available laboratory for study-
ing the observational signatures of such systems. For reference, the WD in AE Aqr has a spin
period of 33.08s (Patterson, 1979) and orbits an evolved, late-type (red dwarf) secondary (Welsh
etal., 1995) in a 9.88-hour orbit (Patterson, 1979).

Studies back in the "90s and early "00s (Wynn and King, 1995; Wynn et al., 1997; Meintjes and de
Jager, 2000) have shown that AE Aqr does not follow the traditional IP configuration. Material
is coupled to the magnetic field lines of the WD at the magnetospheric radius, but it is subse-
quently mostly expelled from the system, allowing only a small fraction to be accreted. This mass
ejection process is thought to be responsible for most of the observed spectral and temporal pe-
culiar properties seen in this system. Of great interest to us here is the presence of aperiodic,

1The first "AE Aqr-twin", LAMOST ]024048.51+195226.9, was finally discovered a few years ago (Garnavich et al,,
2021; Pelisoli et al., 2022).
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high-amplitude flares on timescales of minutes, observed in the UV (Eracleous and Horne, 1996).
Note that the flaring activity in AE Aqr is a distinctive phenomenon as it appears across the entire
electromagnetic spectrum from radio (e.g. Abada-Simon et al., 1993) to y-rays (e.g. Bowden et al.,
1992; Meintjes et al., 1994, but also Aleksi¢ et al. 2014).

Indeed, AE Aqr provides evidence of inhomogeneous accretion in the form of diamagnetic blobs
(Wynn et al., 1997) even though a highly-variable, transient disc around the WD is supported
through 3D magnetohydronamical simulations (Isakova et al., 2016; Blinova et al., 2019). The ob-
served flares are thought to occur either when diamagnetic blobs interact with the WD’s magnetic
tield and are ejected at larger radii (Eracleous and Horne, 1996) or when ejected blobs collide with
each other (Welsh et al., 1998). In any case, the expelled material is expected to produce the ob-
served emission line spectrum of the system, which is extremely distinctive (Pearson et al., 2003).
The loss of energy and angular momentum from the system via the outflow is reflected in the
enormous spin-down power of the WD (de Jager et al., 1994; Mauche, 2006). This power is con-
sistent with the expected accretion luminosity (and therefore mass accretion rate) but much larger
than the radiative power, observed in the system. This fact confirms that most of the mass is

ejected (Eracleous and Horne, 1996).

Eracleous and Horne (1996) isolated the spectrum of these flares in the UV, as shown in Figure
2.4. The same figure also showcases the time-averaged spectrum of the system for comparison.
These results are based on an observational campaign where the system was observed on 1992
November 27-28 over nine HST orbits. The spectra on the first eight orbits were obtained using the
G160L first-order grating of the Faint Object Spectrograph (FOS; Harms et al., 1979) on board HST
at the 1150-2510A range, having a spectral resolution of 9.2A (FWHM). However, in the last orbit,
the G160L grating was replaced by PRISM, an instrument covering the 1500-6015A spectral range
with low and wavelength-dependent spectral resolution (e.g. 44A at Mgy A2800A, 92A at Balmer
edge and 140A at H<; Sirk and Bohlin 1986; Evans 1993). This distinction on the instrumental
setups is explicitly cited in Figure 2.4 as well.

It is evident that the shorter wavelengths (A < 2000A) are densely populated with strong, single-
peaked, broad emission lines, encompassing both high- and low-ionisation states in environments
of different densities. Notable features in the high-density, high-ionisation regime include Ny
A1240A, Sipy A1400A, and Hey A1640A. Conversely, low-ionisation species with lower densities
give rise to semi-forbidden transitions such as Oy A1663A and Sy A1892A.

By contrast, the near-UV region (A > 2000A) primarily displays the Fe; complex and the Mgy
A2800A features. These emission lines are not stable, but vary in the same fashion with respect
to time. This behaviour may imply that these lines are produced in the same region or, in the
case that there are two line-emitting regions (due to the density profile inconsistency), that the
two regions are responding together to the mechanism driving the line emission (Eracleous and
Horne, 1996).
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FIGURE 2.4: The time-averaged (dusty pink) and flare/variability (purple) UV spectra of AE Aqr, as repro-
duced from Eracleous and Horne (1996). The spectra between 1150-2300A are obtained by
using the G160L grating of FOS on board the HST whereas their 2300-3000A part is acquired
by exploiting PRISM. The shorter wavelengths are described by a wide range of ionisation
states and semi-forbidden emission lines. At longer wavelengths though only the Fey com-
plex and the Mgy line are clearly visible.

As noted above, our goal is to test the magnetic propeller scenario for WZ Sge by checking for
the presence of AE Aqr-like spectral signatures during the times when the system should be in a
propeller state. However, while it may be enticing to compare the two systems in question, we
first have to ask whether this is a fair comparison. Over the years, there were several times that
these two systems were compared to one another, especially in terms of the possible magnetic
nature of WZ Sge and plausibly, similar characteristics (e.g. Matthews et al., 2007; Warner and
Pretorius, 2008). The primary areas of concern for such a comparison are described below, and
the properties of the systems’ components — donor, WD accretor, accretion disc — are summarised
in Table 2.1.

The most obvious issue to consider is that there are different types of accretion flows between the
two systems. For example, WZ Sge harbours at least a partial accretion disc around the WD while
observationally, there is no evidence for a disc around AE Aqr. However, recent magnetohydro-
dynamical simulations propose the possible presence of a transient and turbulent disc around its
highly-spinning WD (Isakova et al., 2016; Blinova et al., 2019). Moreover, further evidence to sup-
port the comparison between these two systems is provided by the transitional millisecond pulsar
(tMSP)? PSR J1023+0038 (Archibald et al., 2009). PSR J1023+0038 displays the same extraordinary
distinctive UV emission line spectrum, which is thought to be the result of the ejection of the inner

2Transitional millisecond pulsars (tMSPs) are referred to as fast-spinning NS systems, with spin periods at the
millisecond range, that alternate between two primary states: i) a radio state and ii) an accreting state. According to
the predominant "recycling scenario”, these states are linked in such a way that when the accretion onto the pulsar
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parts of the disc (Hernandez Santisteban, 2016). In fact, the inner disc in this system is disrupted
at a distance from the central object that is comparable to the size of AE Aqr’s magnetosphere.
The mass transfer rate from the donor star is also comparable in PSR J1023+0038 and AE Aqr. This
shows that similar UV emission line spectra are produced whenever material is ejected at roughly
the same rate from similar radii.

TABLE 2.1: Summary of the estimated physical parameters and properties of WZ Sge and AE Aqr for their

in-between comparison. The references, presented in the table, are only examples of the various
works refer to the topic in question. The text provides a better representation of the current

literature.
WZ Sge AE Aqr References
Stellar components
WD + brown dwarf WD + red dwarf 1,2,34,5
Accretor
WD mass / Pspin period 0.63M, /27.87s 0.8M /33.08s 2,34,6
Donor
CNO processed? No Yes 1,7
Accretion disc

Yes No? 8,9

Mass transfer rate, My, 10~°Mg, yr ! (1—3) x 107°Mg, yr ! 10,11

References: (1) Steeghs et al. (2007), (2) Echevarria et al. (2008), (3) Patterson (1980), (4) Pat-
terson (1979), (5) Welsh et al. (1995), (6) Casares et al. (1996), (7) Mauche et al. (1997), (8)
Isakova et al. (2016), (9) Blinova et al. (2019), (10) Eracleous and Horne (1996), (11) Long et al.
(2003)

Furthermore, both WZ Sge and AE Aqr seem to host moderately massive (Echevarria et al., 2008)
and fast-rotating (e.g. Patterson, 1979; Patterson et al., 1998) WDs, with comparable mass transfer
rates near the inner edges of their respective discs. In AE Aqr, this rate is dictated by the secondary
star (Eracleous and Horne, 1996). In contrast, in WZ Sge, the donor feeds the disc at a considerably
lower rate (Smak, 1993), but the mass transfer rate through the inner disc near the end of the
plateau phase is comparable to the mass transfer rate from the donor in AE Aqr (Long et al.,
2003). The nature of the donor stars is different, however. Specifically, the transferred material in
AE Agqr originates from an evolved secondary, which means it has undergone CNO processing
(Welsh et al., 1995). Nevertheless, this will not impact the emergence of characteristic emission
lines even for different abundance ratios (e.g. Mauche et al., 1997; Mauche, 2004; Gansicke et al.,
2003).

Taking all of this into account, the aim of the current project is to find any observational evidence
for an unusual (and perhaps AE Aqr-like) UV emission line spectrum in the dip phase of WZ
Sge’s 2001 superoutburst. The comparison to AE Aqr is convenient as a reference point, since it
is the only well-studied accreting WD system in a magnetic propeller state and shares many key
properties. However, our observational study is, of course, agnostic to this —i.e. we are sensitive

to any distinctive and variable signature in our spectra.

terminates (LMXB configuration), the transferred angular momentum enables it to spin-up and behave as a radio
pulsar (e.g. Bhattacharya and van den Heuvel, 1991).
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2.3 Observations

2.3.1 HST observations

The HST observed the DN WZ Sge on 2001 August 8, 19 and 22 after its outburst peak on July
24, with the goal to investigate the immediate aftermath and decline phase of its superoutburst.
The observations (Proposal ID: 9287, PI: Knigge) were taken with the Space Telescope Imaging Spec-
trograph (STIS; Kimble et al., 1998; Woodgate et al., 1998) both at the far- and near-UV part of the
spectrum using the Multi-Anode Microchannel Array (MAMA) detectors. Each epoch consists of
a four-orbit HST visit, covering three key points of the source’s outburst: the "plateau” (HST-1),
the "dip" (HST-2) and the "echo-outburst” (HST-3) phase. The timing of the observations can be
seen in Figure 2.5, overlaid on WZ Sge’s 2001 superoutburst optical light curve.

6
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8 -
: HST-1
|
i l HST-3
10

V magnitude

12} \ \ \\\’\"‘?

16 | | | | | | | |
0 10 20 30 40 50 60 70 80

days since the outburst peak

FIGURE 2.5: The optical light curve of the 2001 superoutburst of WZ Sge as it is given by VSNET with
respect to days since its outburst peak. Three different regions, at the outburst decay, are
background highlighted: the plateau (beige), the dip (light blue), and the echo-outburst phase
(purple). The times of our HST observations are marked by arrows and cover all the decline
stages of the superoutburst. The outburst peak (Ishioka et al., 2002) corresponds to 2001 July
23.565 (UTC).

Time-resolved spectroscopy was acquired only at the far-UV part of the spectrum as the observa-
tions were taken with the FUV-MAMA detector in TIME-TAG mode, providing us with time res-
olution of relative accuracy of 125 us. The spectra were acquired with the E140M/1425A echelle
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grating at the wavelength range of 1144—1710A. This instrumentation setup offers a spectral res-
olution of R = 45.800, which corresponds to a velocity resolution of ~ 7 km s~ !. The near-UV
observations are obtained in ACCUM mode, and therefore timing information is not available.
In these wavelengths, the respective E230M/1978A and the E230M/2707A echelle gratings ex-
ploited the R = 30.000 resolution, resulting to a velocity resolution of ~ 10 km s~ '. Overall, the
0”.2 x 0”.06 slit was used for the plateau and the 0”.2 x 0”.2 slit for the other two epochs. It is
worthwhile mentioning the difference on the used target slit between the first and the subsequent
two epochs, since as we shall see, it is responsible for some of the induced variability, seen only
at the plateau phase. The calstis pipeline was used to extract one-dimensional spectra, both at the
far-and near-UV regions. In each case, blaze correction was performed on the individual orders of
the echelle spectra while the overlapping regions among orders were trimmed before I combined

them into a single spectrum.

The immediate comparison between the two systems has already considered the employed instru-
mental setups. The search for magnetic propeller signatures limit us at the far-UV wavelengths
as timing information is only available at this regime. AE Aqr is observed by FOS, an instrument
of a much lower resolution than the employed STIS of the WZ Sge observations considered here.
The take-home message though, but quite crucial at the conducted analysis, is that the emission
lines in the far-UV range (G160L grating) are resolved. Note that the FWHM of the A1640A line,

corrected for the instrumental resolution, is close to 1700 km s ! (Eracleous and Horne, 1996).

The WZ Sge HST observations were retrieved from the Mikulski Archive for Space Telescopes
(MAST) and a summarised description of them can be found in Table 2.2. On the other hand, the
AE Aqr data products were given to us after a private communication with M.Eracleous.

2.4 Data Analysis

24.1 Construction of light curves

I constructed wavelength-integrated light curves from the time-resolved observations using a cus-
tomised version of the LIGHTCURVE package®, which included both background subtraction while
it excluded the time windows affected by buffer dumps. An overall view of the procured light
curves for the three studied stages of the superoutburst is demonstrated in Figure 2.6, incorpo-
rated along with the orbital phase of the system (secondary x-axis). The system’s ephemeris is the
one employed by Patterson et al. (1998) and expressed as

mid — eclipse = HJD 2,437, 547.72840 + 0.0566878460(3)E (2.1)

3The LIGHTCURVE package constitutes an astronomical tool for extracting lightcurve datasets, operating in "TIME-
TAG" mode. This tool is only appropriate for HST’s COS and STIS instruments. Originally found source: https:
/github.com/justincely/lightcurve.
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We see that the light curves are characterised by short-timescale, rapid variability during all stages
while evidence for ~ 15s oscillations were found (only) at the echo-outburst phase (Knigge et al.,
2002). Initially, it is noteworthy though to focus on the plateau phase and investigate the count
rate drop between the first and second orbit and again between the third and fourth orbit of this
phase’s light curve. Remarkably, in both cases, the count rates were gradually recovered back to
their previous level. I suspect that this is an artefact due to the object’s motion in and out of slit,
which is used only at this epoch. However, after discussion with the STScl office and inspection
of the target acquisition and jitter files, I did not identify any evident long-term drifts. In order to
confirm the validity of this raised speculation, I have extracted spectra separately for the first and
second halves of the orbits in question, i.e. second and fourth orbits of the plateau phase. The
ratios of these spectra are almost flat, with sharp, narrow "P-Cygni'-like features that are most
likely associated due to movement in the dispersion direction. This is not the case, though, for the
stochastic variability seen, for instance, during the fourth orbit of the dip phase. The spectrum
ratios, extracted from high and low count rate states of the dip phase, resemble the transmission
spectrum of an absorber, a veil, found in the system in all stages of the superoutburst (discussed
later in Section 2.5.3). Hence I specify that the variability seen in the first epoch was indeed likely
due to the target moving within the slit but the remaining stochastic variability in this and other

orbits is intrinsic to the source.

