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Abstract

Close to 40% of all stars are locked in the form of a binary pairing. By sheer number and
the exotic products that come from binary star evolution, they are fascinating objects with
many unanswered questions regarding their lifetimes and their effect on Galactic evolution.
In this doctoral thesis, | present much undertaken research in the eld of double white dwarf
binary star systems, which are some of the end products of binary evolutionary. They are
vital in addressing the evolutionary conditions that made these objects and in unravelling
the phenomena that occur close to or during merger. A particular focus is set on compact
(having undergone mass transfer stages) or ultra-compact (also with an orbital period close
to or less than one hour) systems, having pairs of stars that orbit each other on the timescale
of days to mere minutes.

The rst and second chapter set the tone for the thesis. In Chapter 1, | introduce
white dwarf binaries as a eld and the essential physical components, while in Chapter 2

| outline key concepts used to analyse observational datasets. Chapter 3 focuses on my
research of HM Cancri, the shortest period binary star system known to date, and the now
extremely precise measurement of its orbital decay. In Chapter 4, | present the shortest-
period detached source ever discovered through the Transiting Exoplanet Survey Satellite.
Chapters 5, 6 and 7 are based on the double-lined double white dwarf (DBL) survey that
| initiated, which crucially uncovered a population of high-mass double white dwarfs that
were hiding in plain sight, including the most massive double white dwarf discovered to
date. Lastly, in Chapter 8, | conclude the research presented in my thesis and address the
prospects for the future of the eld, including the upcoming era of space-based gravitational

wave detectors.
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Chapter 1

Introduction

1.1 Properties of white dwarfs

1.1.1 Formation

A star will begin its life in a molecular cloud that exceeds the Jeans mass [the critical mass
for gravity to dominate; Jeans, 1902], causing the gravitational collapse of material into a
protostar. Continued gravitational collapse increases the core temperature of the material
to aroundl0’ K where nuclear fusion is initiated and a zero-age main sequence star is born
when the mass of the protostar is above approximately 0.08dtherwise the protostar

will become a brown dwarf. For single, isolated stars with a total mass up to approxi-
mately 8—-10M , prolonged periods of core hydrogen fusion, followed by core helium (if

the initial core mass is above 0:45M ) and shell hydrogen fusion progressively push the
star to traverse the main sequence branch, the red giant branch and the thermally pulsating
asymptotic giant branch, with pulses induced from the turning off and on of hydrogen shell
burning. In this environment, large convective winds cause the spewing of material into
the interstellar medium becoming unbound from the host star, whereby it is brie y pho-
toionised in the form of a planetary nebula. A hot, dense and exposed core remains in the
form of a pre-white dwarf (pre-WD, alternatively hamed a post-asymptotic giant branch
star) which slowly cools along the WD cooling sequence over the span of gigayears, where
fusion ceases but the gravitational pressure is withstood by electron degeneracy pressure.
This is the evolution for around 95-98% of all stars in the Milky Way. The less massive a
main sequence star is, the longer it takes to evolve along the main sequence. Many stars
that formed at the beginning of the Galaxy still have not had suf cient time to become
WDs. In turn, this symbolises that WDs can only exist in our galactic neighbourhood with

a mass of roughly 0.53 Mor more through single star stellar evolution [Marsh et al., 1995;
Cummings et al., 2018], corresponding to an initial star mass of about 0.8 M



Figure 1.1: The internal structure of a hydrogen atmosphere (spectral type DA) and helium
atmosphere (spectral type DB) WD for the labelled masses and effective temperatures. |
draw particular attention to the logarithmic x-axis, since here the carbon-oxygen cores con-
tain the vast majority of mass, while the envelopes are thin in radius. Figure presented in
Althaus et al. [2010].

1.1.2 White dwarf structure

Before becoming a WD, where all fusion ceases, core nuclear fusion forms carbon and
oxygen after sequentigdp-chain, carbon-oxygen-nitrogen cycle and triple-alpha process
nuclear fusion. For shell burning, gravitational settling naturally causes the heavy elements
that are created to sink to the centre of the star, stratifying its structure. A graphical repre-
sentation of the strati cation is depicted in Fig. 1.1. The atmospheres of the stars are close
to a pure mixture and the fact that the optical depth is so shallow in these high-density envi-
ronments means that the photosphere solely encompasses the near-pure mixture close to the
surface. Binary evolution, which will be spoken about further in Section 1.2, can strip the
star envelope early, skipping any carbon/oxygen formation since the core temperature never
rises high enough to the point where the cross section is signi cant, and with this a helium
core WD with a hydrogen envelope can exist. There is a further case for initial star masses



close to 8 M where it may be possible to form oxygen-neon or oxygen-neon-magnesium
core white dwarfs, representing the densest environment.

1.1.3 The mass-radius relationship

An important characteristic of white dwarfs is their predictable radius because of their equa-
tion of state. Chandrasekhar [1931] considered an equation of state where the pRessure,
is related to the density, by

p/ *n (1.1)

with n the polytropic index. For relativistic electron gasess 3, and for non-relativistic
gasesn = 3=2. In the fully degenerate, relativistic case, this in turn gives rise to a maxi-
mum mass of a WD before gravitational collapse, which Chandrasekhar 1931a discovered
to be 0.91 M for a radius tending to zero. Chandrasekhar [1935] revised this concept and
presented a full mass-radius relationship for WDs which is depicted in Fig. 1.2 and set a
maximum WD mass of

M3 =5:728M = 2 (1.2)

where the subscript represents a polytropic index ef3 and is the nucleon to electron

ratio. For an ionised carbon-oxygen compositionz 2, giving rise to the well-known
Chandrasekhar mass limit bfc, = 1:44M at which gravitational collapse will occur as
electron degeneracy pressure is overcome. These points rely on the assumptions of a zero-
temperature (as an outward thermal pressure will relieve collapse) and a non-rotating star
(which will allow for higher masses as rotation generates an outwards centrifugal force).

1.1.4 Spectral signatures

WDs can show varied atmospheric compositions and observationally they are distinguish-
able through their spectral features, as depicted in Fig. 1.3. As for the naming conventions,
the initial D stands for degenerate and is common for all WD spectral types, DAs exhibit
hydrogen absorption lines in their spectra, DBs have He | absorption present, DCs are fea-
tureless, DOs have He Il absorption, DQs show signs of atomic or molecular carbon and
DZs show metal lines that originate from metals in the star's atmosphere. Following these,
there are the added letters at the end of each acronym being "H' if Zeeman splitting is
present, “e' if there is emission on the respective line or “P' for signatures of polarisation.
In the case of a mix of lines, the choice of ordering very much depends on the interpretation
of the author where one example naming system is for the spectral type with lines of larger
equivalent width to appear rst [Doyle et al., 2023].



Figure 1.2: The mass-radius relationship for WDs presented by Chandrasekhar [1935].
To highlight, the smaller the mass of the WD for a given composition, the larger its radius,
which is the opposite of the trend in younger stars. The solid line represents the relationship
for a collapsed con guration. The dotted and dashed lines are for non-relativistic and fully
relativistic polytropes, respectively. Smaller star masses have an asymptotic increase in
radius.



Figure 1.3: A depiction of all WD spectral types mentioned in Section 1.1.1. The spectra
shown are from the Dark Energy Spectroscopic Instrument (DESI) and the plotis a modi ed
version of that presented in Manser et al. [2024].



1.1.5 Population of white dwarfs

DAs constitute about 60% of WDs in volume complete populations [O'Brien et al., 2024],
or about 80% in magnitude limited ones [Kilic et al., 2020b, 2024]. DBs and DOs exist
due to a lost hydrogen envelope during its evolution, from hydrogen being mixed inside
larger helium convection zones or from the presence of an extremely thin hydrogen layer.
DCs exist from the cool effective temperature of a WD to the point where faint/no visible
spectral lines are apparent 6000K for hydrogen lines, 14 000K for helium) and DQs

are the result of convective dredge-up/mixing of carbon from deeper layers or from a lost
hydrogen/helium layer. Additionally, the subclass of hot DQs are thought to originate from
stellar mergers [Shen et al., 2023; Kawka et al., 2023; Kilic et al., 2023]. In hot DZ WDs,
metal lines can arise from radiative levitation, while at temperatures of up to a couple of tens
of thousand of Kelvin they can originate from the active accretion of orbiting material which
may be due to e.g. asteroid scattering [Bonsor et al., 2011] or planet accretion [Génsicke
etal., 2019].

A few billion WDs are predicted to exist in the Galaxy [Napiwotzki, 2009]. Obser-
vationally, we have identi ed 1.3 million candidates thanks to the precise astrometry and
photometry from the Gaia mission [Gentile Fusillo et al., 2021]. Out of those, around 50 000
are currently spectroscopically con rmed [Kepler et al., 2021; Manser et al., 2024]. In the
local population of WDs, we are currently volume-complete out to a radius of 40 pc from
the Sun [McCleery et al., 2020; O'Brien et al., 2023, 2024] with a sample of approximately
1000 stars. These and many other works have revealed a mass distribution of WDs with
a median mass of approximately 0.6 Me.g. Hollands et al., 2018; Kilic et al., 2020b],
originating from an initial star mass of approximately 1.4 JCummings et al., 2018]. At
the same time, subdivisions in the population exist that are not fully expected from single
star stellar evolution. One of these is for larger mass WDs, where we see an abundance at
approximately 0.8 M that is expected to arise from the remnant mergers of two low mass
WDs, but may be explainable via star formation rates or differences in the treatment of the
asymptotic giant branch phase in the WD's evolution [Kilic et al., 2020b]. Secondly, we
see multiple cases of apparently single, low-mass WD8:45-0.5 M ) that, as mentioned
before, are physically unable to form from a single star evolutionary path given the age of
the Galaxy. The presence of a close companion can fathom such a low mass WD, where |
will now describe how by introducing the formation of WD binaries.

!Note that in metal rich environments, the minimum mass of a WD can be pushed lower still [Romero et al.,
2015], but accurate quali cation of this circumstance is still an active area of research.



1.2 White dwarfs in binaries

1.2.1 Evolutionary scenarios

Approximately 30-40% of stars form in binary star systems [Raghavan et al., 2010] with a
varying binary fraction depending on the stellar type/mass of the stars and on the metallic-
ity [Sana and Evans, 2011; Chini et al., 2012]. The two stars typically form from the same
circumbinary disc at the same time and with the same metallicity. At orbits of 100s of AUs
(with the exact value dependant on the star masses), stars can evolve in near-completely iso-
lated conditions, never coming into contact. Conversely, if the orbital separation is smaller,
one star will naturally evolve faster than the other for different initial masses and will arrive

at the giant branch rst, at which point the outer shells of the star expand and the radius
increases. As the stars formed close together, the faster evolving star reaches a point where
it lls and over lIs the region at which matter is bound to its gravitational eld, namely

the Roche lobe, and matter is accreted onto the companion through the rst Lagrangian
point [Kopal, 1959; Pac#yski, 1971]. This event occurs for intermediate mass stars when
the initial orbital period i9 100days. The transfer of material is not perfectly conserva-
tive. Mass and with it angular momentum is lost from the binary, all the while material is
still over owing from the faster evolving star, causing the companion to grow in size. The
next interactions depend on whether the mass transfer is stable or unstable, which is largely
governed by the response of the donor to mass loss through the donor's core mass.

In the case of stable mass transfer, the mass-losing star continues getting stripped
until the decrease in radius causes the star to stop over owing (accelerating the evolution
of the donor), the system detaches, and the binary carries on evolving. Though in the
case of unstable mass transfer, the orbital separation continues to decrease, the Roche lobe
of the accretor lls and hence over owing material can no longer pass through the rst
Lagrangian point. The material instead surrounds the binary in what is referred to as a
common envelope. Friction between the contact binary and the envelope due to a lack of
co-rotation sends the binary into a rapid inspiral. To survive, a critical amount of angular
momentum must be imparted into the common envelope to be able to eject it completely
from the binary which is highly sensitive to the initial conditions [Toonen and Nelemans,
2013; Bours et al., 2013; lvanova et al., 2013b] and, if the binary is able to do so, the abrupt
ejection of mass will lead to a re-stabilised orbit at a wider than before but still compact
separation. If the common envelope cannot be ejected, the stars will merge in the form of a
luminous red nova [Ilvanova et al., 2013a].

The general outline for compact binary evolution, including the timing of common
envelope phases, is depicted in Fig. 1.4. The focus of this thesis is close double white
dwarf (DWD) binaries, whose formation requires two phases of mass transfer to exist at



Figure 1.4: A graphic of compact binary star evolution from the start to the nal stages of
its lifetime, presented in Han et al. [2020]. MS refers to the main sequence phase, whereas
RG represents a red giant.



an orbital separation on the scale of hundredths to tenths of astronomical units; at least one
common envelope event must have occurred with both stars surviving. All of these channels
contribute to the formation of DWDs, though some stronger than others, and we can divide
the evolutionary scenarios into the following categories:

1) Roche lobe + common envelopeThe more massive star is rst to evolve, mass is
transferred stably exposing the core of the donor. Mass transfer seizes and the star cools
into a WD. The second star then evolves, initiates Roche lobe over ow and unstable mass
transfer, a common envelope event occurs and the envelope is ejected, leaving behind the
DWD. Such an ejection of mass allows low mass Q:45M ) WDs to exist [Iben and
Tutukov, 1987; Bergeron et al., 1992; Marsh et al., 1995] even though a 0.8, or a

WD below 0:53M , would not be able to form through single star evolution within a
Hubble time. The premature stripping of the star, leaving a hot and dense core, speeds up
the stellar evolution, arriving at the WD phase early.

2) Common envelope + common envelop&he same as before, but there is unstable mass
transfer in the rst phase and two common envelopes occur. The Roche lobe + common en-
velope and the common envelope + common envelope evolutionary channels are dominant
in the formation of the population of DWDs [Han, 1998; Nelemans et al., 2001c].

3) Common envelope + Roche lobeThe rst phase of mass transfer is unstable leading

to a common envelope. The binary restabilises at a larger orbit and the second star evolves
and the binary undergoes stable mass transfer. This is an evolutionary path, though we can
tweak it by adding a further nuance that Roche lobe over ow in the second mass transfer
phase happens relatively soon after the common envelope phase. The star has not had long
to continue its typical evolution and the core mass is relatively small (<0.B Mere, dy-

namo activity in the second star induced from binary interaction introduces a magnetic eld
and magnetic braking becomes the dominant cause of the orbital separation decreasing fur-
ther (see Section 1.2.2). This tends to be the driving factor in bringing the stars into contact
for orbital periods between approximately 4—24 hrs. Roche lobe over ow now occurs in
the second star, shredding the outer layers and leaving behind an exposed core. This is the
evolutionary path in which the majority of binaries with an extremely low mass WD form
[Lietal., 2019].

4) Roche lobe + Roche lobeThis route to form DWD binaries is relevant for systems that
began on wider orbits [separations of a couple of astronomical units, see Korol et al., 2022b,
for examples]. These systems are dif cult to identify, but are possible through astrometric
deviations to the centre of light for non-equally luminous systems.

5) No mass transfer: stars evolve practically as if they were isolated. These are very
wide systems with periods of hundreds of days, possible to be resolved or detected through
common proper motion pairs [El-Badry and Rix, 2018; El-Badry et al., 2021a]. That said,



recent work has hinted at systematic difference in the cooling age of wide DWDs compared
to single star evolutionary tracks [Heintz et al., 2022, 2024], but the extent of the effects of
a wide companion on its partner remains somewhat unclear or if the state of these DWD
systems comes from an earlier merger event.

Normally, the second formed WD has a shorter cooling age, which is to say that in
a system with two WDs of identical mass and composition, the hotter WD is the younger
one. This is a natural expectation since it more recently donated material to the accretor,
exposing the inner layers of the star. Given the series of mass transfer events, one can expect
the second formed WD to be less massive also. There is a special but signi cant case where
this perception can be deceiving. Picture a binary where the rst mass transfer phase is
stable through the Roche lobe situation. The donor gets stripped while in the Hertzsprung
gap to become a low mass helium star of around 0.5-0.&NRt has a long cooling time on
the order of 18yr. The second star transfers mass onto this low-mass helium star unstably
and we get a common envelope (scenario #1) that is expelled, the orbit restabilises, and then
we get a third mass transfer phase to leave behind an exposed core that cools into a WD.
The second star here has formed a WD before the helium star has been able to evolve to a
WD itself, presenting an apparent mass inversion or reversed set of formation events. This
evolutionary scenario was discussed in [Toonen et al., 2012], including example starting
masses and separations of the two stars needed, and permits a hotter and more massive
WD.

1.2.2 Orbital angular momentum transfer

I will now introduce the orbital angular momentum transfer mechanisms at play which lead
to the aforementioned events and describe the orbital trajectory of a DWD binary. The rate
of change of orbital angular momentum transfer in a binary can be modelled as

Jorb = Jgr+ dmi + Jmb+ Jis + Jai (1.3)

With the J's here representing the angular momentum agg being that of the orbit)
being that due to mass losk, due to gravitational wave radiatiod,,, due to magnetic
braking,J;s due to spin-orbit coupling (tidal heating) adg due to direct impact accretion.
Explaining these terms in order:

Magnetic braking

In the binary evolution phase when one star is a WD and the other a main sequence star,
magnetic braking is the primary cause of orbital decay due to gradual orbital angular mo-
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mentum los& Here, a magnetic main sequence star has an outward- owing stellar wind.
Charged particles in the stellar wind follow the magnetic eld lines and become acceler-
ated, but being in a compact binary become trapped and dragged in a co-rotating orbit. This
carries away angular momentum from one of the stars, slowing down its rotation. The im-
plication on the binary is that orbital angular momentum is spent in re-synchronising the
spin of the main sequence star with the orbit [spinning it up, Zahn, 1977; Verbunt and Hut,
1983] and ultimately drives orbital decay. Eventually, the stars come into contact again, ini-
tiating mass transfer, to form a cataclysmic variable (CV) — a system where the WD accretes
mass from its main sequence (or slightly evolved) companion. Following the prescription
of Verbunt and Zwaan [1981]; Rappaport et al. [1983],
Rwis 2 8

= 38 10 3%Mm,R* 22
Jmb MS R Por

(1.4)

where in CV evolution, = 2 is often used [see e.g. Schreiber and Gansicke, 2003]. When
the period has shrunk to approximately 3 hours, magnetic braking ceases from the donor
becoming fully convective. The absence of magnetic braking causes the stars to detach
[Knigge et al., 2011], creating an apparent “period gap' between orbital periods of 2—3
hours. Gravitational wave radiation is then the leading factor that brings the two stars back
together.

In DWD binaries on the other hand, which come from a WD plus red giant branch
or asymptotic giant branch star that over ows onto the WD, observations tell us that practi-
cally no compact systems in the Galaxy are magnetic. There is one exception [NLTT 12758
Kawka et al., 2017] that is the only magnetic DWD, but such a system has been proposed to
be extremely rare [Schreiber et al., 2022], supported by magnetic elds expected to dissipate
in an astrophysically short timescale for recently formed WDs [before any potential reap-
pearance as the white dwarf ages Bagnulo and Landstreet, 2022; Camisassa et al., 2024].
Hence, magnetic braking has a smaller, but non-negligible, effect on the evolution towards
becoming and after creation of a DWD binary. One of the multiple CV evolutionary paths
has however been proposed as a means to form AM CVn binaries with helium donor stars
[El-Badry et al., 2021b].

2While still the case, | note the recent study of El-Badry et al. [2022] who nd observational evidence
favouring magnetic braking at a much lower degree than has been applied in past evolutionary models.
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Gravitational wave radiation

Two stars in orbit continuously radiate gravitational waves, which is parameterised by [Lan-
dau and Lifshitz, 1971]
~]-gr 32G3M1M2(M1+ Mz)

77 50 a 5

with G the gravitational constant,the speed of lightM 1 andM , the mass of the two stars
anda the orbital separation. Gravitational wave radiation becomes signi cant as a loss of
orbital angular momentum for close orbital separations, and so is small up until the later
stages of binary evolution. Following an orbital evolution solely impacted by the emission
of gravitational waves, the orbital period evolves as

96G* M1MoM1Pop _ 3lew

with Mt the total mas# 1 + M». Taking the derivative of equation 1.6, we see that the

second derivative of the orbital period is
! !

da B SR R 5P
Pow= PR —+ — =P ——+ = = ——P 1.7
ew = Rew 2P oW 357 b 3p Pew (1.7)
and when gravitational wave emission dominates the orbital traje@ety, = %P_éw =Porp.

Evidently, Pcw becomes signi cant only at small orbital periods wheg,=Pop, is min-
imised.
Then two stars will merge after a critical time [Peters, 1964]

S age’
256G3M Mo(M1 + M»)

Te(ao) = (1.8)

with the assumption that the orbit is circularised (an eccentricity of zero) as is the case for
DWD binaries since their orbits quickly circularise following a common envelope phase;
at the time of writing, no eccentric DWDs are known, with typical maximum constraints
being about = 0:001[e.g. Chandra et al., 2021].

The gravitational wave frequency is parameterisefl@ag = 2 =P, because the
shape of the quadrupole pattern (that describes how mass distributions stretch/squeeze space
in two directions simultaneously) repeats twice per orbit. Under solely gravitational-wave
orbital angular momentum loss

96 45 GM >=3 11=3
f{;wzg 8=3 = fow (1.9)
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and the dimensionless gravitational wave amplitude is

_ 2(GM)%3

A d

(f ow)* (1.10)
that are also dependent on the distance to the sodyeed the chirp mass

M1M )3
M = _(MiM2)

= Myt My (1.11)

For detection with gravitational wave spacecrafts, the characteristic strain of a binary can
then be calculated as [Moore et al., 2015]

pP——
he = NcycleA (1.12)

whereN¢ycle = fow Tobsis the number of observed cycles of the binary over a fiigig of
gravitational wave monitoring.

During the last tens of megayears of orbital decay, the rate of chanderof
becomes large enough that the gravitational waves radiated by the source remain strong
enough to be detected above the noise pro le of upcoming gravitational wave detectors in
the millhertz regime. Crucially, gravitational waves propagate through space-time follow-
ing al=d relation, whereas the emitted ux from photons propagates=a8. This hence
signi es that sources at further distances can still be detected and located via triangulation
when not possible in the optical. This is exempli ed by Fig. 1.5 and there are multiple
systems that will serve as test subjects to calibrate the detectors, commonly referred to as
gravitational wave “veri cation binaries”.

A plot of the known veri cation binaries that the Laser Interferometer Space An-
tenna (LISA) will depend on, all of which lie signi cantly above the noise instrumental
background of the detector, are plotted in Fig. 1.6, ranging from orbital periods of approxi-
mately 1 hour to 5.4 minutes. These can be detached systems, or the shrinking of the orbit
can cause one star to over ow its Roche lobe like in AM CVn binaries, which are ultra-
compact binaries composed of a white dwarf accreting hydrogen-de cient material from its
companion.