2.4.2 Methods: detection of spectral variability
2421 Time-averaged and RMS spectra

Identification of spectral variability constitutes a crucial element in our overall understanding of
astronomical sources as it characterises temporal-dependent processes and how they influence
(through spectral line variations) the source’s environment with respect to time. Construction
of RMS spectra is considered to be a powerful spectral variability tool as it disentangles and
isolates features that exhibit strong time variations, such as the magnetic propeller signatures,
from those that do not, as all constant components are eliminated. In the current framework,
the disentanglement between the binary’s constant and variable components is necessary as the

accretion-heated WD could conceivably swamp the mean propeller signature.

I construct, first, time-averaged and variability (RMS) far-UV spectra of WZ Sge before, during
and after the dip of the source’s light curve in order to test the magnetic propeller scenario, sug-
gested by Campana et al. (2018). The aforementioned process involves assigning timing informa-
tion to respective wavelengths bins in the specified spectral range, which in our case is between
1200-1700A. Then, the time-averaged mean flux and the RMS around it are separately computed
for each wavelength bin. The time and wavelength resolution, used in this analysis, are chosen to
be At = 60s and AA=1A as these choices best reflect the line fluctuations, even though several al-
ternatives were also tested. Nevertheless, the specific choices for time and wavelength resolution
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do not significantly affect our results. The time-averaged and RMS spectra for all our epochs are
demonstrated in Figures 2.7 and 2.8, respectively.

It is worthwhile to mention that the RMS spectra do not highlight the direction of the variable
line — in other words, they do not distinguish between variable absorption or emission — but
only the fact that there is an excess, an "emission line", in that particular wavelength. Thus, they
cannot be treated as "normal" spectra. To be more precise, "P-Cygni" or "inverse P-Cygni" features
in an RMS spectrum cannot be taken as outflow or inflow signatures, for example. Instead, they
are most likely the result of velocity shifts between spectra. As a reminder, I mention that we
should be cautious regarding the RMS spectrum for the plateau phase as it may be affected by the
slit-motion-induced variability noted above. On the other hand, last but not least, I refer to the
fact that in near-UV wavelengths, only mean spectra are created (as the observations in the near-UV

are taken in ACCUM mode). These spectra can be seen in Figure 2.9.

2.4.2.2 Linear decomposition

As previously mentioned, propeller signatures are time-dependent and highly variable. These
signatures are anticipated to emerge during the dip epoch (HST-2) of the WZ Sge superoutburst,
where they would be superimposed on the steady, constant emission coming from the WD. This
suggests that the propeller effect, which is linked to the interaction between the accretion disc and
the magnetic field of the WD, could cause fluctuations in the observed emission during specific
phases of the outburst, especially when the system undergoes a dip in brightness. An additional
method to elucidate the two different components is to carry out a linear decomposition, follow-
ing a similar analysis performed by Eracleous and Horne (1996) for the case of AE Aqr.

The observed time-resolved spectra, Fg,s(t, A), for each epoch, are decomposed into constant,
C(A), and variable, V(A), components so as to

Fops(t,A) = C(A) +D(t) V(A), (2.2)

where D(t) is the driving light curve for the variable component, for which I adopted a scaled and
slightly smoothed version of the far-UV continuum light curve. In other words, it represents the
continuum fluctuations, where, in here, it is estimated from the 1450—1500A wavelength interval.
The modelling and the optimal parameter estimation of the time-resolved spectra are achieved
through unbinned maximum likelihood estimation (MLE) fits, as the performed implementation

allows me to work directly with the TIME-TAG photon stream sets.

The nature of our data (individual photons) allows us to treat them as discrete events, each tagged
with a specific position (wavelength) and time arrival. We try to find the best-fit model that max-
imises the likelihood function (£). The likelihood of observing this photon stream is determined
by multiplying the probabilities of all bins, assuming that each bin is independent. It is com-

mon practice, though, to work with the negative log-likelihood for numerical convenience and
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FIGURE 2.6: Extracted one-second resolution light curves of WZ Sge for the three studied epochs, each one
of them composed of four different orbits. The duration of each orbit as well as the orbital
phase of the system are noted. The orbital phase was calculated by exploiting the ephemeris
given by Patterson et al. (1998). The broken axes specify time discontinuity between the ob-
servations. Each epoch is indicated by using the HST notation scheme.

facilitation of optimisation problems. Following the recipes given by Nelson and Nelson (1998)
and Poisson statistics (discrete distributions), it can be shown that, for the model described in
Equation 2.2, the unbinned negative log-likelihood can be written as

N

InL = | Y In[C(A) + D(H)V(A)]| =N 2.3)

i=0

where N the number of counts predicted by the model in all of the bins. It is noted that N in the
sum represents the number of the observed events.
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This method corrects the slit-motion-induced variability in the plateau phase — something that
could not be avoided in the construction of the mean and RMS spectra. Of course, due to the fact
that D(t) is a scaled and smoothed version of the "true" far-UV light curve, a caveat in this analysis
is that its form is uncertain with an offset and overall scaling and therefore, there is unavoidable
mathematical degeneracy between the two components. In particular, the inferred C(A) will, in
general, be a linear combination of the "true" constant and variable components. By contrast, the
inferred V(A) is always just a scaled version of the "true" variable component. This mathematical
degeneracy between them will not alter the later discussion and the nature of my results. Having
said that, the spectral shape and absorption/emission lines will always be correct (to the extent

the model itself is valid, of course).

The findings of this analysis are overlaid in Figures 2.7 and 2.8. In particular, in Figure 2.7, I
overplot the constant component with respect to the time-averaged spectrum while in Figure 2.8,
the variable component with respect to the RMS spectrum.

2.5 Results and discussion

2.5.1 Spectral evolution through the outburst’s decline

Far-UV part of the spectrum

Overall, there is good agreement between the time-averaged spectra and the constant compo-
nent, result of the applied decomposition in all the epochs. The time-averaged far-UV spec-
tra, depicted in Figure 2.7, are characterised by intrinsically narrow absorption lines (FWHM =
550 km sfl) while the continuum rises towards the UV (blue continuum). The continuum flux
level is measured at 1450A and it fluctuates between 5 x 102 erg s~ ecm~2 ~, during the plateau

2 -1 atthe dip, until it rises to a level of 1.7 x 10*12erg s lem2-1

phase, to 7 x 10~ ¥erg s ™! cm~
during the first rebrightening of the source. The demonstrated lines in the spectra range from
low to high ionisation states, while strongly absorbed are the various transitions of silicon (Siy
A1263,1527,1533A, Sigp A1299A, Siry A1400A) and carbon (C; A1658A, Cyp A1335A, Cry A1550A).
In contrast, evident is the presence of some weak P-Cygni structures, mostly at the first and the
third epoch, such as the ones of Ny A11240A and Cy A1550A. These lines are plausibly formed in

an accretion wind (Rosen et al., 1998) during high mass transfer periods.
Near-UV part of the spectrum

At the near-UV part of the spectrum, the time-averaged spectra show intrinsically narrow lines
as seen in Figure 2.9. Moderate ionisation transitions, such as the Ny A1721A and Al A1860A,
as well as semi-forbidden lines, such as Oy A1672A and Ny A1754A, are discernible at shorter
wavelengths. This fact suggests the existence of lower-density line-forming regions at the accre-
tion disc’s atmosphere. In contrast, at the other end of the spectrum, the only visible lines are
Mgy A2800A and the broad, Fey; complex. The stronger multiplets in this complex were identified
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FIGURE 2.7: Flux-calibrated far-UV mean spectra (navy) for all of our epochs, plotted with respect to the

constant component (teal), suggested by our linear decomposition model. The teal-shaded
area corresponds to 20% of the constant component’s flux in both directions. The line identi-
fications, including the geocoronal species — represented by & — are shown on top of these
plots. The last panel indicates the mean AE Aqr spectrum for comparison.
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and put them also in Figure 2.9. These multiplets are: UV1 (2600-2629A), UV2 (2383-2405A), UV3
(2344-2345A) and UV64 (2563-2595A).

2.5.2 Existence of magnetic propeller

The primary aim of the current project was to test whether the magnetic propeller scenario is re-
sponsible for the distinctive dip of the light curves of WZ Sge (and similar systems) by trying to
find any unique observational UV signature in its spectra. Here, AE Aqr — a well-studied mag-
netic propeller system — has been taken as a reference point to guide the immediate comparison
and subsequent discussion of my findings. As demonstrated, comparing the spectra of these two
systems, though, they are nothing alike.

To be more specific, none of the features seen in either the mean or the variability spectrum of
WZ Sge in the dip phase are exclusive to this phase. If the system was in a propeller phase (only)
during the dip, it would be expected to see a distinctive line spectrum in this phase, including fea-
tures associated with shock-excited emission produced during blob-blob or blob-magnetosphere
collisions (Eracleous and Horne, 1996; Welsh et al., 1998; Pearson et al., 2003). Secondly, all of
the lines observed in the dip phase are seen in absorption, whereas AE Aqr exhibits strong, highly
variable emission lines. Thirdly, all of the absorption features observed in WZ Sge are narrow
(FWHM =~ 550 km s~ ! both in the far- and near-UV range) by contrast to the broad (FWHM
~ 1700 km s '), emission lines expected from propeller kinematics and seen, for example, in AE
Aqr (Eracleous and Horne, 1996). The current behaviour is present both at the mean/constant and
RMS /variability spectra and therefore, masking of an underlying propeller signature by the hot
WD in WZ Sge is also unlikely. Of course, it should be emphasised that, due to difference of in-
strumental resolution, the narrow absorption features, visible in WZ Sge, would not be detectable

— and certainly not resolved — in the FOS spectrum of AE Aqr.

Someone may wonder, where do these results lead us? If not a propeller, then what? Do we
need to instigate additional physics in order to address and understand the complex pattern of
the light curves, seen in WZ Sge itself (e.g. Patterson et al., 1981; Patterson et al., 2002) and WZ
Sge-like systems (e.g. Nakata et al., 2013; Kato, 2015). Several such ingredients have been already
proposed, usually based on modifications to the standard DIM (Section 1.3.3.2). For example,
Hameury et al. (2000) and Buat-Menard et al. (2001) suggested that rebrightenings may be associ-
ated with enhanced mass transfer due to the irradiation of the secondary star during an outburst.
Osaki et al. (2001) proposed that echo outbursts are connected to viscosity variations in the disc
and Meyer and Meyer-Hofmeister (1994); Meyer and Meyer-Hofmeister (2015), argued that the
evaporation of the inner parts of the accretion disc may be responsible. Hence the magnetic pro-
peller scenario sketched by Campana et al. (2018) — which my analysis tends to rule out — is not
the only potential candidate.

Recently, Hameury and Lasota (2021) have taken a new and comprehensive look at what modifi-

cations to the DIM are required in order to account for echo-outbursts. They find that, in order to



2.5. Results and discussion 67

WZ Sge
Fe II complex g
=5 =25 = =k
1011} 2o %z 2 % 53] ‘
RN
e
=1
mean spectrum H
1012
2 2 ¥ 2
5 b © 5
1043 HST-1
= FH 2B = =}
& 5 - Z 7 ; Fe II complex
o || = |
] =
i H 2
=
mean spectrum H
10713,
- 3
o<
q
™ c p: -
g g g c =
o ] =] 5 2
— HST-2
‘v) 1014
w0 10711-
~
[} O - = Fe II complex
~ 58 B = = =
Lr:f == Z Z 2 = @0
I
20
| -
1072
mean spectrum H
c s e
10713 ] =] g =)
[ >
HST-3
10712
= AE Aqr
o0
Fe II complex =
10°13L - = =
1y !
‘ mean \'\H—Hi[l um
1800 2000 2200 2400 2600 2800 3000
Wavelength | A

FIGURE 2.9: Near-UV mean spectra of WZ Sge (dark grey) for all our epochs along with the most promi-
nent line identifications. At longer wavelengths, we identify the stronger Feyy multiplets (UV1,
UV2,UV3, UV64). The last panel again demonstrates the mean AE Aqr spectrum for compar-
ison.



68 Chapter 2. Searching for a magnetic propeller in the prototypical DN WZ Sge

explain the full range of observed outburst phenomenologies, several conditions must be met: (i)
the disc must be on the lower stable branch of the S-curve in quiescence, implying that outbursts
are not triggered by the DIM itself, but by enhanced mass transfer from the secondary, (ii) the disc
must be truncated in quiescence, (iii) mass transfer during the outburst must be sustained ‘exter-
nally” (e.g. by irradiation), beyond the duration the DIM would naturally support as it should
be close enough to the critical accretion rate, (iv) stream overflow must be significant, depositing
material closer to the WD than the outer disc edge. These are strong, but perhaps not unreason-
able requirements. Now that the propeller model has been ruled out, these requirements, too, will
need to be subjected to stronger observational tests.

2.5.3 The mystery of the narrow absorption lines

Intrinsically narrow absorption features are detected at all stages of the superoutburst’s decay.
However, this is not the first time that similar structures are observed in WZ Sge. Long et al.
(2004) did observe them in their UV analysis, using observations on a later date of WZ Sge’s
2001 superoutburst. The earliest spectrum in their work is taken on 2001 September 11, which is
roughly three weeks after the last observation considered here (on August 22). That date coincides
with the dip between the last two echo-outbursts associated with the 2001 eruption (Godon et al.,
2004). The rest of their observations were obtained much later, when the source was almost close
to its quiescent level. Steeghs et al. (2007) also found indications of these narrow absorption

features also in quiescence.

But where are these structures formed? To quantify this, I have measured the velocity offsets of
several relatively isolated narrow absorption lines (in particular, Siry A1393.76A, Sipy A1402.77A,
Siyp A1533.43A) from their rest wavelengths in the time-averaged spectrum for each of the three
epochs. These turn out to be =~ —73 + 3 km s~ !, which is consistent with the systemic velocity of
the binary system (—72 + 2 km s~ '; Spruit and Rutten 1998; Steeghs et al. 2001). However, it is
worth noting that the narrow UV absorption lines seen in quiescence by Steeghs et al. (2007) were
centred on —16 & 4 km s~ . The difference between this and the systemic velocity was attributed
to the effect of gravitational redshift. The narrow absorption lines in our data are closer to the

systemic velocity, suggesting that the line-forming region was located further from the WD.