Tidal effects/spin-orbit coupling

DWDs hence in-spiral to ultra-compact orbital periods through the sustained emission of
gravitational waves. At approximately sub-10 min periods, tidal braking becomes in uen-
tial on the loss of orbital angular momentum to a similar magnitude [the torquing timescale
scales as Pwhereas the gravitational wave timescale scale$&s €.g. Piro, 2011]. When
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Figure 1.5: A prediction of the distribution of DWD binaries that will be detectable by the
LISA spacecraft with a signal to noise ratio greater than 7. The coordinate system is zeroed
on the location of the solar system, where the increase of blue sources is apparent due to
the improved sensitivity of nearby, longer period systems. Once detected, the distribution
of such systems will prove vital in constraining the distribution of mass and the structure
of the Galaxy [Breivik et al., 2020; Ebadi et al., 2024] and its dwarf galaxies Korol et al.
[2020]. Figure presented in Amaro-Seoane et al. [2022] with credit to Valeriya Korol.
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Figure 1.6: LISA veri cation binaries, gure taken from Fig. 4 of Kupfer et al. [2024]. The
characteristic strain of the binaries is computed with an assdmmge 4 yr LISA mission
lifetime. The black line is the detection threshold for sources with a signal-to-noise ratio
greater than 6. Points plotted in blue, red, yellow and magenta are AM CVns, detached
DWDs, hot subdwarfs (which are stripped, core-helium burning stars) and ultra-compact
X-ray binaries.
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both tides and gravitational wave radiation are acting on the binary, it can be parameterised

as [Piro, 2019]

Rew 3(= )(Jwp=Jom)P
1 3Jwp=Jorb

where corresponds to a tidal locking factor for which= 0 signi es no tidal effects and

= 1 signi es total tidal locking. When negligible tidal effects are at play, most orbital

energy goes into gravitational waves and when there is total tidal locking most of the lost

orbital energy goes into spinning up the WDs, while the heating of the two stars remains

small (tidal heating is more signi cant in between). The second period derivative due to

tides can also be written as [Piro, 2019]

Piide = (1.13)

3wp _ 4PidePew P

_ N 3Jwp
Jorb 3 P P

Pide 1
tide Jorb

(1.14)

Wl

Tidal interactions in DWDs are yet to be directly measured given the need to a) be detached
b) have short orbital periods where its contribution is signi cant c) the need for long-term
orbital tracking of the binaries fd2andP measurements d) the need for precise masses of
the two stars to separate tidal from gravitational wave effects. This ultimately limits us to
eclipsing detached DWDs since pronounced eclipses grant an increased precision in orbital
timing measurements. Eclipsing sources are still often troublesome for obtaining precise
masses, though inferences through the second period derivative are more forgiving on mass
errors. There are two exemplar candidates that should directly reveal clear orbital decay due
to tidal effects: J0651+2844 (B = 12:75min) and J1539+5027 (B, = 6:9min). These
systems will reveal a direct measurement of the second derivative term on the timescale
of decades, proving crucial in quantifying tidal effects in real systems. This is particularly
important given the deviation from purely general relativistic inspiral, as without better
knowledge its effect renders the masses inferred from detached systems using the chirp
mass found from gravitational wave Bg,, observations as inaccurate. A well-understood
orbital trajectory from orbital angular momentum components is required to predict and un-
derstand the nal state of the binary, having strong applications to the number of detectable
Galactic DWDs for future gravitational wave detectors [Toubiana et al., 2024].

Direct impact accretion

While direct impact accretion does have immediate parallels with mass transfer, the novelty
of it occurring for only the most ultra-compact of systemggR 15min) merits a separate
discussion.

When the donor of a binary initiates mass transfer, mass follows a ballistic trajectory
owing out of the rst Langrangian point and forms an accretion disc around the accretor
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star. However, in ultra-compact DWD binaries, the onset of mass transfer occurs at very
small (tenths of solar radii) orbital separations owing to the tiny radii of WDs. In the case
that an accretion disc does form, the material would orbit at an equivalent radius [Verbunt
and Rappaport, 1988]

rg 0:0883 + 0:04858logy + 0:11489lod q  0:020475lod q (1.15)

with g = My4=Mj,, and the radius at which the accretion stream would initially pass the
surface of the WD is approximately [Nelemans et al., 2001a]

”;‘” 0:04948 0:03815log() + 0:04752lod(q) 0:006973log(q) (1.16)

If the radius of the star is larger thag,,, mass ows through the rst Lagrangian point
with a trajectory that coincides with the accretor, such that accreted material directly im-
pacts its surface (Fig. 1.7). This acts as a further orbital angular momentum sink acting to
accelerating the inspiral, given as

P
Jgi= Job rn(1+ Q)ME (1.17)
d

The sudden impact of the stream onto the WD accretor introduces an intense emission
of X-rays at the impact site. To date, just 3 direct impact sources have been discovered,
largely owing to the fact that the duration of the direct impact phase is merely a few tens
of thousands of years. These are HM Cancri [Ramsay et al., 2002], V407 Vul [Marsh and
Steeghs, 2002] and perhaps the recently discovered source eRASSU J060839.5-704014
[Maitra et al., 2024] but further con rmation is required to ascertain its physical nature as
a DWD. HM Cancri and V407 Vul are currently inspiraling [Hakala et al., 2003; Barros

et al., 2007] and the period derivative of eRASSU J060839.5-704014 is not known, such
that there is no known source that is still directly impacting that has survived through a
period minimum. However, there is one source, ES Ceti [Noguchi et al., 1980; Downes and
Shara, 1993], that is oustpiraling [de Miguel et al., 2018] and has formed an accretion disc
[Bakowska et al., 2021].

Mass loss

For completeness, it should be mentioned that orbital angular momentum loss from wind
Roche lobe over ow causing an orbital shrinkage occurs too, but further discussion is not
necessary for the theme of this thesis [see e.g. Abate et al., 2013, for more details]. There is
also the situation where two WDs could experience a head-on collision driven by the quasi-
secular changes of the orbital evolution from a tertiary component, but this has been shown
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Figure 1.7: A graphical representation of direct impact mass transfer from an accretor with
mass 0.8M and radius 0.01R, a 0.25M donor and an orbital separation of 0.1 R

The donor's Roche lobe is full and the ballistic trajectory of the accretion stream is shown,
coinciding with the surface of the accretor. The blue dotted region is the Roche lobe of the
accretor. A 1:1 aspect ratio is maintained in the vertical/horizontal direction.
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to be relatively infrequent [Toonen et al., 2018, and references therein]. Non-conservative
mass transfer will be touched on in the following section.

1.3 Detonation, merger or a surviving AM CVn? The nal mo-
ments of binary evolution

I have touched on the formation of DWDs and their orbital evolution through various angu-
lar momentum transfer mechanisms. Now, | will discuss their fate. From equation 1.6, any
DWD with an initial orbital period between 9-13 hrs will come back into contact within

a Hubble time. Broadly speaking and as has been long adopted, a binarg witB=3

leads to unstable mass transfer [e.g. Marsh et al., 2004], but the most important aspect of
the binary's stability is the synchronisation of the two stars with the orbit. During inspiral,
tidal forces or magnetic coupling act to synchronise the spin of the WDs with the orbit.
Once mass transfer initiates, the accretion stream naturally acts to spin up the accretor, so
the key to survival is the percentage of gained angular momentum that can be fed back into
the orbit [Marsh et al., 2004; Fuller and Lai, 2012].

1.3.1 Survival

All mechanisms above exclaim that orbital angular momentum is continuously being lost
from the system. Yet, this does not necessarily imply that the DWD's destiny is catastrophic.
As mass is transferred from the donor, the mass ratio continuously changes, and a larger
mass ratio obtains a stable orbit at larger orbital separations. Hence, a decreasing orbital
separation from orbital angular momentum loss is met by mass transfer. If mass can be
exchanged rapidly enough, the orbit stabilises by increasing the orbital separation.

Contrary to the typical dynamics of mass transfer between non-degenerate stars, the
smaller mass, larger radius WD is rst to over ow its Roche lobe as the donor star, with the
larger mass, smaller radius WD the accretor in a DWD binary. Mass transfer from one star
to a higher mass companion acts to expand the orbit, counteracting the shrinkage caused by
gravitational wave losses with angular momentum transfer playing an important role in the
fate of these systems [Marsh et al., 2004].

The mass transfer rate of a binary is set by [e.g. Kaplan et al., 2012]

L_Ma Mg, a2 M

. 1.18
J” Ma Mg 2a 2M, (1.18)

with subscriptsa, d andt being the accretor, donor and total, and, for conservative mass
transfer, does not alter the orbital angular momentum of a system. However, in ultra-
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compact binaries, the build up of material on the accretor can lead to episodes of hydrogen
or helium ashes that eject material in nova eruptions, accelerating in-spiral. Considering
M; = f Mg to track the total mass lost by the system, viitheing a dimensionless quantity
equal to O if the accretor keeps all accreted mass and 1 if all mass accreted is ejected, the
mass transfer rate and the orbital angular momentum are related via

L My

Ma 1o pMe ¢ Ma

a
+ = 1.19
J 7 My M, 2M; 2a (1.19)

Converting all into units of the orbital separation with = R =a, accounting both the
response of the donor;, = dInrg=din Mg, and the evolution of the Roche lobe, =
dinr_=dIn M5, equation 1.19 becomes

L _ My d r Mgy Mg

—= — 1+ —2Lt+(f 1)— f_— 1.20

J My 2 ( )Ma 2M, (1.20)
Now we must also consider when mass transfer itself is stable, i.e. when the donor re-
mains within its Roche lobe and only over ows through the rst Lagrangian point. If we
consider an over |l factor of = R» Ry , d =dt shows whether the response of the
donor is causing the inspiral to speed up or not. Marsh et al. [2004] show that to a good
approximation

1d _ Jer kMiRE 4

P My
— = 1+ o)r — 1.21
2Rq dt ~ Job  sdom > 4 @roarn g @21

where the rst term on the right hand side of the equation corresponds to the gravitational
waves component, the second to the spin-orbit coupling, and the third addresses mass trans-
fer. kM 1R§ is the moment of inertia of the accretog,is the synchronisation timescale and

I is the difference between the spin of the accretor and the orbital frequency. The donor
is synchronised with the orbit [Zahn, 1977; Verbunt and Hut, 1983], hence is negligible.
Collecting all non-mass transfer related terms to the left, we will have stable mass transfer
when the mass transfer is larger than this value, hence when

1+ 22“ q p(1+q)rh m“;>o (1.22)
g<l+ 9 N IO(1+q)n1 (1.23)

2
in the case of direct impact accretion, or without the nal term in equation 1.23 in the case
of disc accretion, and the extra orbital angular momentum sink of direct impacting material
clearly causes instability.
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Figure 1.8: Figure 1 from Marsh et al. [2004] showing the limits of direct vs disc accretion
(solid black line). The dashed lines show the conditions for stable/unstable mass trans-
fer dependent on the synchronisation timescale, which is the timescale on which angular
momentum is able to be fed back into the orbit. Combinations towards the left of each
dashed/dotted line lead to instability and towards the right for stability. Each number is in
years (the faster it can resynchronise, the more stable the systentjer®lis the mass of

the accretor.

As a WD's response to mass transfer is to expapts negative and a typical value
is approximately 0.6 < , < 0:3[Wong and Bildsten, 2021], but the donor's response
depends highly on the mass of the WD. Performing this, we run into a problem fast - the
permitted mass ratios that would allow a binary to survive period minimum are very small
and direct impact accretion is the primary reason. With unstable mass transfer, we should
see an accelerating inspiral in direct impact accreting binaries, and hence only systems with
tiny mass ratios would be able to survive a period minimum (see Fig. 1.8).

Two big issues came from this. The rstissue is the need to nd progenitors of the
observed AM CVn population, which — as previously mentioned — are compact accreting
binaries with often strong gravitational wave emission. Nelemans et al. [2001a] noted how
direct impact accretion severely decreases the galactic population of AM CVn binaries to
the point where their simulation would not be able to reproduce observed period-minimum
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survivors through the double degenerate channel. In the worst case scenario where all
angular momentum from directly impacting material works to spin up the accretor and is
not fed back into the orbit, Nelemans et al. [2001a] show how any DWD would require an
e.g. 0.5M accretor with a< 0:14M donor or a 1 M accretor with a< 0:2M donor

(see their gure 1). In their synthetic population of AM CVn's, this resulted in practically

all DWDs leading to unstable mass transfer and hence no contribution to the AM CVn
population. The second issue is that, in the 1990s, 3 candidate ultra-compact binaries were
discovered: V407 Vul (P=9.5min), HM Cancri (P=5.4min) and ES Ceti (P=10.3 min).
Given their orbital periods and if they all are ultra-compact binaries, they have to be DWDs
as a helium star or larger donor would not be able to t for an orbital separation this small,
and these were the rst candidate systems that show that ultra-compact DWDs can form
and do exist. All three showed an X-ray pro le that could be due to direct impact accretion
[in recent years, ES Ceti has been discovered to harbour an accretion disc Bakowska et al.,
2021]. However, the issue is that a system undergoing unstable mass transfer should do
so at a much larger rate than the ux of the X-ray signals indicate, disfavouring the DWD
model (see Chapter 3 for discussion of other models).