Long et al. (2004) characterised the physical conditions under which these lines were formed,
considering a model in which these lines are absorbed in a slab of material with electron density
in local thermodynamic equilibrium (LTE). Indeed, this model is not that far off from describing
their input spectrum, thereby giving us some insights at the same time. In particular, they found
that the temperature, T, of their model slab decreased from T=11500K in September to T ~ 7200K
in October, to T ~ 6500K at later times. Across the same interval, the column density of the
absorber dropped from logNy ~19.5 to ~19. The turbulent velocities required to account for the

width of the lines were always modest, in the range of v ~ 150 — 450 km s .
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In this work, I carried out a similar analysis using the TLUSTY and SYNSPEC packages (Hubeny
and Lanz, 2017). As noted above, the narrow absorption features are present in all of our epochs
— plateau, dip and echo-outburst. However, the UV spectra during the plateau and echo-outburst
phases are much harder to model, since they are dominated by disc emission and partially re-
processing in a disc wind (Knigge et al., 1997, 1998; Noebauer et al., 2010; Matthews et al., 2015).
Hence I restrict my analysis here to the dip phase, where the accretion-heated WD is expected to
be the dominant UV source. Of course, it has to be taken into account that a fixed-density LTE slab
model can only be expected to provide rough characteristic values for the physical parameters in

the line-forming region.

I describe, below, the different steps of the performed modelling of the UV spectrum. Initially, a
solar abundance, logg=8.5 (Steeghs et al., 2001), WD model is fitted to the far-UV through near-
UV spectrum, trying to isolate the regions contaminated with strong absorption features that are
clearly not associated with the WD. The resulting estimate of the WD temperature is Twp ~
27300K, a comparable estimate to the one obtained by Long et al. (2004) during the final dip
phase in September 2001. Then, I estimated the transmission spectrum of the veil by dividing the
observed HST spectrum (dip phase) by the WD model. In order to remove any remaining large-
scale trends that are not linked with absorption, I divided this spectrum by a highly smoothed
version of itself. T used a very broad (= 500A) Savitzky-Golay filter for this purpose. Finally, I
performed the final modelling where I fitted this transmission spectrum with that expected for an
LTE slab, varying the temperature (T), electron density (n.), turbulent velocity (v¢) and column
density (Np).

The results are demonstrated in Figure 2.10 where the spectrum is fitted by both the WD contribu-
tion and the absorbing curtain. The best-fitting LTE slab produces most of the observed features,
and it is characterised by T = 17200K, logn. ~ 15.7, vi = 120 km s~ ! and logNy ~ 20.4. It is
worth mentioning that there is a strong degeneracy between T and n. in LTE slab models, es-
pecially in the high-density, mostly ionised regime (Long et al., 2004). If I follow them and fix
logne ~ 11, then I find that T ~ 14400K, v ~ 260 km s 'and logNy =~ 20.7. Of course, there are
several uncertainties that should be considered such as the thickness of the slab, absorbing this
material but the basic result does not change. Indeed, these observed narrow absorption features
suggests the presence of moderate temperature, high-density, low-velocity absorbing material along

the line-of-sight. The temperature of this veil declines monotonically as the outburst progresses.

Surprisingly, the presence of the same ubiquitous features is discernible in all stages of the out-
burst, even in the disc-dominated plateau and echo-outburst phases. This fact implies that the
existent veil is always present throughout the eruption. During the disc-dominated phases, i.e.
plateau and echo-outburst phases, the UV emission comes mainly from the inner disc, a region
spanning a few Rwp. Since at least part of this emission is absorbed, the veil is likely to have a
lateral extent that is at least this wide. This strongly suggests that the veil is not connected with
the WD itself, but is probably located in the outer disc regions.
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FIGURE 2.10: Upper panel: combined far- and near-UV spectrum, taken during the dip phase, of WZ Sge
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model and the veiling curtain (yellow). The most important lines are again identified at both
parts of the spectrum. It is discernible that the addition of the veiling curtain is successful
in reproducing the observed features. Bottom panel: demonstration of the absorbing veiling
curtain (olive green) for comparison.

WZ Sge is viewed fairly edge-on — its outer disc is partially eclipsed (Ritter and Schroeder, 1979)
— and absorption features associated with veiling material have also been seen in other high-
inclination CVs. This includes both low-state systems, such as the ‘Fe curtain’ reported by Horne
et al. (1994) in the eclipsing DN OY Car, and high-state ones, such as the absorption lines in the
nova-likes UX UMa (Baptista et al., 1998) and V348 Pup (Froning et al., 2003). Whether all of these
veiling structures are physically related is an important open question though but understanding

their physical nature should be a matter of priority.

2.6 Summary

This study has tested the idea that the presented dip in the superoutburst light curve of WZ Sge
stars is caused by a switch to a magnetic propeller state (Campana et al., 2018). Using time-
resolved UV spectroscopy obtained just before, during and after the dip in the 2001 eruption of
WZ Sge itself, I have constructed spectra representing both the constant and variable components
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in all three outburst phases. The constructed spectra were, then, compared to the time-averaged
and flaring components in the well-known magnetic propeller system AE Aqr (Eracleous and
Horne, 1996).

As I have shown, none of WZ Sge’s UV spectra show evidence for the distinctive broad emission
line signatures seen in AE Aqr. This includes the spectra obtained for the dip phase, when the
propeller should be active, and notably the variable component, which should isolate any time-
dependent propeller signatured from the constant WD spectrum. Instead, all of WZ Sge’s spectra
display more or less the same set of narrow, (mostly) low-ionisation absorption features. All of
this argues strongly against the propeller scenario in WZ Sge and the magnetic nature of its WD.

The narrow UV absorption lines in the spectra of WZ Sge are almost certainly the counterpart to
the features noted by Long et al. (2004) later on in the same outburst. They cannot be formed in
the atmosphere of the WD itself and therefore demand the existence of an absorbing "veil" in the
system. The temperature of this material declines over the course of the outburst — my performed
modelling suggests T ~ 14,000 — 17,000 K during the dip phase, compared to the highest value
found by Long et al. (2004), T ~ 11,500 K, in the interval between the final two echo-outbursts.
Importantly, the signature of the veil can be seen even during the disc-dominated plateau and
echo-outburst phases. This suggests that the absorber is linked to a system component that is
present throughout (at least) all of the super-outburst. An association with material in the outer

disc seems likely, but the nature and origin of the absorber remain unknown.

I conclude by stressing the importance of resolving both of these mysteries: the peculiar outburst
light curves and the nature of the absorbing veil.
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Chapter 3

An ultraviolet characterisation of the
BHXT MAXI J1820+070

...before, during and after a transition

We live in a rainbow of chaos.

Paul Cezanne

The following two chapters are based on the work:

Georganti M., Knigge C., Castro-Segura N., Long K.S., Dewangan G.C., Banerjee S., Hynes R.I., Gandhi
P., Altamirano D., Patterson |., Zurek D.R., "Ultraviolet spectroscopy of the low-mass X-ray binary MAXI
J1820+070 before, during and after a state transition”, submitted to MNRAS

Abstract

I present ultraviolet (UV) spectroscopic observations covering three distinct accretion states of the
low-mass X-ray binary (LMXB) MAXI J1820+070: the luminous hard state, a hard-intermediate
state and the soft state. The observations were obtained during the 2018 outburst of MAXI
J1820+070 with the Hubble Space Telescope (HST) and AstroSat satellite observatory. The extinc-
tion towards the source turns out to be low — Eg_y = 0.20 &= 0.05 — making it one of the best UV
accretion laboratories among LMXBs. Remarkably, I observe only moderate differences between
all three states, with all spectra displaying similar continuum shapes and emission lines. More-
over, the continua are not well described by physically plausible irradiated disc models. All of
this challenges the standard reprocessing picture for UV emission from erupting LMXBs. The
UV emission lines are double-peaked, with high-ionisation lines displaying higher peak-to-peak
velocities. None of the lines display obvious outflow signatures, even though blue-shifted absorp-
tion features have been seen in optical and near-infrared lines during the hard state. The emission
line ratios are consistent with normal abundances, suggesting that the donor mass at birth was
< 1.0 - 1.5Mp).

~

low enough to avoid CNO processing (Ma;
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3.1 Introduction

MAXI J1820+070 (=ASASSN-18ey) is one of the closest, brightest and least-reddened Galactic
black hole X-ray transients (BHXTs). It was discovered after its outburst onset on 2018 March
(Tucker et al., 2018; Kawamuro et al., 2018). Since it is an excellent target for studying black hole
(BH) accretion, unprecedented monitoring has been carried out across the entire electromagnetic
spectrum, covering the main outburst of the source and the subsequent reflaring episodes (e.g.
Baglio et al., 2018; Atri et al., 2020; Stiele and Kong, 2020; Tetarenko et al., 2021a; Ozbey Arabaa
et al., 2022; Yoshitake et al., 2022; Banerjee et al., 2024).

At a distance of d = 2.96 £ 0.33kpc (Atri et al., 2020), the system was categorised quite early
as part of the BH population family due to its unique X-ray properties (Kawamuro et al., 2018;
Chakraborty et al., 2020). The details regarding the respective X-ray properties and characteristics
of such systems as they follow a "g-track" between the hard and the soft state at the HID have
been presented in Section 1.4.1. The binary inclination was calculated to be between 66° < i < 81°
(Torres et al., 2020) while the jet inclination gives a slightly smaller estimate i = 64° £ 5° (Wood
etal., 2021).

MAXI J1820+070 reached peak optical brightness around March 28, but remained at the hard
state until (early) July. During that period, the X-ray spectrum was mostly described by a hard
component, originated at the time-varying corona, and reflection features (e.g. Buisson et al., 2019;
Kara et al., 2019; De Marco et al., 2021). In the timing domain, there was a frequency evolution of
the observed QPOs both in X-rays (e.g. Mudambi et al., 2020; Mereminskiy et al., 2018; Yu et al.,
2018b; Stiele and Kong, 2020) and optical (e.g. Yu et al., 2018b,a; Zampieri et al., 2018; Mao et al.,
2022; Thomas et al., 2022), as their frequency was increasing with respect to time. The system then
started its transition to the soft state, characterised by a rapid softening of the X-ray spectrum
(Homan et al., 2018¢,b, 2020) and a decrease of the radio and infrared flux, thereby indicating the
quenching of the compact jet (Tetarenko et al., 2018a; Casella et al., 2018). It stayed at the soft state
until (late) September, where it started its transition back to the hard state (Negoro et al., 2018;
Bright et al., 2018; Motta et al., 2018; Homan et al., 2018a). Its outburst finished when the source
reached its quiescent level on March 2019 (Russell et al., 2019).

The X-ray behaviour of BHXTs, as seen, is well-determined and serves as a probe to the inner
disc regions in the vicinity of the compact object. However, a significant challenge for the study
of these systems is that interstellar extinction usually prevents us from exploring the ultraviolet
(UV) response to changes in X-ray luminosity and state transitions. This is unfortunate, as the
UV band is a critical link between the inner accretion flow (the corona and the hot, viscously-
dominated disc) and the outer one (the cool, irradiation-dominated disc). To date, only six BHXTs
have been observed in the far-UV part of the spectrum near outburst peak in the soft state (Hynes,
2005). Increasing the size of this sample is important for understanding how the disc evolves and
responds to the changing X-ray irradiation during eruptions, what drives the presence of disc

wind signatures in specific wavelengths during different states (e.g. Mufioz-Darias et al., 2016,
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FIGURE 3.1: Left panel: Swift/BAT (hard X-rays, dark red) and NICER (soft X-rays, blue) light curves of the
outburst of MAXI J1820+070 in 2018. Right panel: NICER Hardness-Intensity diagram (HID)
of the source, averaged by day (in blue). In both cases, we have superimposed the timing of
our ultraviolet observations for comparison. On the right panel, the times of our HST (dark
orange) and AstroSat (light green) observations are noted by different colour, signifying the
respective accretion state of the system. The transition between the two accretion states is
evident in both panels.

2018, 2019; Sanchez-Sierras and Mufioz-Darias, 2020; Castro Segura et al., 2022; Fijma et al., 2023),
and to shed light on the periodic and aperiodic variability produced at intermediate disc radii.
MAXI J1820+070 provides us with a rare opportunity make progress in this area. Here, I present
the first multi-epoch UV characterisation of a BHXT across both outburst states, which allows us
to shed light on some of these issues.

The outbursts of BHXTs are typically interpreted in the context of the disc instability model (DIM;
e.g. Lasota 2001; Hameury 2020 for a recent review), according to which the accretion discs in
these systems are subject to a thermal-viscous instability related to the ionisation of hydrogen. To
what extent X-ray irradiation plays a significant role in controlling the behaviour of the dsscs in
BHXTs is still a matter of debate (e.g. van Paradijs and McClintock, 1994; van Paradijs, 1996; King
and Ritter, 1998; Dubus et al., 1999, 2001; Tetarenko et al., 2018b). Strongly irradiated accretion
discs are needed, though, to explain the longer and brighter eruptions of these systems and their
light curve phenomenology. The outer disc is heated by radiation emitted in the inner regions,
which keeps it ionised and prevents an early return to quiescence. It also means that the outer
disc produces most of the UV /optical, and sometimes infrared, flux. This picture can be tested by
modelling the UV SED with irradiated disc models.

The spectral lines seen in the UV also provide important diagnostics. For example, the He 11
A1640A recombination line is an effective bolometer for the (usually unobservable) extreme UV
band above 54 eV. Moreover, UV line ratios can be used to shed light on the evolutionary history
of the binary, since they depend strongly on the degree of CNO processing the accreting material
has been subjected to (e.g. Mauche et al., 1997; Haswell et al., 2002; Génsicke et al., 2003; Froning
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et al., 2011, 2014; Castro Segura et al., 2024). Perhaps most importantly, however, the strong UV
resonance lines (N v 112404, Si 1v A1400A, C 1v A1550A) are highly sensitive outflow tracers.

The observable wind signatures presented by spectral lines take the form of blue-shifted absorp-
tion or P-Cygni profiles. In XRBs, such signatures have been found in both the corona- and disc-
dominated states. However, clear X-ray wind signatures have so far only been seen in the soft
state (e.g. Miller et al., 2006¢; Ponti et al., 2012, 2014; Diaz Trigo and Boirin, 2016, and references
therein), even though hard-state outflows have been identified both in optical /near-infrared (e.g.
Mufioz-Darias et al., 2016, 2018, 2019; Jiménez-Ibarra et al., 2019) and UV spectra (Castro Segura
et al., 2022; Fijma et al., 2023). This raises several important questions (e.g. Mufioz-Darias et al.,
2019; Sanchez-Sierras and Mufioz-Darias, 2020; Mufioz-Darias and Ponti, 2022). Is the same wind
present throughout the eruption, perhaps in different ionisation states? And is this wind multi-
phase (e.g. clumpy) and/or spatially stratified? Or are we seeing completely distinct types of
outflows in different bands (e.g. cool, magnetically driven winds in the UV, optical and near-
infrared bands vs hot, thermally driven winds in X-ray bands)? Resolving these issues will re-
quire panchromatic spectroscopic observations across different spectral states. In this context, the
present study provides the first data set allowing a search for UV wind signatures in different

stages of a single outburst.

Finally, time variability in the form of stochastic flickering and QPOs is ubiquitous among XRBs
(and, in fact, among all accreting systems). The standard interpretation of this variability is that
each annulus of the disc is susceptible to fluctuations on its own viscous timescale. These fluctua-
tions then propagate inwards, so that correlated variability we see in different wavelengths is the
cumulative product of variations across a wide range of disc radii. Irradiation and reprocessing
can introduce additional correlations between different wavebands on timescales corresponding
to the light travel time from the center of the disc to the relevant emitting region. MAXI J1820+070
is already known to display correlated variability between X-rays and optical at the peak of its
outburst (e.g. Stiele and Kong, 2020; Paice et al., 2021; Thomas et al., 2022). Our UV data allows
us to test whether / to what extent the same behaviour is present in this intermediate waveband.

This issue and the respective timing analysis are the subject of Chapter 4.

In this work, I focus on three distinct snapshots of MAXI J1820+070 obtained during this outburst
with the Hubble Space Telescope (HST) and AstroSat observatories. The timing of the observations
is shown in Figure 3.1, where I relate them to the overall X-ray behaviour of the system. For this
purpose I have combined data from both the Neil Gehrels Swift Observatory (Swift/BAT, Gehrels
et al. 2004; Krimm et al. 2013) and Neutron star Interior Composition Explorer (NICER; Gendreau
et al. 2016) to construct both the overall X-ray light curve and the HID of the system. The rest
of the current chapter is structured as follows. The following section, Section 3.2, provides the
reader with a description of the employed observations. The Section 3.3 outlines all the results of
the UV campaign. The presented analysis covers various aspects, including extinction estimation,
UV wind detection, spectral changes in the UV throughout the different states, UV SED modelling

using irradiation models and more.
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3.2 Observations

3.2.1 HST observations

MAXIJ1820+070 was observed on 2018 March 31st and June 29th (Proposal ID: 15454, PI: Knigge)
by the Space Telescope Imaging Spectrograph (STIS; Kimble et al., 1998; Woodgate et al., 1998) on-
board HST. Each epoch consisted of a five-orbit HST visit, with three orbits dedicated to the far-
UV and the remaining two to the near-UV part of the spectrum. The first visit took place in the
hard state right after the outburst peak. However, the second visit took place three months later,
during the hard-intermediate state, just before the start of the hard-to-soft state transition.

The MAMA detectors were employed to obtain the observations in TIME-TAG mode in order to
provide information on the fast (dynamical timescale) variability of the system. The initial ob-
servation, denoted as HST:HS, captured the system in a luminous hard state on MJD=58208.5,
just few days after outburst peak. The 0”.2 x 0”.2 detector slit and the echelle E140M/1425A,
E230M /1978, 2707A gratings were utilised, providing us with a spectral resolution of R = A/AA
= 45800 and 30000 in the far- and near-UV regions, respectively. The subsequent observation,
designated as HST:HIMS, took place on MJD=58298.5, just days before the state transition. In this
epoch, we used the 52 x 0.2 slit coupled with the first-order G140L/1425A and G230L/2376A grat-
ings. Here, the spectral resolution is not constant but wavelength-dependent at both sides of the
spectrum. In particular, it ranges between 960-1440 in the far-UV and between 500-1010 in the
near-UV wavelengths, respectively. A summary of the instrumental setups and their characteris-

tics can be found in Table 3.1.

All the data were reduced using the calstis pipeline to extract one-dimensional spectra for each
visit. For our first epoch, blaze correction of the individual orders of the echelle spectra and
trimming of their overlapping regions were applied so we could combine them into a single spec-
trum. On the other hand, the construction of the HIMS first-order spectrum suffered from two
challenges. First, there was a flux inconsistency between the far- and near-UV exposures — in
particular, the near-UV (G230L) 0ds802050 exposure appeared to be 27% brighter than the corre-
sponding far-UV (G140L) one in the overlap regions between the two. While it cannot be ruled
out that this offset is real (i.e. intrinsic to variability associated with the source), I adjusted the
near-UV time-weighted average to match its far-UV counterpart. This adjustment involved de-
termining a scaling factor based on the median value of the continuum windows on both sides of
the spectrum. The purpose of this choice was to facilitate our subsequent analysis by creating a
single HIMS spectrum. Second, I observed a mismatch between the far- and near-UV line centers.
As the setup in this epoch is constrained by the lack of spectral resolution and low signal-to-noise,
I used the echelle spectrum and the location of several interstellar lines as my guide to account
for these wavelengths shifts. In the end, I shifted the far-UV wavelengths by 1A and the near-UV
wavelengths by 2.5A to correct for these offsets.
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TABLE 3.1: Log of observations discussed in this work. All the observations were taken at the hard and
hard-intermediate state except for the second AstroSat observation that is taken at the soft state.
The last column represents the notation that I am going to use throughout this thesis.

ObsID Setup Onset (MJD)  Exposure (ks) Notation

0ds801010 STIS/E140M/1425A 58208.52 2.151

0ds801020 —"— 58208.57 2.730

0ds801030 —"— 58208.64 2.730 HST:HS

0ds801040 STIS/E230M/1978A  58208.71 2.730

0ds801050 STIS/E230M/2707A 58208.77 2.730

0ds802010 STIS/G140L/1425A 58298.50 2.105

0ds802020 —"— 58298.56 2.730

0ds802030 —"— 58298.63 2.730 HST:HIMS

0ds802040 STIS/G230L/2376A 58298.70 2.730

0ds802050 —"— 58298.76 2.670
T02_038T01_900001994 UVIT/FUV-G1 58207.50 11.39 AstroSat:HS
T02_066T01_900002324 UVIT/FUV-G1 58355.47 2.845 AstroSat:SS

3.2.2 AstroSat observations

AstroSat constitutes India’s first space telescope, launched in 2015. Even though it is a multi-
wavelength mission, it is mostly dedicated to high energy studies from UV to hard X-rays. Of
great importance to us is the telescope at the UV wavelengths.

The Ultraviolet Imaging Telescope instrument (UVIT; Tandon et al., 2017, 2020) features three chan-
nels sensitive to three different bands: far-UV (1200 — 1800A), near-UV (2000 — 3000A), and vis-
ible (3200 — 5500A). While far-UV and near-UV are used for scientific observations, the visible
channel primarily aids in pointing drift correction. Both the far-UV and near-UV channels are
equipped with broadband filters for imaging, providing a point spread function (PSF) of 1.0"-
15", and include slit-less gratings for low-resolution spectroscopy. The far-UV channel contains
two orthogonally arranged slit-less gratings (FUV-G1 and FUV-G2) to minimise contamination
along the dispersion direction from nearby sources. Both channels operate in the photon count-
ing mode. Further details on grating performance and calibration can be found in Dewangan
(2021).

Level-1 data on MAXI J1820+070 were sourced from the AstroSat archive and processed with the
CCDLAB pipeline (Postma and Leahy, 2017). Drift-corrected, dispersed images were generated
orbit-wise and then aligned to produce a single image per observation. Spectral extraction was
performed using the UVITTOOLS packagel, following Dewangan (2021) and Kumar et al. (2023).
The source’s zeroth-order image position in the grating images was located, and one-dimensional
count spectra for the FUV gratings in the -2 order were extracted using a 50-pixel cross-dispersion
width (see Banerjee et al. (2024) for more details). Background count spectra were also extracted

!Details about the package’s requirements and documentation can be found at https://github.com/gulabd/
UVITTools.jl.


https://github.com/gulabd/UVITTools.jl.
https://github.com/gulabd/UVITTools.jl.
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similarly from source-free regions and used to correct the source spectra. The grating responses
were updated to match the simultaneous hard state HST spectrum of the source, and these files

are produced as explained in Dewangan (2021).

3.3 Results

3.3.1 Reddening and HI column density

Most BH binaries are located at kiloparsec (kpc) distances in the Galactic plane. As a result, they
tend to suffer from strong extinction and reddening, making them difficult to observe especially
at UV wavelengths. In fact, only 8 out of 68 BH binary systems are characterised by reddening
values Eg_v < 0.3 (Corral-Santana et al., 2016). In addition to MAXI J1820+070 (whose extinction
properties I discuss below), these low-reddening systems are GRS 1009-45 (della Valle et al., 1997),
XTE J1118+480 (Garcia et al., 2000), Swift J1357.2-0933, XTE ]J1817-330 (Schlafly and Finkbeiner,
2011), MAXI J1305-704 (Mata Sanchez et al., 2021) and MAXI J0637-430 (Tetarenko et al., 2021b).
Thanks to their relatively low and well-constrained extinction values, the intrinsic luminosities
of these systems can be inferred with some confidence (this is true if the distance to the source is

known).

In order to determine the line-of-sight extinction and reddening towards MAXI J1820+070, I use
two different methods. Initially, I employ the strength of the A2175A dust absorption feature
(near-UV hump) to determine the appropriate reddening value at the line-of-sight to the source.
Dust grains and their properties along different lines-of-sight play a significant role at the deter-
mination of the extinction and the definition of their wavelength-dependent extinction curves.
I fit a series of parameterised extinction curves, all of them dependent on the A, and R, pa-
rameters. For reference, I note Eg_y=A,/R,, where I set Ry=3.1, its standard value for typical
Galactic sources. Using Fitzpatrick’s reddened-law (Fitzpatrick, 1999) to match the A2175A inter-
stellar dip of our "featureless"/continuum HST:HIMS spectrum, I estimate an extinction value of
Eg_v = 0.20 & 0.05 (sys), where systematic uncertainties contribute to the error estimate. Figure

3.2 illustrates how the spectrum changes under different extinction values.

In addition, we exploit the well-established correlation between reddening and neutral atomic
hydrogen column density (Ny) at any line-of-sight (e.g. Bohlin et al., 1978; Liszt, 2014). In this
case, I determine the HI column density by modelling the damped Lyman-« (Lya) absorption
T

profile, evident in our HST:HS spectrum. I follow Bohlin (1975) and model this profile by an Ce™
factor, where C is the continuum level, and the optical depth, 7, is given by

T(A) = 4.26 x 107N/ (6.04 x 10710 + (A — Ap)?). (3.1)

Here, Ao = 1215.67A, the rest wavelength of the Lya line. I then estimate Ny by trial and error
within a range of values centered on the total line-of-sight column density. Examples of these
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FIGURE 3.2: Estimation of the reddening Eg_vy through the A2175A interstellar extinction feature. Assum-
ing Ry = 3.1 and Fitzpatrick’s extinction law (Fitzpatrick, 1999), I model the HST:HIMS spec-
trum and I find the reddening value, which makes the near-UV bump to disappear. The found
value that I adopt in this paper is Eg_y = 0.20.
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tits are shown in Figure 3.3, where the best-fit model corresponds to a column density value
of Ny = 10?! em™2. The corresponding reddening value then is determined via two standard
Ny /Eg_v relations from the literature: Niz/Eg_v = 5.8 x 10%! cm 2 mag*1 (Bohlin et al., 1978)
and Ny /Bp_y = 8.3 x 10! em~2 mag~! for |b| < 30° (Liszt, 2014). The resulting estimates for
Ep_v towards MAXI J1820+070 are 0.17 and 0.12, respectively. These values are slightly lower, but
remain consistent with the one inferred from the UV SED.

Similar reddening results are obtained when employing slightly different N values derived from
other observational studies. For example, high-resolution 21-cm radio observations (HI4PI Col-
laboration et al., 2016) and fitting of the absorbed X-ray spectrum (Koljonen et al., 2023) yield
a column density of Ny = 1.3 x 102'cm™2. On the other hand, modelling of diffuse inter-
stellar bands (such as the A5780A line in VLT/X-Shooter spectra) results in a column estimate
of Ny = (1.4 +04) x 10>’cm~2 (also in Koljonen et al., 2023). These estimates are consistent
with predictions based on the Galactic dust distribution (see Koljonen et al. 2023 and references
therein). Throughout this work, I adopt Eg_y = 0.20 as the reddening value.

3.3.2 Overview: spectroscopic evolution through the outburst

Our first objective is to shed light on the UV spectral evolution of MAXI J1820+070 as it passes
from the hard to the soft state during its 2018 outburst. The luminous hard state near out-
burst peak was covered by (quasi-)simultaneous HST and AstroSat observations. The hard-
intermediate state just before the state transition was caught by our second HST observation,
while the soft state was captured only by low-resolution AstroSat spectroscopy. The evolution of

the source’s spectrum among these three stages is shown in Figure 3.4.

Overall, the HST spectra are characterised by blue continua and broad emission lines. Despite the
significant flux decrease (by a factor of 3), and the system’s transition from the hard to the soft
state immediately after the second HST epoch, no major characteristic differences are observed
between these two observations. The continuum shape remains consistent across our spectra
and is reasonably well-approximated by a power-law with an index close to the characteristic
value for a viscously-dominated accretion disc (Fy, « A~F, B = 7/3). This is surprising, since the
disc regions producing the UV continuum may be expected to be heated by irradiation, rather
than viscous dissipation. At wavelengths sufficiently far away from the Wien and Rayleigh-Jeans
tails, an irradiation-dominated disc would tend to produce a power-law continuum with g =1,
significantly shallower than observed (Frank et al., 2002). I will return to this issue below in
Section 3.3.4.

Both epochs display the same set of strong, double-peaked emission lines, representing both low-
and high-ionisation atomic transitions. At shorter wavelengths, the usual resonance UV lines such
asN Vv )\1240A, Si1v /\14OOA, C 1V A1550A or Hell A1640A are seen in emission. The damped Ly«
absorption line produced by absorption in the ISM contaminates the far-UV end of the spectrum.

At the very opposite end, the prominent Mg 11 A2800A line in emission is apparent.
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FIGURE 3.3: Focus on the interstellar Ly« line of our HST:HS spectrum in order to model its damped profile.
The different fits are represented by different solid colour lines, whose corresponding column
density is specified in the legend. The light blue dashed line signifies the column density,

derived from X-ray spectral fitting (Koljonen et al., 2023). The optimal model, represented by

a light green colour, corresponds to a column density of Ny = 10*'em 2.