D'Antona et al. [2006] [see also Deloye and Taam, 2006; Kaplan et al., 2012] pro-
posed a model in which a large hydrogen envelope could act to make the donor star semi-
degenerate, and hence the donor would maintain a similar radius instead of expanding due
to mass transfer. This allows for much smaller accretion rates that are consistent with the
observed X-ray uxes for sub-10 min orbital periods (as will be discussed in Chapter 3).
Once the hydrogen envelope is depleted, we return to the degenerate equation of state for
the donor star as pure helium is donated and the mass transfer rate climbs signi cantly
(M=10 7 10 °M yr 1. Atthis high of a mass transfer rate, the mass loss repels the
decrease in orbital separation induced from the aforementioned orbital angular momentum
losses due to a change in mass ratio. Hypothetically, the system has the potential to lead
to an expanding orbit, surviving through a period minimum, and existing as an AM CVn
binary with an extremely stripped donor having lost hundredths of solar masses.

The knowledge of whether a DWD can indeed survive period minimum is still
largely unclear, where it is worth mentioning that some authors advocate that no/very few
DWDs will survive a period minimum [e.g. Shen, 2015; Polin et al., 2019]. Not only this,
but observational evidence of the impact and ef ciency of tidal interactions is uncharted
territory, and the same applies for the synchronisation timescale. Thus, it is unclear how
much angular momentum can be re-pumped into the orbit during mass transfer which ulti-
mately is the key for achieving stabiltyWhat is clear though is that ultra-compact DWDs

3Clear evidence exists for outspiraling (surviving) AM CVn's that arose through the non-degenerate helium
star channel or the cataclysmic variable channel with an evolved donor, which are able to reach minimum
orbital periods of roughly 12 min.
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do exist for prolonged periods of time, show evidence in favour of their ability to resist
orbital inspiral and may still be responsible for the population of expanding orbit AM CVn
binaries. The study of ultra-compact DWDs and AM CVn binaries is still a highly active
area of research, and discovery of outspiraling, directly-impacting accretion stream binaries
would be revolutionary to show direct and unmistakable observational evidence that DWDs
can survive inspiral.

1.3.2 Demise

| address here all cases where the binary is not able to survive inspiral. The result of the
merger depends strongly on the initial mass of the two WDs and the total mass of the
system. The knowledge of which remnants are formed from a merger is guided by popula-
tion synthesis of DWDs that match relatively well the subsequent populations [Han, 1998;
Nelemans et al., 2001c; Han et al., 2002; Toonen et al., 2012] and/or where no other known
stellar types can explain the remnants. Approximately speaking, two low mass WDs will
merge to form a sdO/sdB star [Zhang and Jeffery, 2012], a hot subdwarf which is core he-
lium burning, an R Coronae Borealis [Webbink, 1984] star, which is a hydrogen-de cient
and carbon-rich, or a carbon-oxygen WD from the two individual star masses combined
at merger. A carbon-oxygen WD with a low mass WD companion may form a new larger
mass, carbon-oxygen core WD for the lower total mass boundary, or an ONe WD/SN .la su-
pernova for the upper. Equal mass WDs with a total mass approaching the Chandrasekhar
mass limit are theorised to either detonate or, if an oxygen-neon WD is present, lead to
an accretion induced collapse [Nomoto et al., 1979; Nomoto and Kondo, 1991] and the
formation of a neutron star. Such a large mass merger has also been considered as a for-
mation mechanism for large mass WDs with a strong magnetic eld [Cheng et al., 2019;
Gvaramadze et al., 2019; Hollands et al., 2020].

Anything with a total mass above approximately 1.5 Mill maintain enough mass
during merger to exceed the Chandrasekhar mass limit, inevitably implying that in some
way an explosion of a star will occur. What likely happens in reality is that, in these
high total mass systems, the explosion of one star occurs before merger which may lead
to the explosion of the donor as well [Pakmor et al., 2012b]. Exploration of these condi-
tions are purely theoretical with no type la supernova model able to explain the wealth of
identi ed type la's [e.g. Maoz et al., 2014; Liu et al., 2023; Soker, 2024], primarily found
through transient surveys. Popularity has grown in recent years for the existence of sub-
Chandrasekhar mass detonations, where the larger the mass of the accretor, the more likely
a detonation and consequently explosion is to happen. The key to setting off a detona-
tion is whether ignition of carbon fusion can be initiated, leading to runaway thermonuclear
reactions, explosion of the star and dispersion of metals into the interstellar medium. A sub-
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Chandrasekhar mass double-detonation can occur through stable mass transfer from a He
WD or a helium star if the accreted helium reach€&s02-0.2 M [Neunteufel et al., 2016;

Polin et al., 2019], detonates and initiates a second detonation in the core [e.g. Nomoto,
1982]. Or, sub-Chandrasekhar mass type la can occur through unstable mass transfer. Here,
compressional heating from the accretion stream can lead to a core detonation of the carbon-
oxygen WD [Pakmor et al., 2010, 2011, 2012b]. Alternatively but again through unstable
mass transfer, there is the dynamically driven double-degenerate double-detonation (dubbed
the DF scenario) in which a thin ( 0:01M ) helium layer detonates on the accretor's sur-

face and consequently triggers the core detonation as well [Boos et al., 2021; Shen et al.,
2021]. In the sub-Chandrasekhar mass situation, the initial detonation is triggered through
accumulation of a helium shell from the donor's material.

1.4 The observed population of double white dwarfs

There are expected to be hundreds of millions of DWD binaries in the Galaxy [e.g. Nele-
mans et al., 2001c; Marsh, 2011; Korol et al., 2022b]. DWDs in compact con gurations are
of particular galactic interest, long suspected to contribute towards a large fraction of type
la supernovae [see Maoz et al., 2014, for a review] that are responsible for the enrichment
of the interstellar medium, and to be an explanation for the existence of exotic merger rem-
nants [e.g. Webbink, 1984; Zhang and Jeffery, 2012]. Furthermore, compact DWD binaries
serve as surviving test subjects of the common envelope phase [Nandez et al., 2015], which
can be used to probe the conditions that may lead to the survival or demise of a binary
through population modelling [Toonen et al., 2012, 2017; Korol et al., 2022b]. However,
only a small fraction of the observable population has been conclusively identi ed to date.
This is largely the result of observational biases from the intrinsic dimness of WDs and
from a detection biases in each method.

Ongoing and recent attempts to exploit all-sky variability surveys to nd DWD and
other compact binaries has resulted in an acceleration in the detection of such systems
[e.g. Burdge et al., 2020b; van Roestel et al., 2021, 2022; Kosakowski et al., 2022; Keller
et al., 2022; Ren et al., 2023]. These searches are highly sensitive to eclipsing systems, or
near-edge-on binaries that can have large photometric amplitudes. They are also extremely
biased towards the most compact of sources owing to the increased eclipse probability, large
ellipsoidal modulation effects to the two stars making photometric variability more severe,
and the ability to survey more orbital cycles in the same amount of telescope time.

Many radial velocity searches have been conducted over the last decades (see Ta-
ble 1.1 for full references). Focusing on two large-scale and recent searches, the extremely
low mass (ELM) WD survey [Brown et al., 2022] and the supernovae type la progenitor
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survey [Napiwotzki et al., 2020] have provided population statistics on the DWD sample
from the DWDs discovered in their surveys. In particular, Napiwotzki et al. [2020] reveal
a DWD fraction of 6% compared to their observed WD sample and from other studies the
overall percentage of DWDs in the Milky Way compared to the number of WDs is predicted
to be 5-10% [Maxted and Marsh, 1999; Maoz and Hallakoun, 2017; Maoz et al., 2018;
Napiwotzki et al., 2020; Korol et al., 2022a; O'Brien et al., 2024], which are consistent with
the fraction expected from close DWD population synthesis [Toonen et al., 2017]. A cou-
ple of dozen other radial-velocity variable or eclipsing DWD systems have been discovered
separately to these surveys [see e.qg. Kilic et al., 2010; Hallakoun et al., 2016; Brown et al.,
2020b; Kilic et al., 2021a; Kosakowski et al., 2023, and references therein] which typically
have orbital periods between a few hours and a day. However, the most compact of DWD
binaries with an orbital period less than one hour are rare. Brown et al. [2022] nd that

10%of low-mass WD binaries alone have sub-hour orbital periods in the ELM WD sur-
vey. Approximately 20 out of a total of 200 DWDs have been found to be this compact, an
excessive fraction compared to the5% predicted [Nelemans et al., 2001c] that is likely
consistent when considering observational biases.

Multi-object spectroscopic (MOS) surveys have proven capable of surveying thou-
sands of WDs that are ideal for bulk population analyses [e.g. Tremblay et al., 2011, 2016;
Kilic et al., 2020b; Manser et al., 2024]. Within, multi-epoch observations allow the possi-
bility to ag considerably RV variable binaries. Searches have been carried out to resolve
the orbits of such sources [Breedt et al., 2017], but from the knowledge of a maximum RV
difference between the two stars alone, predictions of synthetic populations can be put to
the test. Studies by Maoz et al. [2012]; Badenes and Maoz [2012]; Maoz et al. [2018] have
presented and utilised a method to simulate the observed RV shift of a population, being
able to place limits on the DWD fraction and merger rate in the Milky Way. Tangential
to this, synthetic observables based on mock populations have been utilised to study the
frequency of type la supernovae aiming to address the gawping difference between the ob-
served and predict rates [Rebassa-Mansergas et al., 2019], with no DWD candidate known
that will merge in a Hubble time that have a total mass that exceeds the Chandraskehar mass
limit (see discussion in Chapters 5 and 6 for supernova mechanisms and candidates).

A new means of detecting thousands of wide binary companions to a WD has lately
become possible through astrometric solutions uGag [Gaia Collaboration et al., 20164,
2023]. El-Badry and Rix [2018]; El-Badry et al. [2021a] revealed hundreds of wide DWD
binaries through the means of a common proper motion and parallax between the two stars
(" 100 AU). As for the more compact systems, signatures of binarity in the local population
can be predicted through a low-amplitude astrometric wobble of the centre of light, which
has often been used to select strong candidates through the so called Renormalised Unit
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Weight Error [RUWE, Belokurov et al., 2020]. Of the likes, Korol et al. [2022a] analyse
RUWE-excessive candidates to identify a gap in the separation distribution of DWDs at
approximately 1 au while nding a consistent DWD fraction with the spectroscopic sample
analyses and indicating a sensitivity in the detection of DWDs with orbital separations
0.0lau<a<?2au.

Looking towards the near future, there are many DWD binaries with orbital fre-
guencies in the mHz frequency band gsub-hour periods) scattered across the full Milky
Way that are waiting to be discovered by upcoming space-based gravitational wave detec-
tors like TianQuin[Luo et al., 2016] and théaser Interferometer Space AntenpldSA,
Amaro-Seoane et al., 2017, 2022]. DWDs will be the dominant foreground sources [Nis-
sanke et al., 2012; Korol et al., 2017; Lamberts et al., 2019; Amaro-Seoane et al., 2023;
Staelens and Nelemans, 2024], with recent simulations expecting about 10 000 DWDs to
be detected in the mission's lifetime. These observations should mark a leap in our under-
standing of DWDs from an order of magnitude more systems being discovered alone, will
permit the unravelling of the full structure of the Milky Way [Georgousi et al., 2023] and
will reveal the DWD fraction in various Milky Way satellites [Korol et al., 2020] that are
tricky with other types of observation due to their high star density and crowding.