The AstroSat spectra also capture the far-UV wavelengths, but — due to the lower resolution and
signal-to-noise of these data sets — only the strongest lines are detected. As AstroSat constitutes
our sole insight into the system’s soft state, I exploit our simultaneous hard state observations
to calibrate and facilitate comparisons between the HST and AstroSat spectra. For these com-
parisons, I degrade the HST spectra to the same resolution as the AstroSat observations using a
simple Gaussian filter. The result is illustrated in Figure 3.5. A good agreement is achieved be-
tween the (quasi-)simultaneous HST/AstroSat hard state observations, whereas there is a hint of
line strengthening in the soft state, especially for the Si 1v and C 1V profiles. The good agreement
of the HST/ AstroSat observations at the hard state are partly artificial as the AstroSat spectrum
was calibrated based on the HST (quasi-)simultaneous spectrum (mentioned earlier in Section
3.2.2).
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3.3.3 Emission line shapes and fluxes

All of the observed lines appeared to be double-peaked or consistent with being double-peaked
(within the limit of the diverse spectral resolutions of our instrumental setups). Assuming that
the observed emission lines are produced at the atmosphere of the accretion disc, their shapes can
help us to specify the physical conditions in the line-forming region(s) and define their evolution
during the time between the observations.

Broadened, double-peaked emission profiles are characteristic of geometrically thin Keplerian ac-
cretion discs, where the two peaks correspond to regions of the disc rotating towards (blue-shifted
component) or away from the observer (red-shifted component), respectively. In this context, I
carry out a qualitative analysis of the most prominent observed resonance lines from our dered-
dened continuum-subtracted spectra. Specifically, I measure properties such as their line fluxes
and the corresponding velocities of each of the two components. Then, the fitted emission profile

is numerically integrated to extract key parameters.

In my fits, all relevant atomic transitions are assumed to produce two kinematically distinct (blue
and red) Gaussian emission lines. The two components are constrained to share the same FWHM,
but they are allowed to have different normalisations and shifts relative to the relevant rest wave-
lengths. This is not unexpected, as transient components such as hot spots or interactions at the
stream-impact bulge can disrupt the disc’s model symmetry. The He 1I line is adequately de-
scribed by two such components associated with a single atomic transition. However, most of
the lines I consider (specifically N v, Si 1v, C 1v and Mg 1I) are resonance doublets, i.e. they
consist of two well-separated atomic transitions. I therefore have to explicitly account for both
doublet components in my fits to these lines. Each of these lines is thus described by a total of
four Gaussian emission profiles: an atomic doublet representing the blue kinematic component
and an atomic doublet representing the red kinematic component. The wavelength separations
between the atomic doublet components are always kept fixed at their known values. The inten-
sity ratio between the doublet components is expected to range between 2:1 (in favour of the blue
doublet component) and 1:1, depending on whether the line is optically thin or optically thick.
However, I do not enforce this.

The high resolution echelle spectra, obtained in epoch HST:HS (the luminous hard-state), exhibit
clear evidence for narrow absorption features close to the rest wavelengths of the Si 1v, C 1v and
Mg 11 doublets. These absorption features might be intrinsic to the source, but are more likely
associated with the ionised phase of the ISM along the line-of-sight. I therefore include narrow
(unresolved) doublet absorption features in my models for these lines. The absorption profiles are

modelled as e™ 7

, where, here, T corresponds to the superposition of the two absorption profiles.
The profiles also share the same FWHM and their intensity ratio is specified to range between 2:1
(optically thin) and 1:1 (optically thick) cases. In particular, the only line that it is considered to

be formed in an optically-thick region (7 >> 1) of the accretion disc is the Mg 1I line, as it can be
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FIGURE 3.5: Far-UV spectral evolution of MAXI J1820+070. I adjusted HST’s resolution of the hard and
hard-intermediate state epochs to match AstroSat’s intrinsic resolution. Apparent agreement
among all the observations, taken during the hard state, whereas I observe stronger features
when the system is in the soft state. I note that I have limited information regarding the line
profiles in the soft state when only four lines are visible.

seen by its profile structure in Figure 3.6. The same figure also shows the rest of the continuum-
subtracted line profiles during the first HST epoch along with the Ha Balmer profile, taken by
VLT /X-shooter, days before our considered HS date?. The Ha profile displays broad emission
wings, reaching velocities of almost 1800 km s~ ! (Mufioz-Darias et al., 2019).

In the second HST epoch, described by lower resolution first-order spectra, the absorption profiles
are not strikingly evident as in HST:HS and therefore, in my modelling, I fix their properties
(amplitude, location and FWHM) to their already-determined values. It is noted that, for the Mgi1
line, in order to facilitate the modelling process, I also fix the intensity ratio and the (common)
FWHM of the four-component Gaussian emission profile to the ones of the first HST epoch. In all

2The employed optical spectrum of MAXI J1820+070 has been previously published in Mufioz-Darias et al. (2019). Tt
was acquired with VLT /X-shooter (Vernet et al., 2011) on 2018 March 22nd (MJD=58199.32), as part of the 0100.D-0292
program. We processed the data using the X-shooter pipeline version 3.6.1 (Freudling et al., 2013).
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cases, the constructed model of each of the lines is smoothed to the instrumental resolution of the
employed setting and then, it is rebinned to 0.5A.

Finally, I implement the same method to extract line properties in AstroSat’s dereddened spectra.
However, in this case, I focus only on the strongest lines (Si 1V A1400A, C 1v A1550A, He 11 A1640A)
observed in the spectra. Due to the AstroSat’s lower resolution, the line profiles of these species
are satisfactorily fitted by two Gaussian components, except for the case of the He 1I line, which
is well modelled as just a single Gaussian. I avoid measuring the properties of the N v profile, as
it lies too close to the blue edge of the detector to yield reliable measurements.

The line flux and EW uncertainties associated with the fits are estimated through Monte Carlo
simulations. First, I estimate the standard deviation (rms), oyes, between the data and the fitted
model. Then, for each line, I generate mock datasets, where the model flux at each wavelength
is perturbed by a Gaussian distribution centred on the actual flux with standard deviation yes.
The line flux and EW for each of these mock sets are then calculated by fitting the new line profile
and numerically integrating across it. This iterative process is repeated 1000 times, allowing us to

estimate the errors at 10 confidence level.

The results of our fitting process are presented in Table 3.2. The peak-to-peak velocities, vpp,
shown also in Figure 3.8, are consistent with the standard picture of an accretion disc where higher
ionisation species are formed closer to the central source and are therefore associated with higher
velocities. I will discuss the physical implications of the inferred fit parameters more in Section
34.1.1.

Our HST spectra show no indication of wind-formed UV features in the hard state, either in the
form of blue-shifted absorption or P-Cygni profiles, as can be seen in Figure 3.6. There is also
no hint of such features in the AstroSat soft state observations, but the lower signal-to-noise and
resolution of those observations would prevent the detection of all but the strongest such features.
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3.3.4 Irradiated disc modelling

X-ray irradiation constitutes a crucial, yet not well-understood, ingredient to elucidate the long
duration and the high luminosity of sporadic eruptions in BHXTs. The reprocessing of X-ray pho-
tons at the disc surface stands as an additional contributor to heating in the outer disc regions,
thereby generating the UV and optical light, emitted within these discs (van Paradijs and Mc-
Clintock, 1994; van Paradijs, 1996). It remains a question, though, how the reprocessing picture is
shaped as the accretion states and luminosity change and whether a simple irradiated disc model
could sufficiently explain the observed UV spectral shape.

The behaviour of MAXI J1820+070 suggests that this system may belong in this category, sus-
ceptible to such characteristics. However, modelling of its continuum indicates otherwise, as its
power-law index closely resembles that of an "unirradiated" viscous disc. In this study, I will first
introduce the model and the irradiation contribution to the energy balance in the disc while I use
the HST:HIMS spectrum as the testbed to examine whether a simple irradiated disc model can
replicate the spectral shape of the observed UV SED.

Our model describes the disc as a collection of concentric circular annuli, each of which is char-
acterised by an effective temperature Teg(R). The disc extends from the ISCO, R = Rysco, to an
outer radius, R = Ryjsc. The effective temperature is set by the requirement that the rate at which
an annulus radiates energy away, osgT%;, must balance the rate at which energy is deposited into
it by viscous dissipation and irradiation. The treatment of irradiated discs and how irradiation
changes the temperature distribution has already been given in Section 1.3.4. I mention here the

relevant relations, only as a reminder.

The viscous heating rate can be written as

- 1/2
rapTh = 3GMpHMacc [1 B (RISCO> ] ’ (3.2)

eff,visc 8 7'L'R3

where Mgy is the mass of the BH, and M, is the accretion rate.

The heating rate due to irradiation can be modelled as

L; H
058 Tettinr = (471;;2> <R) Y(1-A), (3.3)

where Li, is the irradiating luminosity (assumed to originate from a central point source), and A
is the albedo (so that 1 — A is the fraction of the light incident on the annulus that is absorbed).
The quantity H/R is the aspect ratio of the disc, which can be shown to scale as

H H R \”
a_(a ) 3.4
R < R > Ryisc <Rdisc ) ( )
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where 7 is taken to be 1/8 in the absence of irradiation and 2/7 if irradiation dominates the
heating rate (Frank et al., 2002). Strictly speaking, < is therefore a function of radius, but I neglect
this here and simply set v = 2/7 everywhere. This approximation means that I will slightly
overestimate the influence of irradiation, but only in disc regions where irradiation is relatively
unimportant. Putting all of this together, the effective temperature of the disc can be calculated
by requiring that total heating should be matched by radiative cooling, i.e.

4 4 4
USBTeff - USBTeff,visc + USBTeff,irr‘ (3.5)

In order to calculate the spectrum of the disc, I assume that each annulus radiates as a modified
blackbody,

2h3
fAc2 [efkl%veﬁ — 1]

Bv,mod (f/ Teff) - (36)

Here, f is the so-called "spectral hardening factor" (Shimura and Takahara, 1995), which approx-
imately corrects for the effects of Compton scattering in the disc atmosphere. This factor is not
actually a constant, but rather is a function of temperature, surface density and radius (and, for
BHs, spin parameter). In the SED model, I parameterise f using the analytical fitting function
provided by Davis and El-Abd (2019), as

f = 1.48 + 0.33(logMacc + 1) + 0.02(log[M/Mg] — 1) + 0.07(loga + 1). (37)

In calculating the required surface density, I take into account the relevant relativistic correction
factors (Novikov and Thorne, 1973; Davis and El-Abd, 2019).

Empirically, the SEDs of X-ray binaries exhibit at least one additional high-energy component,
which is usually attributed to a hot, compact and optically thin "corona" located close to the ac-
cretor. I model this component, which usually dominates in the hard X-ray regime, as a simple
power-law,

v —(a+2)
I1/,cor = Il/o,cor <> . (3-8)
Vo

With the definition of &, Thave I ¢o; & A%, and Tadopt vy = 3 x 10'® Hz (corresponding to A = 1 A)
as the reference frequency. However, this component is not relevant to our application.

My primary focus is to assess if irradiation significantly impacts the outer accretion disc regions
and can reproduce the shape and flux level of the far- and near-UV SED. To achieve this, I opt
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to model the spectrum prior to the state transition (HST:HIMS) as it provides us a unique oppor-
tunity for a direct comparison of our model, which is close in time and luminosity, with the one
employed by Koljonen et al. (2023), henceforth referred to as the "reference model".

I first try to find the optimal model that describes the UV SED. I allow the mass accretion rate
(Macc), outer disc radius (Royt) and albedo (Agyt) to vary, taking into account both irradiation
heating and viscous dissipation. It is important to note that we cannot avoid the mathematical
degeneracy between albedo and scale-height, so I opt to fix the latter for simplicity. I assume a
Schwarzschild (non-spinning) BH (Guan et al., 2021; Zhao et al., 2021), scale-height H/R=0.10,
reddening Eg_y= 0.20 (see Section 3.3.1) while the orbital characteristics (d, Mpn, i, q) of the
system are already determined (Atri et al., 2020; Torres et al., 2020). In particular, I adopt My =
8.5M and i = 65° in our modelling, while all the distances are measured with respect to the
gravitational radius, Rg = GMpy/ 2.

The best-fitting model SED is shown in Figure 3.7 (upper panel). As already noted above, the
observed spectral shape of the UV continuum is close to that of a standard accretion without
any irradiation. In line with this, the UV emitting regions in our best-fitting model are viscously-
dominated, with very little, contribution from irradiation. However, the best-fit model parameters
— Mace = 1077 My, yr ! =~ 0.5Mgqq, Rout = 10°Rg, Aout = 0.93 — are physically implausible. In
particular, the outer disc radius is far in excess of the tidal disc radius of the BH accretor, which is
equal to Ryga = 10%4Rg.

Can a physically more plausible irradiated disc model still reproduce the SED acceptably? Naively,
for any reasonable values of the disc parameters (Mace, Rout, Aout), irradiation should play a cru-
cial role. To address this question more directly, I construct a small grid of models that allows us
to understand how changes in these parameters affect the overall SED (and the irradiation contri-
bution, specifically). The grid is roughly centred on the "reference" disc SED model of Koljonen
et al. (2023). This model is derived by fitting the X-ray-optical SED of MAXI J1820+070 at the
soft state, days after the hard/soft state transition. The corresponding reference parameters are
Mace = 2.37 x 1078 Mg, yr_l, Rout = 10°3Rg and Agye = 0.90. For all models in our grid, I fix
Ly = 1.35 x 10%%erg s~! (Koljonen et al., 2023). The attempted comparison is justified as the two
epochs are close enough in time that I do not expect the values of the considered parameters to

change significantly.

Figure 3.7 (lower triplet of panels) shows the reference and test models that make up our small
grid overlaid on the second hard state UV SED. The reference model is clearly too red and under-
estimates the far-UV flux level. Moreover, even though the test models confirm that reasonable
changes to the model parameters can certainly modify the UV continuum, they also suggest that
such changes cannot simultaneously match the brightness and shape of the observed SED. I will
discuss the implications of this result in Section 3.4.3.



92 Chapter 3. An ultraviolet characterisation of the BHXT MAXI J1820+070

Inferred parameters
_ . Mace = 1077 Mg yr~ Aoy = 0.93|Rowe = 10°Rg
107 -
= ﬁ\ :
TR 1
= » — HST observations : UV SED i
© s —— Viscous-dominated model -
I(D = === Best-fitting disc model i
ES_‘D B -
b}
~—
/<
F— B -
10—13

I I I I I I I
1250 1500 1750 2000 2250 2500 2750 3000
A

Mass accretion rate

—12
10 Reference model
Mice = 2.37 x 108 Mg, yr—!

—— HST observations: UV SED J

e —
" —
" —
" —
" —
—

107"

—— HST observations: UV SED
f— . Reference model

—
15

Fy/erg s tem2A-!
—
o

10713

Outer disc radius

10712

—— HST observations: UV SED
Reference model
Rout = 2.0 x 10° Rg

Rout =5X 1[)5 R(;

10713 T T T T T . T T
1250 1500 1750 2000 2250 2500 2750 3000

A A

FIGURE 3.7: Upper panel: The best-fitting model for our UV SED is very close to a pure viscous-dominated
disc. This model yields to a set of unreasonable values for the Mace, Aout, Rout parameters,
considered here. Lower panel: Parameter sensitivity analysis in our modelling to evaluate the
dependency and impact of the considered disc factors on the final output. Each panel cor-
responds to one of these factors, where I explore a plausible range of their parameter space
(dashdot lines), overlaid on the observed HST:HIMS UV spectrum of MAXI J1820+070 (in
grey). The reference disc SED, modelled by Koljonen et al. (2023), is depicted in dark grey in
all the panels.
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3.4 Discussion

3.4.1 The spectral journey through the accretion states
3.4.1.1 Probing the accretion states

Accretion states in BHXTs are usually defined in terms of their X-ray properties. Do their UV

properties reflect the same phenomenological picture?

MAXI J1820+070 provided us with a rare opportunity to investigate, for the first time in the UV
band, the long-term spectral evolution of a BH binary as it transitioned from the hard to the soft
state. Interestingly, I find that the UV behaviour remains consistent among both states: there are
no distinct signatures that would signal the state transition or the different phases of the hard-
state decay. The UV spectra exhibit the same Doppler-broadened, double-peaked line profiles,
which are most likely emitted by an optically thin layer of the disc’s atmosphere.

Given the velocities determined from our modelling of the line profiles, I can estimate the loca-
tion of the corresponding line-forming regions by assuming that the peak-to-peak separation of a
given line corresponds to the Keplerian velocity near (the outer edge of) the disc region in which
the line is produced. This line formation radius estimate is therefore given by

GMpysinZi _ c2sin?i

R=+—"20 " o R=""""[R¢], (3.9)

2
Vpp Vip

where the latter equation is expressed in terms of Rg. This quantity is shown for each line in each
HST epoch in Figure 3.8, where I also relate this to the ionisation potential of the relevant species.
As expected, the higher ionisation lines are generated at smaller radii, where temperatures are

higher, while the lower ionisation lines originate in the cooler parts of the disc further out.

Figure 3.9 compares the fluxes of the key lines (i.e. N v A1240A, Si 1v A1400A, C 1v A1550A or
He 11 A1640A, Mg 11 A2800A) between our three independent epochs: the luminous hard state
(HST:HS), the hard-intermediate state just before the state transition (HST:-HIMS) and the soft
state (AstroSat:SS). Two key features are apparent. First, the line fluxes decline by approximately
a factor of 3 between the hard and hard-intermediate state observations. This is similar to the
drop in the UV continuum flux between these epochs, i.e. the EWs of the lines remain almost un-
changed. Second, line fluxes then increase again — by roughly a factor of 2 — between HST:HIMS
and the soft state.

The strengthening of the UV lines across the hard-to-soft state transition may be expected, given
the increase in extreme UV (EUV) and soft X-ray luminosity across this transition (Figure 3.1). The
line strength evolution between the hard state and hard-intermediate state observations seems
less obvious. Even though the soft X-ray luminosity in HST:HIMS is lower than that in HST:HS
(Figure 3.1), the difference amounts to less than a factor of 2. Moreover, one might expect the
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FIGURE 3.8: The peak-to-peak velocities of the main atomic species for both the HST hard (HS — in teal)
and hard-intermediate state epochs (HIMS — in olive), as a function of their ionisation poten-
tial. On a secondary axis, I depict the corresponding radii where these species are formed in
the disc. High-ionisation emission lines are formed closer to the central object whereas low-
ionisation species are situated further out at the outer disc.

strong hard X-ray component in HST:HS to inhibit the formation of the UV lines, by over-ionising
the material in the disc atmosphere.

However, it is important to remember that the radial locations of the line-forming regions are not
the same in HST:HS and HST:-HIMS. Figure 3.8 shows that all of the characteristic line-formation
radii move inward — by slightly less than a factor of 2 — between HST:HS and HST:HIMS. This
is consistent with each line being formed preferentially at a characteristic ionisation parameter,
U « L/neR?. If the density in the line-forming layers of the disc atmosphere is roughly constant, I
expect the characteristic line-forming radius for a given line to scale with luminosity as R &« L1/2,
The evolution I see in line flux and velocity evolution between HST:HS and HST:HIMS is therefore
likely due to the combination of these factors.
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FIGURE 3.9: The plot compares the line fluxes of MAXI J1820+070 across our considered epochs. We use the
HST:HS fluxes as our reference point along the x-axis and compare them with their HST:HIMS
(purple colour) and AstroSat:SS (teal colour) counterparts. For a fair comparison between the
HST and AstroSat fluxes (as different settings are employed), we applied a correction to the
AstroSat:SS fluxes. The correction includes the introduction of a factor, f.orr, which is defined
as the ratio of the line fluxes obtained from HST:HS to their adjusted counterparts. The straight
lines indicate scaling relations between these datasets, serving as a visual guide to assess flux
variations across the state transition.
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3.4.1.2 Absence of evidence for UV winds

The classic observational wind signatures are blue-shifted absorption or P-Cygni line profiles,
although these features are strongly inclination-dependent (e.g. Ponti et al., 2012; Diaz Trigo et al.,
2014; Diaz Trigo and Boirin, 2016). The response of these signatures to X-ray luminosity variations
and state transitions is of great interest, but difficult to explore.

In this study, only the hard state HST observation has the signal-to-noise and resolution to allow
a sensitive search for UV wind signatures in MAXI J1820+070. However, I find no evidence for
these in the usual UV resonance lines (see Figure 3.6 for more information).

The absence of outflow signatures prompts the question: is the wind truly absent or are we merely
unable to detect it? Notably, winds in the hard state have been detected both in the optical
(Mufioz-Darias et al., 2019) and near-infrared (Sdnchez-Sierras and Mufioz-Darias, 2020) spec-
tra of this source. These detections mainly manifested as P-Cygni and blue emission line wing
features in the Balmer/Helium and Paschen lines, respectively.

Among known LMXBs, clear UV wind signatures have so far only been seen in Swift J1858.6-0814
(Castro Segura et al., 2022) and UW CrB (Fijma et al., 2023). However, there are very few systems
with UV observations in which such signatures could have been found. Moreover, the signatures
in Swift J1858.6-0814 are weak and transient, making them quite difficult to detect. The absence
of evidence for a "warm" outflow can therefore not yet be interpreted as evidence for its absence.
More UV data — for multiple systems and across different accretion states — will be needed to
address this issue.

3.4.2 The evolutionary history of the binary

The relative strengths of the UV resonance lines can serve as sensitive indicators of the physical
conditions in the line-emitting gas. However, they can also be used as a complementary tool to
determine the evolution of a system by estimating the initial mass of the donor and its evolution-
ary history. More specifically, the abundance and/or depletion of elements, such as N V and C
IV, have been linked to the life stage and status of the companion. The key physics here is that the
CNO cycle becomes the dominant nuclear process in stars with an initial mass of My > 1.4 Mg,
(Clayton, 1983). Hence, the abundance ratio N v/C 1V emerges as a reliable signature to discern
whether the gas stream of the accreting material has undergone CNO-processing (e.g. Mauche
et al., 1997; Haswell et al., 2002; Génsicke et al., 2003; Froning et al., 2011, 2014; Castro Segura
etal., 2024).

The relevant line ratios of MAXI J1820+070 are plotted in Figure 3.10 along with the correspond-
ing ratios for other systems, ranging from CVs to LMXBs. It appears that our source displays
line ratios that are characteristic of "normal" CVs, suggesting that the accreting material has not
undergone CNO processing. For reference, Figure 3.10 also includes comparison systems with
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FIGURE 3.10: Far-UV emission-line flux ratios for LMXBs: XTE J1118 + 480, XTE J1859 + 226 (Haswell
et al., 2002), Swift J1858.6-0814 (Castro Segura et al., 2024). The region of the parameter space
occupied by the ‘normal” CVs presented in Mauche et al. (1997); Génsicke et al. (2003) is in-
dicated with the shaded region, which encloses 2.5¢" of a 2D-Gaussian distribution. The lines
are predicted line ratios as a function of the ionisation parameter computed with CLOUDY
for an optically thin parcel of gas irradiated with a simple accretion disc presented in Castro
Segura et al. (2024). Solid, dash-dot and dashed lines are models carried out with solar abun-
dances, M ~ 1.5 — 2M, terminal MS and the equilibrium CNO-cycle core of a M ~ 2M, star
respectively. The latter is labelled as stripped, as we consider to have representative abun-
dances of a stripped star with its convective CNO core exposed. The models include the O
Iv multiplet within range of the Si IV doublet, for reference lines including the emission only
from Si IV are shown with the same linestyle but higher transparency. The measurements of
MAXI J1820+070 (filled black circle) at different epochs overlay in the plot, for clarity a single
measurement is shown. MAXI J1820+070 lies very close to the theoretical predictions for a
terminal MS star.

anomalous line ratios. In these systems, the donor star is usually thought to have had an initial
mass 2 2 M. Its envelope was then stripped during a thermal timescale mass-transfer phase,
leading to present-day surface abundances that reflect the earlier phase of CNO processing in the
core (Schenker et al., 2002).

Given the well-determined distance (d = 2.96 & 0.33 kpc) of MAXI J1820+070 (Atri et al., 2020)
and its low reddening value, there have already been efforts to determine its binary parameters.
These suggest a BH primary with mass Mgy = (5.95 + 0.22)sin i M, and a K-type (subgiant)
companion (Torres et al., 2020; Mikotajewska et al., 2022). The results here imply that this donor
is not the descendant of an initially much more massive star.
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3.4.3 Isirradiation important?

As shown in Section 3.3.4, the UV continuum shape, shown in Figure 3.7, cannot be adequately
described by a simple irradiated disc model with physically plausible parameters. This is mainly
because the spectral shape is close to that of a viscously-dominated, unirradiated disc. For phys-
ically reasonable parameters, the model is a poor match to the data, especially at the shortest
far-UV wavelengths. Yet X-ray irradiation is certainly expected to heat up the outer parts of the
disc.

A related puzzle is that one might expect reprocessing to be quite sensitive to both the luminos-
ity and SED of the X-ray radiation field. Yet the observed UV spectra are actually fairly similar
across all three spectral states. The UV continuum luminosity tracks the drop in X-ray luminos-
ity between the hard and hard-intermediate states, but then actually stays constant across the
hard-to-soft state transition. The emission line strengths also track the declining X-ray luminos-
ity between the hard and hard-intermediate states, before partially recovering in the soft state.
However, the headline result is that both the continuum spectral shape and the dominant emis-
sion lines remain virtually unchanged, even as the system moves through three very different

accretion states.

We can gain some insight into the implications of these observational findings by examining the
physics underlying our simple irradiated disc model. In this model, X-rays are produced by a
point-like, isotropically emitting source at the centre of the disc. Some of these X-ray photons
impact the disc surface and are absorbed there. This heats up the irradiated parts of the disc, thus
increasing the effective temperature and modifying the radial intensity profile.

In reality, the details of this process are complex. The geometry and location of the X-ray emitting
"corona" are highly uncertain, but clearly important. Similarly, the shape and scale-height of the
disc — H/R|g — are key factors in determining what fraction of X-ray photons are intercepted
by the disc. However, the relevant scale-height here is not really the pressure scale-height, but
rather the height above the disc at which it presents an optical depth of ~ 1 to the irradiating
photons. Finally, the detailed physics governing the reprocessing of X-rays in the disc atmosphere
are clearly far more complex than what can be captured by a single efficiency parameter (i.e. the
albedo).

It is easy to see that some or all of these processes are expected to depend on the accretion state
of the source. For example, the opacity the disc atmosphere presents to incoming X-ray photons,
as well as the efficiency with which those photons are reprocessed, are sensitive to whether these
photons are soft or hard. And yet the presumably reprocessing-dominated UV emission-line spec-
trum remains qualitatively unchanged.

Part of the explanation may be that the relevant parts of the disc do not see the same X-ray SED
that we do, as observers, and that the formation of UV emission lines is mainly controlled by
EUV photons. For reference, by "extreme-UV", here we mean photons with energy between, say,
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13.6 eV and 100 eV (check Figure 3.8, which includes the ionisation potentials of the relevant
species). In fact, the He IT recombination line is generally thought to be a reliable bolometer for
the extreme-UV luminosity above 54 eV (or, in this case, the fraction of this luminosity that is
intercepted by the disc).

As noted above, the He II emission line flux drops by ~ x3 between the luminous hard state and
hard-intermediate state (HST:HS and HST:HIMS, respectively) before partially recovering in the
soft state (AstroSat:SS). On the one hand, these relatively modest variations are in line with the
modest changes in the observed emission line spectra. And indeed the soft X-ray flux also only

varies by a comparable amount (see Figure 3.1).

On the other hand, the He 11 line flux is clearly not proportional to the soft X-ray flux: the latter
is comparable in the hard and hard-intermediate states, but a factor of ~ x3 higher in the soft
state. Moreover, the hard X-ray component completely dominates in HST:HS, is comparable to
the soft X-ray component in HST:HIMS, and is all but completely quenched in AstroSat:SS. So,
somehow, the UV line-forming regions must be shielded from the ionising effects of the energetic
X-ray photons produced in the hard state.

The main conclusion from all these considerations is that the physics governing the reprocessing
of X-rays in the outer disc regions is (a) complex and (b) poorly described by simple models. We
therefore strongly encourage theoretical efforts to construct physically realistic models of irradi-
ated accretion disc atmospheres.

3.5 Summary

I have presented the first multi-epoch, time-resolved and spectrally-resolved UV characterisation
of the transient X-ray binary MAXI J1820+070. The obtained observations are in three distinct
stages of the outburst: a luminous hard state after the eruption peak, a hard-intermediate state
just before the state transition and finally the soft state.

The primary conclusions of this program are the following;:

¢ I have determined the interstellar reddening and extinction towards the source via the
A2175A absorption feature (near-UV bump) and Lya modelling. The estimate of the red-
dening is quoted as Eg_y = 0.20 4= 0.05.

e [ track the spectral evolution of MAXI J1820+070 throughout its outburst. Surprisingly, I
see no major differences in the appearance of the UV emission line spectrum across the
three distinct spectral states. The UV spectra are characterised by blue continua superposed
broad, double-peaked emission lines, such as N v A1240A, Si 1v A1400A, C 1v A1550A, He 11
A1640A, Mg 11 A2800A.
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¢ Idonot find evidence of an outflow in the form of blueshifted absorption or P-Cygni profiles
in any of the considered lines that are mentioned above.