In the present day, we know of about 300 compact DWDs, with their location on a
Hertzsprung-Russel diagram plotted in Fig. 1.9. A cumulative distribution function of the
orbital periods of these systems compared to synthetic population predictions is additionally
displayed in Fig. 1.10, clearly conveying the preferential bias in the observed population
towards short orbital periods. To be con rmed as a DWD, a source needs to show the clear
detection of both WDs, for tted atmospheric parameters and/or masses for a given period
to only be consistent with the binary harbouring two WDs, or for the stars to be spatially
resolved. For compact, the exact de nition is open to an individual's opinion, but | do and
will describe these as cases where there has been a mass transfer episode in the past, which
drives the stars to a more compact orbit. The rst de nitive discovery of a compact DWD
binary was L870 2, identi ed as a DA+DA and double-lined system with an orbital period
of 1.6d [Saffer et al., 1988], sparking the inspiration for dedicated searches in the decade
that followed [Robinson and Shafter, 1987; Bragaglia et al., 1990; Foss et al., 1991; Marsh
etal., 1995; Marsh, 1995; Moran et al., 1997]. As we see in Fig. 1.11, the increase in DWDs
appears exponential, in such a way that, if the trend continues, we can expect an observed
population of approximately 1100 compact DWDs on the launch date of LISA.

Early attempts to model systems in the observed population of DWDs, starting with
a mere 10-15 discovered systems, quickly identi ed that a double common envelope evo-
lution is unable to explain the mass distribution of double helium core DWDs [Nelemans
etal., 2000, 2001c]. Problematically, stable Roche lobe over ow or a combination of Roche
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lobe over ow and common envelope evolution is not able to either, leading to the introduc-
tion of a formalism that acts on a dynamical timescale, consisting of the componants

. The purpose of the parameter is to take away extra angular momentum from the
binary to create the correct period distribution after each mass transfer event, whge
the common envelope ef ciency parametertimes a parameter that depends on the struc-
ture of the giant star,. This approach best t the observations and can explain the full
mass-period distribution of DWDs, but a physical reason for this extra angular momentum
sink in the orbital evolution is unclear. The results and usefulness of employing such an
approach was later corroborated by van der Sluys et al. [2006], while Woods et al. [2012]
advocate that a better approach is to consider non-conservative mass transfer during a rst
mass transfer phase, which is stable Roche lobe over ow, followed by a single common
envelope phase that creates compact enough orbits that match DWD observations. To date,
the formalism holds strongest with a much increased population size [Nelemans et al.,
2025], and the testing of non-conservative mass transfer on the population of DWDs is
actively pursued [Li et al., 2023].

Continued efforts to increase the sample of well-characterised DWDs covering the
full mass-period range is crucial to accurately model the Galactic population of DWDs, and
with that their role in creating the various stellar products described in Section 1.3 and the
role of WD explosions in enriching the interstellar medium. This is especially relevant for
DWDs that have a total mass above approximately 1.04tich are predicted by synthetic
populations but have been missing in the observed population.

1.5 Thesis overview

The work presented in the following chapters of this thesis outline my contribution to the
advancement of our understanding of compact DWD binaries. The rst projects of my
doctoral degree focussed around the ultra-compact cases, motivated by pre-gravitational
wave detector preparation. Later, | focussed on compact but several hour orbital periods to
obtain a re ective sample of the general DWD population and reveal a "missing' observed
population of high total mass systems. The majority of the methodology used in my studies
is described in Chapter 2, while some details speci ¢ to each study is mentioned in the
respective chapters. In Chapters 3 and 4, | present a major augmentation to the sample of
precisely constrained DWDs in Chapter 5 which turn out to be some of the most massive
DWD systems ever discovered, performed through the double-lined double white dwarf
(DBL) survey. In Chapter 6, | present a devoted study on the largest total mass DWD
binary which came from the DBL survey, which is the largest mass system discovered to
date. In Chapter 7, | present a continuation of DBL survey by obtaining full orbital solutions
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Figure 1.9: A Hertzsprung-Russell diagram zoomed-in on WDs. Plotted in grey are all
WDs detected in Gaia DR3 [Gentile Fusillo et al., 2021], where star shaped points are con-
rmed and compact DWD binaries. In red are double-lined DWDs (both stars are visible
in its spectrum) and in black are single-lined DWDs (only one star is visible in its spec-

trum). Dashed green lines represent the cooling sequences of an isolated, @3BN
or1.0M , starting at the top left and cooling down to the bottom right. The clear bias in the
DWD population is emphasised by the vast number of systems that fall above the 0.3M
cooling sequence, being ELM DWD binaries in which the ELM dominates the luminosity
of the system and outshines its companion.
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Figure 1.10: A cumulative distribution function of the orbital period of DWDs, presented in
Fig. 4 of Nelemans et al. [2001c], with the cumulative distribution function of the present-
day observed DWD sample in thick, solid black. The thin lines in this plot are used to
provide an error margin in the cooling of the WDs. Evidently, there is a strikingly large
over-prediction of systems at shorter orbital periods, consequential of the observing biases
towards shorter orbital periods described in Section 1.4. The data points are the observed
sample of DWDs (squares) and sdB binaries (circles) at the time of this article being pub-
lished.
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Figure 1.11: A cumulative distribution of the number of compact DWD binary discoveries
at the end of each respective year (according to the publication date). The general trend
follows an exponential increase thanks to developments in astronomical instrumentation,
capabilities and surveys. If we imagine that this exponential trend continues, which may be
possible owing to the upcoming spectroscopic MOS surveys and greatly increased photo-
metric depth with the LSST, we will reach an observed population of approximately 1100
DWD binaries at the time of the launch of LISA in 2035. In orange are the discovery of
DWDs with orbital periods below 60 min for each year. A large increase in these ultra-
compact source detections is witnessed in recent years owing to the invent of deeper all-sky
surveys.
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for many of the newly presented systems.

31



Table 1.1: Atable of all compact DWDs found to date. This list will be regularly maintained
at https://github.com/JamesMunday98/CloseDWDbinaries
tails of each system is stored within, including the right ascension and declination of
sources. See Fig. 5.1 for the Hertzsprung-Russell diagram location of all of these.

and more de-

Name| Pop M4 M, Distance Reference
[min] | [M ]| [M ] [pc]
HMCnc | 5.36 | 1.00 | 0.20 >1500 [1]112] [3][4]
eRASSU J060839.5-7040146.23 - - >5000 [5]
ZTF J1539+5027 6.91 | 0.21 | 0.61 - [6]
ZTF J0546+3843 7.95 - - 3707 [7]
ZTF J1858-2024 8.68 - - 2895 [6]
ZTF J2243+5242 8.80 | 0.35 | 0.38 2120 [8]
V407 Vul | 9.48 - - -
ES Cet| 10.33 - - - [9]
WD J0651+2844 12.75| 0.26 | 0.50 993 [10][11]
ZTF J0538+1953 14.44| 0.32 | 0.45 1040 [5]
WD 0931+444| 19.80| 0.31 | 0.75 370 [12] [13]
SDSS J232230.20+050942.0€20.02 | 0.27 | 0.24 865 [14]
J0526+5934 20.51| 0.26 | 0.71 847 [15] [16] [17]
PTF J0533+0209 20.60| 0.17 | 0.65 1266 [5]
ZTF J2029+1534 20.90| 0.30 | 0.32 8063 [5]
J1239-2041 22.51| 0.29 | >0.61 824 [18]
ZTF J0722-1839 23.70| 0.33 | 0.38 1429 [5]
ZTF J1749+0924 26.40| 0.28 | 0.40 - [5]
SDSS J063449.92+380352,26.50| 0.45 | 0.21 435 [19]
SMSS J033816.16-813929/930.60 | 0.23 | 0.38 533 [18]
J2322+2103 31.97| 0.25 | >0.19 884 [17]
ZTF J1946+3203 33.56| 0.31 | 0.27 5225 [5]
WD J0106-1000 39.10| 0.19 | 0.57 833 [20][12]
WD J1630+4233 39.83| 0.30 | 0.76 851 [21][12]
SDSS082239+30485[740.28| 0.30 | 0.52 881 [22] [23]
J1526-2711] 40.29| 0.37 | >0.4 621 [24]
ZTF J1901+5309 40.60| 0.36 | 0.36 911 [25] [5]
J2049+3351 42.84 - - 1961 [23]
SDSS J104336.28+055149,915.65| 0.18 | >0.07 - [21]
J1506-1125 46.54| 0.43 | >0.18 413 [23]
WDJ 022558.21-692025.3847.19| 0.40 | 0.28 403 [26]
J1235+1543 52.88| 0.35 0.17 444 [27] [28]
ZTF J2320+3750 55.25| 0.20 | 0.69 1443 [5]
WD J1053+5200 61.29| 0.20 | 0.75 3817 | [29][30][31][12]
J0056-0611| 62.47| 0.18 | 0.82 626 [32][12]
SDSS J1056+6536 62.65| 0.33 | 0.76 1510 [33][12]
J0923+3028 64.73| 0.28 | 0.76 287 [30] [34] [12]
WD J1436+5010 65.95| 0.23 | 0.78 948 [35][12]
J1832+2031] 67.16| 0.29 | >0.47 621 [23]



... continued

Name| Pomp M1 M> Distance| Reference
[min] |[[M ]| [M ] [pc]

J1738+2927| 68.69 | 0.26 | >0.55 780 [36]
WD J0825+1152 83.79 | 0.28 | 0.80 2378 [32] [12]
J1812+0525 86.18 | 0.28 | 0.73 1176 [23]
WDO0957-666| 87.83 | 0.37 | 0.32 164 [37][38]
WD J1741+6526 88.00 | 0.17 | 1.17 1154 [39][12]

J0221+1710 88.25 | 0.26 | 0.62 279 [23] [40]
J2013-1310 88.73 | 0.37 | >0.51 452 [23]
WD J0755+4906 90.75 | 0.18 | 0.96 - [30][12]
J1758+7642 94.56 - - 620 [41]

SDSS J1337+3952 99.00 | 0.51 | 0.32 114 [42]
J1313+5828 106.49| 0.27 | >0.56 678 [17]
WD J2338-2052| 110.07| 0.26 | 0.75 655 [31][12]
J2309+2603 110.20| 0.18 | 0.96 - [43][12]
WD J0849+0445 113.33| 0.18 | 0.86 1784 [34] [12]
WDO0019-105| 115.06| 0.33 | >0.19 2844 [33]
JO0751-0141] 115.22| 0.19 | 0.97 1785 | [31] [44] [12]
J1657-0417| 120.89| 0.27 | >0.5 490 [23]
J1121+6052 121.70| 0.19 | >0.2 752 [23]
J2149+1506| 122.99| 0.27 | >0.51 1055 [17]
J0501-2312 124.69| 0.36 | >0.14 610 [23]
J2119-0018 124.95| 0.16 | 0.84 1400 [30][12]
J0930-8107| 127.25| 0.24 | >0.29 855 [45]
J1234-0228 131.62| 0.23 | 0.75 783 [33]
J1808+2723 142.25| 0.22 | >0.24 355 [23]
J1152+0248 143.81| 0.36 | 0.32 632 [46] [47]
J2102-4145 144.30| 0.38 | 0.31 165 [23] [48]
J1632+4936 146.03| 0.27 | >0.33 1117 [17]
J1054-2121) 150.32| 0.18 | 0.77 1742 [12]
J0725-1245 152.83| 0.42 | >0.12 662 [23]
J1237+4913 154.99| 0.43 0.25 959 [27]
J2243-4511| 157.65| 0.29 | >0.46 389 [23]
JO745+1949 161.86| 0.16 | 0.15 919 [49][12]
J1401-0817| 162.71| 0.22 | >0.79 555 [35]
CSS 41177 167.06| 0.38 | 0.32 435 [50]
J2303-2614| 170.20| 0.18 | >0.58 321 [23]
WD1242-105| 171.02| 0.56 | 0.39 40 [51]
J1048-0000 173.71| 0.17 | >0.62 707 [35]
J1108+1512 177.26| 0.18 | 0.78 825 [12]
J1115+0246| 178.63| 0.45 | >0.26 899 [35]
J0338+4134 180.45| 0.22 0.7 596 [52] [53]
J2147+1859 185.46| 0.16 | >0.27 2199 [35]
J0642-5605 189.92| 0.18 | >0.96 704 [44]
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... continued