¢ [ use the relative strengths of the UV resonance lines to constrain the evolutionary history
of the binary, showing that the donor has not undergone CNO processing in the past and
presumably, now, lies at the end of the MS or at the subgiant branch.

¢ Simple irradiated disc models with physically plausible parameters fail to adequately de-
scribe the observed UV continuum shape. This is mainly because the observed spectral

slope is close to that for an unirradiated, viscous-dominated accretion disc.
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Chapter 4

Ultraviolet timing analysis in the BHXT
MAXI J1820+070

"The thought is a deed. Of all deeds she fertilises the world most.”

Emile Zola

4.1 Introduction

This chapter constitutes the last part of my analysis of the BHXT MAXI J1820+070. Here, I
construct both light curves and power density spectra (PDS) in order to study the evolution of
UV variability in our time-resolved HST observations, covering the hard and hard-intermediate
states. This is particularly interesting as the emission produced in the outer accretion disc is likely
to peak in this waveband. The following sections describe the employed methods, the results and
the subsequent discussion for the tentative discovery of a UV QPO almost at the same frequency,

as seen in X-rays and optical bands, during the same time of the source’s eruption.

4.2 Method and Results

4.2.1 Light curves

I first constructed wavelength-integrated light curves from our time-resolved observations and
then the corresponding PDS, where the variability amplitude (power) is expressed as a function
of frequency. The light curves are generated using the LIGHTCURVE package.! They are both

IThe original code is available at https: //github. com/justincely/lightcurve, but I have adapted the code
to suit my requirements.


https://github.com/justincely/lightcurve
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background-subtracted and corrected for buffer dumps. An overview of the light curves for all
epochs can be seen in Figure 4.1. Rapid, aperiodic variability is apparent throughout the observa-
tions. More specifically, the far-UV light curves obtained during the HST:HS observations clearly
exhibit flaring activity with a fractional rms amplitude of ~ 10% while the corresponding flaring

amplitude in the near-UV is ~ 7%.

Rather suspiciously, all of the light curves, obtained from the HST:-HIMS visit, exhibit a slow rise
in count rate at the beginning of each orbit (second column of Figure 4.1). Following discussions
with the STScI office and a detailed inspection of the cross-dispersion profiles during this visit,
I tentatively attribute these variations to instrumental focus changes. I therefore opt to filter out
these slow variations by fitting a second-order polynomial to the respective light curves and then
normalising to this fit. The polynomial fits are shown overlaid on the raw HST:HIMS light curves
in Figure 4.1. I then measure the fractional rms amplitudes of the short-term variability in each
orbit, which is >~ 4% and ~ 3% in the far- and near-UV, respectively.

4.2.2 Construction of power density spectra

The PDS were constructed by following the methodology by Vaughan (2005). For a light curve
with K points and AT sampling rate, the periodogram is given by the modulus-squared of the
discrete Fourier transform (DFT), X(f;), defined as

2AT

I(f) = ————|X|? 4.1

() = —— %P, (@)

and evaluated at the Fourier frequencies f; = j/KAT with j=1,2,..., K/2. These frequencies range
2AT

7 <x>2N’

expressing the power in fractional units (van der Klis, 1989, 1997; Vaughan et al., 2003; Vaughan,

2005).

from the fundamental to the Nyquist frequency. Its normalisation isin (rms/mean)?Hz !,

Periodograms, however, serve as an estimate of the true underlying power spectrum, P(f;), as
fluctuations arise at each frequency due to the finite length of our observations and the stochastic
nature of the DFT. These fluctuations follow a X% distribution? and therefore, the periodogram,

I(f;), can be approximated as being distributed proportionally to x3, scaled by P(f;), as

1(f) = P(f;)x3/2. (4.2)

One of my aims here is to examine the datasets for the presence of significant sharp features,

e.g., low-frequency quasi-periodic oscillations (LF-QPOs), as seen in X-ray and optical studies

2The DFT of a stochastic process has real and imaginary terms, which are independent and normally-distributed.
It is mentioned that the squared sum of two independent Gaussian variables, |X; R Re(Xj)2 + Im(X]-)2, follows a x2
distribution of two degrees of freedom.
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FIGURE 4.1: Far- and near-UV light curves of MAXI J1820+070, extracted at one-second resolution, for both
of the hard state observations, taken by HST. As noted, the left column showcases light curves
of the first luminous hard state (HST:HS) while the right column features the corresponding
light curves of the second hard state (HST:HIMS). For our HST:HIMS observations, I overlaid
our polynomial fit, correcting for the presented turnover. The two colours are utilised to dis-
tinguish between the far- (teal) and near-UV observations (dusty pink). For completion, I have
also noted the obsID of the considered observations at each of the panels.
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(e.g. Stiele and Kong, 2020; Mudambi et al., 2020; Paice et al., 2021; Thomas et al., 2022; Mao
et al., 2022). Overall, the UV PDS exhibit a pattern consistent with that seen in other sources
and at other wavelengths. The "continuum", i.e. broadband noise, can be aptly described by a
single-bend power-law with two distinct power indices, delineated by the break frequency. At
the highest frequencies, the power spectra are governed by Poisson noise. Finally, especially
during our HST:HS observations, I do observe a weak yet discernible signature of a QPO close to
the break frequency, within the frequency range dominated by red noise, and at a frequency that
is similar to QPOs detected in other bands.

I decided to take a closer look at the PDS in which I tentatively detect a peak. Specifically, in
order to determine the statistical significance of these detections, I fit each observed PDS with two
models, one with and one without a QPO component. The intrinsic "continuum" in both models
is described as a broken (or bending) power-law, while the QPO is approximated as a Lorentzian
of a centroid frequency, v, and FWHM width Wg.

The full PDS model that includes the QPO is given by Summons et al. (2007) as

_ ABPLV“L BQPOQVC
L+ () 2 +4Q%(ve — v)

VB

P(U) 5+ Cps. (4.3)

Here, the first term describes the broken power-law (BPL) continuum with v the break frequency,
and ay, ay, the low- and high-frequency indices. The second term accounts for the presence of
QPO with the parameter Q, known as the quality factor (measure of coherence), aptly connected
to the centroid frequency as v./Wy. The third term, Cps, describes the variability associated with
Poisson noise. The parameters Agpr, and Bgopo serve as normalisation constants for the individual
components. In the model without a QPO, the second term is simply set to zero.

Following Vaughan (2005), I use the maximum likelihood estimation (MLE) method and S-statistic
in order to find the optimal parameters of the two models. As already mentioned in 2.4.2.2, this
approach tries to identify the model that maximises the likelihood function (£) or, equivalently,
minimises the negative log-likelihood. Here, the negative log-likelihood is defined through the
S-statistic as S = —2InL. To set the stage, we first consider the statistical distribution of the peri-
odogram (our data). It is easy to derive that the periodogram, I(f;), is exponentially-distributed
if we recall that the probability density function (PDF) of a x? distribution is equal to e=*/2/2
(for x > 0). Specifically, the PDF of our periodogram, at each frequency (excluding the Nyquist
frequency), can be written as

pI(F)) = — e 1)/PE), (4.4)

As the periodogram values at different frequencies are statistically independent, the likelihood of
observing the periodogram is given by
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FIGURE 4.2: PDS for both the far- (left) and near-UV (right) wavelengths during our HST:HS epoch are pre-
sented. The different solid lines represent the best-fitting models, incorporating the Lorentzian
contribution. Tentative evidence for the presence of a LF-QPO is observed in the far-UV, which
is absent in the near-UV observations. For reference, characteristic centroid QPO frequencies,
estimated in the X-ray (NICER: Stiele and Kong 2020, Insight-HMXT /HE: Mao et al. 2022) and
optical (LJT/YFOSC: Yu et al., 2018b; Mao et al., 2022) bands, close to our observation time,
are displayed.
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whereas the S-statistic takes the following form

_ olnf — = n(P(E 1(f)
S= -2l £_2j; {i <P<f]))+P(f]~)}' (4.6)

The S-statistic constitutes a metric that will allow us to facilitate the comparison among differ-
ent models and find the one that best describes the observed periodogram of the source. In
the performed modelling, all model parameters are allowed to vary. The goodness-of-fit in both
cases — models with or without the Lorentzian contribution — is assessed using the Kolmogorov-
Smirnov (KS) test. For unbinned periodograms, the test compares the data/model residual ratio,
i.e. 2I(f;) /P(f;), with the theoretical X5 distribution (of two degrees of freedom). The uncertainties
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FIGURE 4.3: Example of a far-UV PDS of our source during our HST:HS observations, showing a weak
signature of a QPO. The solid red line represents the overall best-fit model while the dashed
and dash-dotted lines highlight the two main model contributions (BPL: magenta, Lorentzian:
green). The level of Poison noise is seen as a teal dotted line. The X-ray and optical QPO
frequencies, mentioned in Figure 4.2, offer valuable context for comparison.

in my best-fit parameters are estimated by Monte Carlo simulations. For each dataset, I gen-
erate 1000 mock exponentially-distributed PDS and fit them in the same manner as described
above. This iterative process provides me with the best-fit parameters and S-statistic for each
mock dataset, allowing me to estimate the 1¢ errors. The best-fitting parameters and their uncer-

tainties, as well as details of my fitting results, are summarised in Table 4.1.

Figure 4.2 presents the different PDS for both the far- and near-UV regions, where I have also
superimposed both the QPO and no-QPO models. In Figure 4.3, I additionally illustrate the con-
tributions of the different components. In both cases, I indicate the estimated centroid frequencies
both in X-ray (Stiele and Kong, 2020; Mao et al., 2022) and optical (Mao et al., 2022) wavelengths,
with respect to the time of the UV observations. Here, both the employed X-ray and optical
datasets are in almost the same period as our UV observations are taken. Taken separately, both
models provide statistically acceptable fits to the data.
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4.2.
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In order to test whether QPOs are significantly detected, I once again follow Vaughan (2005) in
estimating their statistical significance. Specifically, I use the likelihood ratio test (LRT) to check if
the additional freedom associated with the QPO model is warranted by the data. The test statistic
here is

AS =S, —S, = —2In[L1/Ls], (4.7)

where the indices 1 and 2 represent the likelihoods and S-statistic for the simpler and complex
model, respectively. If the models are nested, and the simpler model is correct, the variable AS
is X%—distributed, where v is the number of additional free parameters. In my case, AS therefore
follows a x2 distribution under the null hypothesis that the no-QPO model is correct (since the
QPO term requires three additional parameters). The p-values associated with this null hypothe-
sis turn out to be 0.044, 0.014, 0.044 for the far-UV and 0.0067, 0.069 for the near-UV range. These
values correspond to 2-3¢ detections of the QPOs — suggestive, but not definitive. Given that the
locations of the putative UV QPOs are consistent with those seen in other bands, I tend to think

that they are real and worthy of consideration.

I have also constructed PDS from both the raw and corrected light curves of our HST:-HIMS ob-
servations. Notably, all the raw PDS exhibit an unusual excess at low frequencies, in line with our
suspicion that the slow variations in these data sets are instrumental artefacts. This low-frequency
excess disappears once the polynomial fit is used to "correct” the light curves. An illustrative ex-
ample of this process is presented in Figure 4.4. There are no hints of QPO feature in HST:-HIMS,
in any of the visits associated with this epoch. Given this, and also the inevitable uncertainty as-
sociated with our polynomial correction, I choose not to perform detailed PDS modelling for this
epoch.

4.3 Discussion

4.3.1 Evidence of a UV QPO signal?

Only a handful of systems to date are known to display LF-QPOs in multiple wave bands (mostly
in the optical/infrared and in X-rays; check Motch et al., 1982, 1983; Hynes et al., 2003; Durant
et al., 2009; Gandhi et al., 2010, for more information). The only system known to exhibit an
analogous signal in the UV is the BHXT XTE J1118+480 (Hynes et al., 2003). The mentioned
studies are based on panchromatic, (quasi-)simultaneous observations of BHXTs and correspond
to periods when the systems are in the low hard state. It is still unclear, though, whether the X-ray
and longer-wavelength signals are physically associated and how the latter are actually produced
(e.g. Markoff et al., 2001; Veledina et al., 2013; Veledina and Poutanen, 2015; Hynes et al., 2003;
Gandhi et al., 2017).



4.3. Discussion 109

EI T TTTT | T T T TTTT T T T TTTT | T T T T I':|
Lok 0ds802020 — RawPDS | |
& —— Corrected PDS | 3
I (U = =
o - i
2107 — —
= S 3
= - 3
&3} - ]
E L .
= 107% =
= i E
N - ]
~ i T T
E 10~ 2247 -
~ 5 S22 ]
- = ]
10_55_ ;c;é 2.0 =
- g 1.84 @ ' .
- Z ]
105 “ 0 2000 _
g Time/ s 3
1 L1111l | 1 1 [ | 1 1 L1111l | 1 1 11 17

1073 1072 1071

Frequency/ Hz

FIGURE 4.4: Representative far-UV PDS of the HST:HIMS epoch of MAXI J1820+070. We overlaid both the
raw and corrected PDS to illustrate the difference prior and after the applied correction. The
corresponding corrected light curve is placed as an inset.

In this work, the time-resolved observations allow me to search for UV QPO signatures only in the
hard state. Nevertheless, MAXI J1820+070 is already known to display simultaneous X-ray and
optical LF-QPOs in the hard state, as reported by Mao et al. (2022) and Thomas et al. (2022). The
mentioned studies present observations captured at similar times to our UV observations. In this
state, the observed X-ray QPOs, the so-called type-C QPOs, may be associated with a precessing
hot flow near the inner edge of the disc (e.g. Stella and Vietri, 1998; Ingram et al., 2009; Ingram
and Motta, 2019), instabilities in the disc (e.g. Tagger and Pellat, 1999; Varniere et al., 2002, 2012)
or corona variability (e.g. Titarchuk and Fiorito, 2004; Cabanac et al., 2010). On the other hand, in
the optical band, detections of QPOs are limited, and the observed signals are usually attributed
to precession (Veledina et al., 2013), thermal reprocessing (Veledina and Poutanen, 2015) or jet
synchrotron emission variations (e.g. Markoff et al., 2001; Hynes et al., 2003; Gandhi et al., 2017).

Almost the time of the observations, Mao et al. (2022) and Thomas et al. (2022) find that both
X-ray and optical signals share similar centroid QPO frequencies and evolve similarly over time.
However, optical variations are more coherent, i.e. Qx_ray < Qopt (check Table 1 in Mao et al.,
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2022). This implies that disc reprocessing is not the dominant mechanism, and Ma et al. (2021)
suggest instead that the jet may precess at the QPO frequency.