Name| Pgp M1 M> Distance| Reference
[min] |M ]| M ] [pc]
J2257+3023 194.24| 0.33 | >0.47 277 [17]
J0545-1902 208.04| 0.40 | >0.25 386 [23]
WD 1101+364| 208.40| 0.29 | 0.33 87 [54]
WD1704+481| 208.49| 0.39 | 0.56 39 [55]
J0112+1835 211.65| 0.16 | 0.74 757 [38] [12]
J0151+1812 213.29| 0.15 | >0.47 933 [35]
J0923-1218 214.50| 0.34 | >0.19 262 [35]
J1233+1602 217.30| 0.17 | 0.98 676 [30][12]
J1459-1920 218.87| 0.26 | >0.7 1408 [23]
J1130+3855 225.39| 0.29 | 0.90 675 [12]
GD 251 | 239.75| 0.39 | >0.322 246 [56]
J2342+0811] 241.75| 0.42 0.26 575 [27]
J1112+1117) 248.37| 0.18 | 0.75 364 [12]
J1553+6736/ 251.31| 0.22 | >0.12 424 [23]
J0650-4925 251.32| 0.18 | >0.67 1042 [44]
SDSS1005+3550 254.19| 0.17 | 0.75 1764 [32] [12]
J0818+3536 263.74| 0.16 | 0.75 - [30][12]
J0101+0401] 263.98| 0.19 | >0.35 1245 [17]
SDSS1257+5428 273.30| 0.20 | >0.95 120 [57] 58] [59]
WD J1443+1509 274.36| 0.20 | 0.99 705 [38] [12]
J0130+5321] 276.55| 0.19 | >04 85 [35]
J0450-0145 276.72| 0.19 | >0.61 1099 [23]
SDSS2103-0027 292.44| 0.16 | 0.88 1078 [32][12]
HE0225-1912| 316.80| 0.55 | 0.23 155 [60]
J1238+1946 320.76| 0.21 | 0.87 2211 [31] [12]
J1249+2626/ 329.85| 0.16 | 0.76 808 [61][12]
J1625+3632 331.20| 0.20 | >0.07 2467 [33]
NLTT 11748 | 339.13| 0.15 | 0.73 182 [62] [63]
WD J1840+6423 340.88| 0.18 | 0.86 770 [38] [12]
J1708+2225 341.78| 0.32 | >0.22 1612 [35]
J2104+1712 342.00| 0.18 | >0.86 357 [17]
J1129+4715 343.91| 0.19 | >0.37 847 [23]
WD J0822+2753 351.36| 0.19 | 0.93 590 [34] [12]
GALEX J1717+6757| 354.44| 0.18 | 0.90 179 [64] [65]
J1631+0605 356.77| 0.16 | 0.79 961 [42] [12]
J1526+0543 360.56| 0.16 | 0.81 3144 [60] [12]
J0517-1153 360.75| 0.19 | >1.07 680 [23]
J2132+0754 360.81| 0.19 1.07 1221 [31] [12]
J1141+3850 373.80| 0.18 | 0.92 1516 [31][12]
J0256+4405 376.21| 0.22 | >0.68 714 [23]
J1630+2712 398.10| 0.17 | 0.80 6978 [30][12]
HE2209-1444| 398.78| 0.58 | 0.58 38 [66]
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... continued

Name| Pomp M1 M> Distance| Reference
[min] |[[M ]| [M ] [pc]
J2306+0224 413.68| 0.20 | >0.28 1105 [17]
J1557+2823 416.46| 0.49 | >0.43 247 [31]
J1449+1717 418.68| 0.17 | 0.83 613 [60] [12]
J0042+3103 428.04| 0.18 | >0.49 545 [35]
J1555+1007| 429.17| 0.35 | >0.38 397 [23]
WD2020-425| 432.00| 0.81 | 0.54 99 [67][68] [59]
J0834+3049 433.14| 0.29 0.47 757 [27]
SDSS1005+0542 440.06| 0.34 | >0.66 1640 [32]
J1545+4301] 445.41| 0.17 | >0.3 939 [35]
J0820+4543 454.36| 0.41 | >0.44 388 [17]
SDSS0917+4638 455.64| 0.17 | 0.75 2222 [69][12]
PG1114+224 460.80| 0.41 | >0.07 260 [70]
SDSS J0152+0749 464.95| 0.17 | 0.82 977 [38] [12]
J1906+6239 474.32| 0.26 | >1.06 246 [17]
J0116+4249 480.96| 0.26 | >0.81 4506 [17]
J0155-4148 495.17| 0.22 | >0.67 481 [23]
WD0455-295| 516.10| 0.40 | 0.44 97 [71][59]
J0050+2147| 519.25| 0.19 | >0.46 4102 [35]
J1255-1853 523.78| 0.19 | >0.73 1818 [23]
J2332+0427 529.80| 0.18 | >0.61 1087 [35]
J0215+0155 558.64| 0.29 | >0.58 465 [23]
WDO0028-474| 560.99| 0.60 | 0.45 97 [72]
JO0500-0930, 567.86| 0.16 | >0.3 72 [44][73]
J1046-0153 569.36| 0.37 | >0.19 383 [31]
J2245+0750 571.16| 0.18 | >0.7 1547 [35]
J1240-0958 576.55| 0.20 | >0.65 769 [23]
J1617+1310 592.19| 0.17 | 0.85 1053 [60] [12]
J1538+0252 603.58| 0.17 | 0.92 1408 [31][12]
J0027-1516| 611.40| 0.18 | >0.36 518 [35]
WD1013-010| 628.60| 0.44 | >0.38 46 [74] [59]
J0212+2657| 646.68| 0.17 | >0.62 804 [35]
J0837+6648 667.14| 0.18 | 0.76 604 [60][12]
J0940+6304 697.51| 0.18 | 0.90 4107 [42] [12]
J0022+0031 707.04| 0.38 | >0.21 631 [33]
HE0410-1137| 732.53| 0.51 | 0.39 105 [71]
J2151+2730 742.94| 0.19 | >0.72 1546 [17]
HE1414-0848| 745.65| 0.52 | 0.74 81 [75]
J0840+1527| 751.03| 0.19 | 0.75 - [31][12]
JO745+2104 777.08| 0.40 | >0.46 747 [17]
JO755+4800 786.63| 0.42 | >0.90 183 [31]
J0802-0955| 787.49| 0.20 | 0.82 994 [31][12]
J1104+0918 796.59| 0.46 | >0.55 189 [31]
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... continued

Name Porb M1 M> Distance| Reference
[min] |M 1] [M] [pc]
J1157+0546| 813.60 | 0.17 | >0.44 - [31]
J1518+1354 830.30 | 0.15 | 0.75 3799 [42] [12]
J1514-1436/ 848.36 | 0.17 | >0.63 1754 [44]
J2151+1614 851.79 | 0.18 | 0.80 391 [12]
WD J1518+0658 877.46 | 0.22 | 0.83 349 [38] [12]
JO756+6704 889.65 | 0.18 | 0.95 2065 [60][12]
J0130-0530 916.53 | 0.30 | >0.85 4834 [17]
WD1210+140| 924.39 | 0.23 | >0.38 212 [73][59]
HE2200-1341| 947.95 | 0.46 | >0.393 138 [59]
J1151+5858 963.39 | 0.19 | 0.85 931 [31][12]
J2339-0347| 965.79 | 0.19 | >0.41 1882 [35]
J1236-0444 990.12 | 0.16 | >0.37 524 [44]
SDSS0730+1703 1004.69| 0.18 | 0.76 1330 [32] [12]
J0806-0716/ 1015.99| 0.20 | >0.63 1027 [17]
WD 1534+503| 1024.26| 0.39 | 0.62 68 [76][77][78]
WD 0311-649| 1064.98| 0.38 | 0.55 37 [79]
SDSS0845+1624 1088.63| 0.40 | >0.19 584 [32]
J1439+1002 1114.55| 0.18 | 0.78 726 [30] [12]
J1422+4352 1114.55| 0.18 | 0.78 3215 [30][12]
J2339+2024 1145.92| 0.18 | >0.28 1387 [35]
J0308+5140 1160.50| 0.15 | >0.16 2278 [60]
J0811+0225 1183.59| 0.18 1.28 1839 [31] [12]
J1039+1645 1188.00| 0.46 | >0.31 610 [42]
WD 1606+422| 1208.66| 0.57 | 0.45 43 [78] [77]
PG1519+500 1238.83| 0.42 | >0.14 306 [80]
HE0320-1917| 1245.48| 0.29 | >0.35 115 [73][59]
J2317+0602 1248.51| 0.38 | >0.38 558 [35]
J0125+2017 1278.12| 0.18 | >0.14 4528 [42]
J1638+3500 1304.73| 0.70 | >0.45 103 [35]
J2348+2804 1324.99| 0.22 | >0.25 1365 [17]
J1241+0633 1381.13| 0.20 | 0.80 422 [42] [12]
LP 400-22| 1454.63| 0.19 | 0.77 366 [81]1[82] [12]
J0815+2309 1545.94| 0.20 | 0.80 2117 [31] [12]
PG0934+338 1604.45| 0.38 | >0.5 322 [79]
GD 360 | 1623.46| 0.35 | >0.178 89 [55]
NLTT 12758 | 1661.77| 0.83 | 0.69 33 [83] [84]
WD1428+373| 1665.71| 0.35 | >0.233 98 [85]
WD1022+050| 1666.30| 0.39 | >0.283 43 [84] [59]
NLTT 16249 | 1671.84| 0.47 | 0.51 60 [86][87] [88]
J0135+2359 1695.82| 0.21 | >1.02 847 [23]
J1021+0543 1799.93| 0.23 | >0.33 1420 [35]
PG0834+501 1848.96| 0.40 | >0.22 515 [79]
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... continued

Name Porb M4 Mo Distance| Reference
[mn] |M ]| M ] [pc]
J0124+3908 1860.64 | 0.41 | >0.69 833 [35]
J0147+0113 1876.87 | 0.24 | >0.74 809 [35]
J0441-0547, 1900.76 | 0.18 | >2.28 4733 [35]
PG1036+086 1912.75| 0.42 | >0.37 231 [79]
WD0136+768| 2026.40 | 0.47 | 0.37 75 [37]
J1512+2615 2139.36 | 0.25 | 0.76 934 [30][12]
WD1202+608| 2149.96 | 0.49 | >0.25 202 [89]
SDSS J022932.28+713002,72152.22 | 0.18 1.19 1625 [90]
L870-2 | 2240.32 | 0.47 | 0.52 13 [91][92]
J1130+0933 2245.46 | 0.18 | >0.19 - [42]
WD1204+450| 2307.83| 0.46 | 0.52 122 [37]
WD 1447-190| 2578.80 | 0.41 | 0.33 49 [78]
WD0341+021| 2621.80| 0.38 | >0.33 143 [93]
WD0326-273| 2700.58 | 0.51 | 0.59 23 [73]
HE0315-0118| 2754.43 | 0.40 | 0.49 70 [71][59]
PG 1632+177, 2951.81 | 0.49 | 0.40 26 [76] [77]
J1128+1743 3117.60 | 0.18 | >0.11 1628 [42]
WD1349+144| 3181.54| 053 | 0.33 116 [94] [73]
HE1511-0448 4639.68 | 0.48 | >0.46 293 [73]
WD 1241-010| 4820.27 | 0.31 | >0.373 83 [55]
PG1317+453 7015.88 | 0.33 | >0.421 49 [55]
PG2032+188 7321.82 | 0.41 | >0.469 109 [55] [84]
WD1824+040| 9023.04 | 0.43 | >0.515 45 [84] [59]
PG1115+166/ 43326.72| 0.43 | 0.52 91 [95] [96]
ZTF J1356+5706 91.93 0.45 | 0.27 361 [40][39]
ZTFJ1758+7642 189.12 | 0.29 | 0.21 624 [40] [39]
WD2253-081 0.2 - 36 [97]
HS1334+0701 0.35 - 106 [59]
WD0032-317 0.35 - 431 [96]
WD2336-187 0.36 - 37 [59]
WD0344+073 0.39 - 139 [59]
WDJ135342.35+165651.75 0.47 | 0.43 102 [77]
WDJ002602.29-103751.86 0.47 | 0.42 88 [77]
HE0205-2945 0.413 - 101 [59]
WDJ183442.33-170028.00 0.42 | 0.46 97 [77]
WDJ141632.84+111003.85 0.47 | 042 129 [77]
WDJ212935.23+001332.26 0.44 | 0.44 65 [77]
WD2345-4810 0.43 - 247 [59]
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... continued

Name| Pgyp M1 M> Distance| Reference
[(min] [ M ]|[M 1] I[pc]

WDJ152038.37+390349.3R2 0.61 | 0.32 94 [77]
HE0031-5525 0.45 - 68 [96]
WD2308+050 0.45 - 231 [96]
WD2330-212 0.45 - 263 [59]
WDJ114446.16+364151.13 0.42 | 0.45 90 [77]
WDJ005413.14+415613.73 0.43 | 0.45 54 [77]
WDJ084457.81+453632.94 0.58 | 0.43 61 [77]
HE0455-282 0.47 - 233 [59]
WDJ000319.54+022623.28 0.47 | 0.38 158 [77]
WDJ013446.42+282616.83 0.49 | 0.43 177 [77]
WDJ020119.40-050748.59 0.49 | 0.54 85 [77]
WDJ151109.90+404801.18 0.67 | 0.44 55 [77]
WDJ170120.99-191527.5¢ 0.67 | 0.48 97 [77]
HE0325-4033 0.49 - 105 [59]
WD1124-018 0.49 - 180 [26]
WDJ211327.98+720814.03 0.42 | 0.38 96 [77]
HE0131+0149 0.5 - 48 [59]
WDO0114-605 0.5 - 97 [96]
HE0417-3033 0.5 - 144 [96]
HS1204+0159 0.5 - 219 [96]
EGGR 561 0.505 - 55 [59]
WDJ221209.01+612906.96 0.54 | 0.55 64 [77]
WDJ182606.04+482911.30 0.47 | 0.54 136 [77]
WDJ141625.94+311600.56 0.47 | 0.42 116 [77]
WDJ014202.72+262354.58 0.53 | 0.45 173 [77]
WD0216+143 0.54 - 83 [59]
WDJ231404.30+552814.111 0.66 | 0.38 105 [77]
WD2254+126 0.55 - 63 [96]
HE0221-2642 0.55 - 179 [96]
HE0344-1207 0.55 - 68 [96]
HE0516-1804 0.55 - 84 [96]
WD2359-324 0.55 - 193 [96]
WDJ013812.93+444252.10 0.57 | 0.53 82 [77]
WDJ180115.37+721848.76 0.55 | 0.62 128 [77]
WD2248-504 0.6 - 63 [96]
HE0221-0535 0.6 - 112 [96]
WDJ080856.79+461300.08 0.6 | 047 118 [77]
WDJ130014.82+181734.411 0.68 | 0.46 84 [77]
HS2216+1551 0.64 - 130 [59]
WDJ020847.22+251409.9[7 055 | 0.74 39 [77]
WDJ192420.74+070135.14 0.59 | 0.63 162 [77]
HS0237+1034 0.67 - 113 [59]
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... continued

Name| Pomp M1 M, | Distance Reference
[min] | M ]| M ] [pc]
HS2046+0044 0.7 - 216 [96]
HE2148-3857 0.7 - 176 [96]
WDJ180150.89+103401.08 0.59 | 0.53 116 [77]
WDJ165935.59+620934.03 0.5 0.7 112 [77]
WDJ181058.67+311940.94 0.834| 0.721 49 [77][98]
WDJ214323.95-175413.00 0.64 | 0.64 119 [77]
WDJ192002.51-184442.99 0.73 | 0.65 156 [77]
WD1233-164 0.75 - 67 [96]
HE0324-1942 0.78 - 141 [67]
WD0128-387 0.854| - 54 [70] [59]
MCTO0136-2010 0.86 - 24 [59]
WD1736+052 - - 45 [99]
HS 0213+059 - - 180
WDO0101+048 - - 22 [100][92] [59]
GD 69 - - 32 [75]
WD 1418-088 0.6 | 0.68 38 [78]
ATLAS J1138-5139| 27.69| 1.02 | 0.24 | 553 [101] [102]
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Chapter 2

Methodology

2.1 Charge-coupled devices

Charge-coupled devices (CCDs) are the detector type for the overwhelming majority of as-
tronomical cameras owing to their ability to obtain high quantum ef ciency, low readout
noise and high charge-transfer ef ciency. Photons hit the focal plane and become trapped
in a potential well, exciting an electron from the valence band of the metal-oxide semi-
conductor to the conductance band and creating an electron-hole pair. To maximise the
ef ciency of electron capture, a bias voltage is applied to cause a deeper depletion region.
Over the integration time of an exposure, multiple photons are captured and the charge is
stored within the pixel, before being readout as a voltage that is converted to analogue to
digital units (ADU). The conversion factor between the number of electrons and one ADU
is measured as the “gain’, and this can be used to revert back to the number of electrons
obtained (or the number of “counts'). Furthermore, electronic and thermal noise is present
in the readout of an exposure even after instrument cooling which impacts the noise level
of all measurements, typically on the order of a few electrons for each pixel in CCDs. In-
coming light follows a Poisson noise distribution following a xed mean rate (fractional
error/ 1= counts) while the readout noise is a xed value, and hence the readout is only
relevant for low signal-to-noise observations.

Readout times for typical detectors are on the timescale of seconds to tens of sec-
onds and a mechanical shutter blocks light from hitting the surface of the imaging area
between science exposures. Each step occurs sequentially in order of nishing the expo-
sure, reading out and starting a new exposure. For fast variable sources where times of
interest are short lived (e.g. eclipses, pulsations), the build-up of lost readout time leads
to an excessive fraction of the total time on target lost between exposures. More recently,
some instruments are being developed with Complementary Metal Oxide Semiconductor
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Figure 2.1: Figure 2 of Dhillon et al. [2007] showing the light path entering from the
telescope focal plane (left) before having blue, green or red/near-infrared wavelengths split
into separate cameras, allowing the simultaneous observation of all.

(CMOS) cameras, where pixels are readout individually, reducing readout time and noise.
Though another alternative to bypass this issue comes with frame transfer CCDs. Here,
instead of reading out and saving the image instantly, the signal is shuf ed from an imaging
to a storage area quickly in such a way that there is no need for a mechanical shutter.

This was the original motivation of the ULTRACAM [Dhillon et al., 2007] instru-
ment and the subsequent projects of ULTRASPEC [Dhillon et al., 2014] and HIPERCAM
[Dhillon et al., 2016, 2018, 2021] — fast photometry with practically no readout time and
low readout noise. An additional motivation is the ability to take simultaneous photome-
try across multiple bands for maximum science ef ciency. ULTRACAM and HIPERCAM
use a series of dichroics to split and redirect the incoming beam, where the design of the
dichroic controls the wavelengths re ected and transmitted. An image of this design is
shown in Fig. 2.1. Light enters from the telescope focal plane and a dichroic splits blue
light towards the blue camera, followed by green light towards the green camera and allows
red light to be transmitted straight through to the red camera. The blue and green cameras
are exclusively used fans-band andys-band, while the red camera is primarily used for
rs orig observations. Exploitation of data from ULTRACAM and HIPERCAM appears in
Chapters 3 and 4, utilising data from all cameras for each observation, and the same for the
single-colour ULTRASPEC.
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2.2 Calibration handling

Regardless of its astronomical purpose, the calibrations required to go from raw data to
publication-ready data are near identical for all optical/near-infrared detectors.

Applying a bias voltage causes thermal noise that needs subtracting from all other
images to zero the number of electrons observed per exposure. This is subtracted from all
frames through a near-zero-second exposure in an environment that is as dark as possible.
Along the same lines, further signal can build up over the course of an exposure. The cause
of this is primarily through the thermal generation of electrons, but can also be from impu-
rities in the semiconductor material (hot/cold pixels) or inef ciency in the charge transfer
process. Thermal generation of electrons is mitigated by cooling the detectors to low tem-
peratures, but can still be a prominent source of noise. Dark images are performed to tackle
the issue, where a dark image is the same as a bias but typically lasts for the duration of
the exposure time of the science image. The radlibration is at eld images. Here, the
detector is shone at a uniformly illuminated light source (the sky during twilight hours or an
e.g. Tungsten lamp from within the dome or the optics of the instrument), the measured ux
is normalised and divided through the image in order to correct for the relative sensitivity
of each pixel. The process of events to obtain a nal reduced frame goes

science (dark-bias) bias
norm( at (dark-bias) biag

Reduced image (2.1)
where the number of counts in the (dafkias) frames are scaled for the exposure time of
the relevant science and atimages. The reduced images are then ready for data extraction.

2.3 Photometric observations

The light captured by CCDs can be used to directly study the properties of an astronomical
object. In photometry, this is typically used with a Iter to gain accurate brightnesses over a
de ned wavelength range. Stars are observed over the full eld of view. Each are measured
as the number of counts above zero, such that all observations are placed on an instrumental
ux scale with the brightness of stars relative to each other. Stars can be ux calibrated
knowing the zeropoint magnitude of the detector (the magnitude of a source that would
produce 1 count per second), the ux of a ux standard star and the airmass of observation.
Of higher interest for the targets in this thesis is relative photometry. The premise is that,
as all stars on the image are observed at the same time, the sky conditions are near identical
for any two stars on the frame. This means that relative ux of your target compared to a

YIn the infrared, fringe correcting images can be important to correct for interference between re ections in
the optics of the imager but are not crucial for the targets of interest in this thesis.
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Figure 2.2: A graphical representation of aperture photometry on a frame taken by HiPER-
CAM. Apertures are drawn around 2 stars in the eld and then all ux that falls within is
summed, while the red rings represent the inner and outer apertures for sky subtraction.
Contamination from nearby sources is not desired, so for the upper star a pink region shows
masked pixels from the summing.

bright, non-variable source in the eld of similar colour results in a perfect ux calibration
compared to that star alone.

To do this, we can perform differential aperture photometry. An aperture is centred
on a star with a radius that captures all light within it, and around it are two other annuli.
The centre can be found by modelling the point spread function (PSF) of the star, which
accounts for the response of the optics and the spreading of light from that of a point source
from atmospheric dispersion. Popular examples include a Gaussian function or a Moffat
function given their simplicity for fast modelling and their accurate representation of the
pro le. Then, two annuli mark inner and outer bounds to deduce the sky background level
(Fig. 2.2), which is subtracted from the total ux from within the aperture. The same is
repeated for a comparison star. With apertures tracking the centre of the stars over multiple
images and extracting the sources in the same method, masking any contamination from
other objects in the eld, a lightcurve is built, as shown in Fig. 2.3.
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Figure 2.3: The nal product of the extracted aperture photometry ofPthe 12:75min
eclipsing DWD binary J0651+2844 [Hermes et al., 2012] inghiband using HIPERCAM.

The exposure time of each image was 3s and the combined photometry of each image
creates this lightcurve.