My work provides provisional evidence for the existence of UV LF-QPOs with centroid frequen-
cies closely resembling those observed in other bands. My modelling suggests — albeit I take
into account only the observations that I do detect a QPO — that the coherence in the UV is lower
than the equivalent one in optical and X-rays (for almost the same centroid frequencies). It seems
unlikely that synchrotron radiation could be responsible for QPOs in the UV band. The current
results suggest that the "same" type-C QPOs in different bands can be produced in three distinct
regions — the inner accretion flow (producing X-ray QPOs), the jet (producing optical QPOs) and
the outer disc (producing UV QPOs via reprocessing). In the UV, reprocessing may constitute the
primary mechanism, which is in line with the lower coherence I observe. This evidence is worthy
of consideration and indeed, more data in the UV are needed in order to solidify the presence of
the UV QPOs and this connection between the different bands.
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Chapter 5

Conclusions and future work

"Wise as you will have become, so full of experience,

you will have understood by then what these Ithacas mean.”

-C.P. Cavafy, Ithaca

5.1 The journey or the destination?

The submission of this thesis marks the endpoint of some amazing years filled with research, de-
termination and curiosity. From the start, my research interests were focused on observational
studies of accretion discs and on the evolution of accreting compact binaries. Throughout my pe-
riod of candidature, then, I performed time-resolved UV spectroscopy on two remarkable objects,
the DN WZ Sge and the BHXT MAXI J1820+070. Maybe one of the few — if any — similarities
between them is that even though they have been well-studied in the past, certain aspects of their
nature have been left unexplored. I would like to think that the research presented in this thesis
has made a contribution to our understanding of transient accretion and to the journey to unravel
some of the mysteries in these two sources. This section is devoted to summaries of my findings,

but I will also provide suggestions for promising routes for future work.

5.1.1 The DN WZ Sge

WZ Sge is the prototype of a growing category (~ 100 systems as reported in Kato, 2015) of highly
evolved, low-accretion rate DNe. It erupts almost every 30 years. Due to its long recurrence
timescale, only four eruptions have been reported (1913, 1946, 1978, 2001), and only the last two
have been well-documented. However, the intricate and complex structure of its light curve (and
the ones of similar systems) still remains to be understood within the framework of the DIM (or

its modifications).
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In my study, I focused on one particular feature, a distinctive “dip”, in the light curve of WZ Sge’s
2001 superoutburst. This drop in luminosity precedes a series of rebrightenings before the final
transition of the source towards quiescence. This type of feature is not exclusive to our source,
but is also seen in the light curves of other objects, including LMXBs, HMXBs and YSOs.

Campana et al. (2018) have suggested that what they call the "knee", observed in these light
curves, marks a transition into and out of a magnetic propeller state. Perhaps the most com-
pelling example supporting this idea is the millisecond X-ray pulsar SAX J1808.4-3658, where the
knee in the X-ray light curve is associated with a transition into a propeller state (Gilfanov et al.,
1998). This is also an appealing scenario for WZ Sge. Indeed, the source has been suspected to
have a magnetic WD due to the discovery of optical and X-ray pulsations during its quiescent
periods.

The first project of my candidature revolved around testing this idea using time-resolved HST
UV spectroscopy of the WZ Sge’s 2001 superoutburst. The description of the current analysis
has been given in Chapter 2. The observations for this project were taken at three key epochs
during the eruption decay — before, during and after the dip. The observation during the dip
is the most crucial for us, as it is the one in which the propeller may operate. In the propeller
state, it is expected that distinct spectral signatures — similar to the flare signatures observed in
the magnetic propeller system AE Aqr — may be seen. For this reason, I constructed both mean
and variability spectra and also performed a linear decomposition of the time-resolved spectra for
each of the visits, all in an attempt to isolate both the constant and time-dependent (i.e.propeller)
signatures of the system. My analysis showed that all the stages of the outburst are characterised
by the same narrow absorption features, none of which are state-dependent. As a result, one
may question if there is a causal and unique connection between the luminosity drops in the
light curves of magnetic rotators and propeller transitions. Even though Campana et al. (2018)
recognise this issue, it may be wiser to treat each case independently, particularly in systems

where the magnetic field is only loosely constrained.

Could we go then even further or are we influenced by bias in our interpretation? Indeed, AE
Aqr is considered the best-known magnetic propeller WD system, yet, it remains unclear whether
its unique characteristics represent typical behaviour in the UV and how it compares to WZ Sge.
To better understand this, it would be interesting to identify common properties among other
magnetic CVs. A particularly relevant follow-up case could be the newly-established "AE Aqr-
twin", LAMOST ]024048.51+195226.9 (Garnavich et al., 2021; Pelisoli et al., 2022), whose UV sig-
natures during its transition into propeller mode could provide valuable insights. As the sample
of magnetic propeller systems increases, our confidence in understanding their behaviour will
strengthen. On the other hand, should we insist on the magnetic nature of the WD accretor in WZ
Sge? As previously mentioned, WZ Sge constitutes the prototypical system of a family of low-
accretion DNe that shows similar outburst light curve phenomenology. If, in fact, the observed
dip corresponds to a transition into a propeller state, does this imply that all WZ Sge-like systems

possess a magnetic accretor? To date, no observations support this hypothesis.
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Maybe the answer lies in revisiting the DIM and its modifications. The dip feature observed in the
light curve of WZ Sge (and similar systems) is not a unique phenomenon, but may be related to
the subsequent rebrightenings. In this scenario, external factors such as irradiation could sustain
mass transfer, leading to a series of echo-outbursts on small timescales (e.g., Hameury and Lasota,
2017). It is possible that the reflares were on track to reach the amplitude of the dip but never did.
This type of interpretation aligns with the idea that the dip follows the broader picture of disc
instabilities in DNe and it is not an isolated event. To address this idea, an interesting case study
would be to obtain time-resolved UV spectroscopy of a high-inclination system and perform Ha
tomography or eclipse mapping in order to monitor the motion of the bright spot and the impact

of material with the disc.

Furthermore, in this chapter, I modelled the newly-found narrow absorption features, detected in
the dip, the disc-dominated plateau and the echo-outburst phases of the outburst. This modelling
suggests the existence of a high-density, moderate-temperature, low-velocity veiling curtain along
the line-of-sight. As I noted in Chapter 2, this curtain was also present a bit later, close to the end
of the superoutburst, as described by Long et al. (2004). These absorption features imply the
presence of an unknown physical component in the system, which remains persistently present
around the source.

Determining the nature of this component is important, but the level of difficulty is uncertain. Is
this a rare occurrence, or is it more common than we realise? A promising approach is the perfor-
mance of a radial velocity study of a high-inclination system, as it may allow us to associate the
motion of the veil with one (or maybe more) components of the binary system. It is noted that
similar signatures have also been found in other systems (Horne et al., 1994; Baptista et al., 1998;
Froning et al., 2011; Simon, 2024), although it is not clear whether their origin is the same. This
raises the question that such structures may not be as rare as previously thought. An interest-
ing follow-up study would involve investigating archival UV data by combining data from both
the International Ultraviolet Explorer (IUE) and HST to search for these signatures in DNe and
NLs. Such an analysis would help distinguish whether veiling curtains are truly rare structures

or simply overlooked.

To sum up, my analysis led to the following results:

* Magnetic propeller: There are no distinctive features (like the emission lines observed in AE
Aqr) that are solely seen in the dip phase. However, all epochs exhibit the same narrow
absorption features.

* Identification of the narrow features: Modelling of these narrow absorption features shows that
there is a high-density, moderate temperature veil around the system, seen in all stages of
the outburst decline. The same veil was also present later, as described by Long et al. (2004).

This work advances our understanding of the transient accretion process(es) that take place in WZ

Sge and related systems. WZ Sge has been suspected to be a magnetic rotator for several decades
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now (e.g. Lasota et al., 1999; Matthews et al., 2007; Warner and Pretorius, 2008; Kuulkers et al.,
2011), in spite of a lack of clear evidence and competing arguments (e.g. Hameury et al., 2000;
Hameury and Lasota, 2021). As this effort was not successful to prove the existence of propeller
in WZ Sge, this is a confirmation that we will need to return back to basics — are there additional
physical processes that may be responsible for the complex pattern of WZ Sge-type light curves?
It would be important to focus on these issues now as the next superoutburst of WZ Sge could be
imminent. It is already 24 years (as of the time of writing) since its previous one (July 2001). Yet,
this study represents the first attempt to look at and characterise the spectral signatures in the UV
at different stages of the eruption decay.

5.1.2 The BHXT MAXI J1820+070

The last two chapters of my thesis concern the first multi-epoch time-resolved UV characterisa-
tion of the BHXT MAXI J1820+070 during all stages of its 2018 outburst. This is the first time that
such a dataset has been obtained in the UV, since most compact binary systems suffer from high
reddening, which prevents such observations. The UV data here were obtained as part of a coor-
dinated effort involving both HST and AstroSat, which allowed us to capture MAXI J1820+070 in
three different stages of its eruption: before, during and after a state transition. More specifically,

the three epochs can be characterised as:

e HST:HS/AstroSat:HS — the luminous hard state — HST /AstroSat observations
e HST:HIMS — the hard-intermediate state before the transition — HST observations

® AstroSat:SS — the soft state — AstroSat observations

This unique dataset has allowed me to explore a wide range of important topics. First, I deter-
mined the extinction to the source through two different methods: (i) using the near-UV hump
seen at A2175A and (ii) using the correlation between reddening and atomic hydrogen density.
My work indicates a low extinction value towards the source (Eg_y = 0.20). Furthermore, I stud-
ied the spectral evolution of MAXI J1820+070 throughout its outburst. A striking result is that the
UV behaviour remains almost unchanged among the different accretion states — it does not evolve
strongly with time, as happens in X-rays, for example. In the UV, there are no crucial differences
associated between the different X-ray states, which correspond to different accretion flows/-
geometries close to the central object. The HST spectra, which cover the first two epochs, are
characterised by the same double-peaked, Doppler-broadened emission lines, while their over-
all spectral slope is closer to the one predicted for a viscous-dissipation-dominated (rather than
irradiation-dominated) disc.

Moreover, there is no sign of blue-shifted absorption or P-Cygni features in the HST:HS observa-
tions, i.e. there is no detection of hard-state UV winds. Such wind signatures have been found in
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two systems so far, Swift J1858.6-0814 (Castro Segura et al., 2022) and the UW Crb (Fijma et al.,
2023). It should be noted, however, that these signatures are not easy to observe, as they are quite
variable. The fact that there are so few observations in the UV band to date makes it difficult to
determine the significance and occurrence rate of these signatures.

I also modelled the most prominent UV emission lines in our spectra in order to extract properties
such as the lines fluxes and the corresponding velocities. I note that the AstroSat spectrum, prob-
ing the soft state, is described by relatively low resolution and signal-to-noise, so that only the
strongest features are discernible. This analysis can be used to identify the line-forming regions
of these species in the accretion disc. My results confirm that indeed, higher ionisation lines are
formed closer to the compact object, while the lower ionisation species are formed further out,
in the outer disc. Furthermore, I found that there is strengthening of the integrated line fluxes
between the hard state and the soft state. The latter is expected as there is an increase in EUV
and soft X-ray photons during the transition. On the other hand, the strengthening of the lines
between the hard state and the hard-intermediate state is perplexing. This may signal that the UV
line-forming region is hampered from receiving hard X-ray photons. Of course, the location of

the line-forming region is not the same in both states, as it varies with luminosity.

In BHXTs, it is expected that X-ray irradiation plays a crucial role in the manifestation of eruptions
in these systems, as well as in the energy balance and stability of their accretion discs. That said,
I modelled the HST:HIMS UV SED in order to evaluate if irradiation matches its shape and flux
level. The optimal model to fit our UV SED results in a number of unfeasible parameters for our
system. In order to quantify and understand this, I created a small grid varying parameters such
as the accretion rate, outer disc radius and albedo. The key result of this expedition is that, for
all sets of reasonable parameters, the model could not replicate the observed flux level and the

curvature of the spectrum, especially in the far-UV wavelengths.

Finally, I constructed both far-UV and near-UV light curves and PDS in order to study the vari-
ability and the emergence of features such as QPOs. In MAXI J1820+070, variability has been
observed both in X-rays and optical (e.g. Stiele and Kong, 2020; Paice et al., 2021; Thomas et al.,
2022; Mao et al., 2022). Variability in the UV is less explored. The only system in which UV QPOs
have been detected is the case of the BHXT XTE J1118+480 (Hynes et al., 2003). Here, I find that
all our spectra can be fitted by a broken-power law for both the far-UV and near-UV wavelengths
of the hard state. On the other hand, tentative evidence is found for the presence of a UV QPO
around ~ 18s in the far-UV, around the same location that has been seen in both X-rays and optical

almost during the same time.

These results would not be permitted without HST’s astounding capabilities. Unfortunately, as I
previously mentioned, UV wavelengths can suffer significant extinction, and this rare opportunity
may not arise again. Coupled with the fact that the HST will soon be decommissioned, it becomes
clear that we must act now. This urgency highlights the need to expand our sample of BHXTs
(but in general, LMXBs), observed in different states of outburst. If this expedition is combined

with simultaneous observations in other bands, it will advance our grasp of these sources and
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unravel their mysteries. One obvious avenue is the ToO (Target of Opportunity) proposals to
capture any extraordinary event as fast as it erupts. This type of observations allow us not to
lose the opportunity to overlook these phenomena and act rapidly so as to put together a multi-
wavelength campaign to characterise these sources in total.

Having UV data for a sample of sources, we can identify trends and common patterns, enabling
a deeper exploration of various aspects observed in MAXI J1820+070. For example, we can sys-
tematically monitor the presence of UV outflows in the hard state of BH binaries. As winds are
time-dependent phenomena, isolated snapshots are insufficient for their detection. Instead, sys-
tems should be continuously monitored across their outburst for reliable identification of outflow
features. Furthermore, the plethora of UV observations would allow us to study timing proper-
ties, such as the detection of UV QPOs in the power spectra of these sources. So far, there is only
one system with confirmed UV QPOs, with tentative evidence in MAXI J1820+070. Expanding
our sample is crucial in the pursuit of these features and the discovery of the physical mechanism
driving them.

From a theoretical point of view, there is significant room for progression. I would like to bring
our attention back to the limitations in our understanding of X-ray irradiation and the implemen-
tation of the current irradiated disc models. The challenge lies not only in the simplistic assump-
tions during our modelling but also in the diversity of the different models and parameters. To
address this issue, we have to return back to physics and implement more realistic conditions in
the existent models. This includes taking into account the different shapes and properties of the
corona and going beyond using blackbodies as an appropriate model of disc’s radiation. This
process would have a huge impact in our comprehension of which processes play a significant

role in these systems.
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