2.4 Spectroscopic observations

Spectrographs

A spectrograph is the full optics system that leads to light incident on the detector after
the nal mirror re ection. Light entering a slit passage is incident on a diffraction grating
which splits the beam into separate wavelengths in one direction while maintaining its spa-
cial resolution in the other. For long-slit spectroscopy, the angle of incidence of light on
the grating is (almost always) positioned such that the rst diffraction order shines on the
detector, and the location of where the star is placed for the length of the slit is such that
the split beam is centred on the detector. The premise is the same for echelle spectrographs,
but here multiple refractive orders are viewed simultaneously (usually in the 10s, 20s or
larger) to view a larger range of wavelengths at higher resolution but at the cost of a lower
ef ciency.

2.4.1 Wavelength calibration

Along with the previously mentioned calibrations and actions applied to science frames, one

also needs to calibrate the spectral axis of the observations in spectroscopic observations.
For wavelength calibration, we shine light from a lamp with a clear series of dis-

crete energy transitions with known wavelengths. Typical examples are lamps composed
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of Neon, Argon or Xenon, with the choice of each dependent on the wavelength range of
interest. When projected onto the detector after passing through the instrument optics, each
energy transition appears as a thin line in the spatial direction. The location of each line
is then usable to convert a pixel value to a physical wavelength. A polynomial to the full
line series of lines is t and applied, where, for measurements that require a good wave-
length calibration precision, an arc frame is taken just before/after the science observation.
The purpose of this arc is to be sensitive to changes in the exure and temperature of the
instrument at the time of observation.

2.4.2 Beam tracing and sky subtraction

The rotation of the spectrograph is aligned to make the beam cover as few rows as possible
so that the number of pixels covered (and hence contribution to readout noise) is minimised.
But, there is still some tilt in the projected beam because dditi(e) term in the diffraction
grating equation. To model for this, the trace of the beam is rst t. Next, the region of the
sky background around the beam is set (in the spatial plane) and a low-order polynomial is
t to predict the imprint of the sky background on the beam, which is then subtracted from
each column.

2.4.3 Proling and extraction

A pro le t of the spectrum should then be considered. Following the trace of the spectrum
in shape, this step ts the pro le of parallel lines around the beam under the expectation
that neighbouring columns are near-parallel [Horne, 1986; Marsh, 1989]. Each pro led
line can then be compared to identify the fraction of ux that falls into individual rows
and weighted for optimised error calculations. Furthermore, the technique can be used to
identify and mitigate bad pixels/cosmics around the beam.

The ux for each column on the spectral axis can be resolved by summing up all
the ux in the adjacent rows for which target ux is registered. This is so-called "'normal
extraction'. Better treatment for an optimal ux in each column is given by weighting the
pixels within each column. The optimal weight is given by

w= PP 22)
with P; the fraction of the total ux in the columihandV, the variance of all included pixels
in columni. The improvement in signal-to-noise from optimal extraction is appreciable
[Marsh, 1989], and especially so for lower signal-to-noise observations. Now with these
weightings, a weighted sum of the ux can be obtained for every column.
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The resultant spectrum considers each step, going from a 2D image to a 1D spec-
trum, and the wavelength solution determined from the arc frame can be applied. If desired,
the ux can be calibrated using a spectro-photometric standard star, where its spectrum is
extracted in an identical way and the operation to convert the target brightness to the true
brightness of the standard star is applied. A nal consideration may be to remove telluric
features (originating from light penetrating the Earth's atmosphere) if desiring a good spec-
trum in the near-infrared/infrared where these features are most prominent.

2.4.4 Converting between time systems

Precisely keeping track of time has been at the heart of variable astronomy for centuries. A
year has long been the time taken for the Earth to orbit the Sun and a day as the period of
a full rotation of the Earth and a second in modern times is recognised by the radioactive
decay time of a cesium-133 atom rather than a fraction of a day. When very high time
precision is required however, one should correct not only for the location of the Earth
but the location and space velocity of the observer itself. This is a crucial further step
because of the motion of the Earth around the Sun and the light travel time depending on
the coordinates of the target and the location of Earth.

Even then, the heliocentre is not the best option as the centre of mass of the solar
system largely lies between the Sun and Jupiter, hence the best reference frame of choice for
extrasolar objects is the barycentre. Observations are easiest tracked by storing the Julian
Date (JD), which is an integer number each day, a heliocentric JD (HJD) or a barycentric JD
(BJD). These small differences are crucial when considering the sub-second time precision
required for orbital decay monitoring or phase folding on an orbital ephemeris.

Additionally, one must consider which reference system should be used for the start
of these days. A convenient one that has been adopted worldwide and across astronomy is
Coordinated Universal Time (UTC) which relies on a time at the prime meridian that does
not vary with daylight saving hours. At the prime meridian, the time is maintained within a
second of mean solar time throughout the year and becomes an integer at midnight, making
it intuitive too. The one aw is that UTC requires the addition of leap seconds to compensate
for the varying rotational speed of the Earth. Formally, time is kept through the International
Atomic Time (TAI) which follows the weighted time from multiple clocks worldwide that
measure the frequency of microwaves associated with hyper ne transitions in the ground
state of a Caesium-133 atom, which is free of the need for leap second correction. The
difference between TAl and UTC is presently 37 seconds, caused by the additions of leap
seconds. Barycentric Dynamical Time (TDB) is another time reference system which is
commonly used in astronomy when desiring very ne temporal precision, since the time
keeping is based at the barycentre and it accounts for gravitational/velocity-related time
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dilation effects.

2.5 Data analysis

2.5.1 Binary system modelling basics

The orbit of a detached binary is governed by Kepler's third law

4 2 3

p2=
G(ML+ Mo

(2.3)

The masses of the two stars and the orbital separation (or period) are the core constraints
for a basic model of the system. The primary tools for constraining an orbit are photometric
variability and radial velocity variability (see Section 2.5.5). | will primarily address eclips-

ing binaries as both aspects are applicable. Here, the components constraining the depth of
the primary and secondary eclipse are the radii of the stars and their effective temperatures,
hence the fraction of light that is contributed in each passband.

Imagining the case where one star is visible in the spectrum and the ux from the
companion barely contributes, we can t the temperature of this seen component using
synthetic spectra and maintain this solution xed in light curve modelling while varying the
temperature that adds radiated ux from the companion. The relative depth of eclipses is
proportional to the relative radius and temperature of the two stars, allowing an immediate
way to probe this constraint with the relative depths of the primary and secondary eclipse
in any passband. To break degeneracy between the temperature and radius, we can also
obtain multi-colour eclipses that when tted are sensitive to changes in the relative ux in
the relevant wavelength band because of a different shape of the spectral energy distribution
of each star.

Then lastly for the eclipses, we can see how quickly ingress/egress occur to deduce
the inclination of the system; in a grazing eclipse, the duration of ingress/egress will be
much longer than in a total eclipse. These are the primary constraints deduced from tting
photometry, as is later discussed in Section 4.4 with binary star modelling.

For time-series radial velocities of the source, the stars are orbiting with a radial
velocity amplitudeK sin(i) and the masses of the stars are found through the binary mass
function (see Section 5.5.2). Coupled with photometry that show eclipses, the degeneracy
between mass and inclination is crucially broken and precise masses of the stars are solv-
able. Overall, this leaves us with the most important system and atmospheric parameters
for the binary.

This is a generic situation but it is the fundamental logic of all light curve tting for
binaries. That said, there are a few other crucial elements and the most relevant aspects are
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as follows. 1) Ellipsoidal modulation: the deformation of a star from sphericity due to the
pull of the companion’s gravitational eld. This induces a quasi-sinusoidal trend in the light
curve due to a larger surface area of the brighter/dimmer star being shown in the direction of
the observer. 2) Irradiation/re ection: the incident light from a star's companion heats the
surface of the star, creating a day side and a night side, also causing a sinusoidal photometric
trend. Irradiation is often strongest in the red/near-infrared wavelengths. A gure depicting
the effect of irradiation and ellipsoidal modulation is found in Fig. 2.4. 3) Limb darkening
coef cients: Limb darkening describes the extent to which a star dims when comparing
the received ux at the edges to the centre. This is important in eclipsing binaries as the
effect causes the amount of occulted light to change over the duration of the eclipse. In
total eclipses of planetary systems, this effect causes a pronounced curve leading up to the
centre of eclipse because the star dramatically outshines the planet, whereas in binaries
limb darkening is relevant at the outermost contact point but during eclipse is often at-
bottomed. 4) Gravity darkening coef cients: Gravity darkening is similar to limb darkening
but is caused by the rotation of the star and its gravity, typically making the poles appear
darker than its centre.

The effects of 1) and 2) are mainly noticeable at inclinations greater than about 50—
60 [e.g. Schaffenroth et al., 2023] Exposure smearing can at times be relevant due to
the fact that ultra-compact DWD eclipses last for minutes at most. All of these aspects can
be modelled simultaneously to arrive at a system solution where the synthetic observables
best match the observed light and radial velocity curve(s).

In this thesis, | use the PHysics Of Eclipsing BinariEs (PHOEBE) [PrSa and Zwit-
ter, 2005; Pr3a et al., 2016; Horvat et al., 2018; Jones et al., 2020; Conroy et al., 2020]
package to minimise a solution with a Markov Chain Monte Carlo (MCMC) algorithm
(Section 2.6.2). Apart from gravitational lensing, PHOEBE includes all of these effects and
treats the star as a mesh of a couple thousand of triangles that cover the visible surface area
of the star and essentially considers each triangle as its own source and own chance of being
eclipsed. The meshing algorithm is based on the Wilson-Devinney structure [Wilson and
Devinney, 1971] but modi ed to the Horvat method [Horvat et al., 2019]. As will be seen
in Chapter 4, | utilise aperture photometry extracted from ULTRACAM to model a new
eclipsing and ultra-compact DWD binary and t the system parameters through use of this
software.

20ther notable features for DWD binaries are Doppler beaming, the Rossiter-McLaughlin effect, gravita-
tional lensing and additional light from a third source, for example an accretion disc. That said, these are not
observable for the systems studied in this thesis.
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Figure 2.4: A depiction of irradiation and ellipsoidal modulation in a model binary of iden-
tical stars synthesised using the PHOEBE package. For illustrative purposes, the tempera-
tures of the stars are high (40 000K) and the orbital period is small (600 s), the masses are
0.5M , the radii are 0.04 R and the orbital inclination is 50 Different orbital phases are
shown in each row. Brighter colours in the left column indicate a higher temperature. The
orbital phases are indicated with the green point on the model light curve.
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2.5.2 Orbital timing

The premise of orbital timing is to monitor the apparent light arrival time of a given phase
and search for any deviations away from a constant period. In DWDs as discussed in the
introduction, the strongest deviation is typically caused by shrinkage of the orbit due to
gravitational wave radiation. Over the course of years the change in the orbital period is
miniscule, but the effect of a slight change of period builds up over thousands of orbits and
this shift in phasing is observable. The technique is most famous for the double neutron star,
Hulse-Taylor pulsar binary system [Hulse and Taylor, 1975], and has many applications in
astronomy.

With (t) a function that de nes the number of cycles that have occurred in a given
amount of time and Ty the reference epoch, a Taylor expansion gives

M= o+folt To+ 2 T+ 2 TP+ (24)

and the orbital frequency evolves as

f(t)= fo+ fo(t To)+ %O(t To)2 + 11t (2.5)

Furthermore, if we tak& = tf g, it can be shown that the observed minus calculated time
of a point follows

1

O C= To+ PoE+ éF>0F>_EZ+::: (2.6)
This provides a direct relation between the observed time offset and the orbital derivatives of
the binary. Typical and logical phase choices for monitoring are the centre of an eclipse or
the photometric maximum of a source. An exemplar case of a DWD binary with signi cant
orbital decay is presented in Fig. 2.5.
Eclipse tting
For eclipse timing, one can use the model found from light curve modelling and shift the
template to obtain the best-matching eclipse centre.

Non-eclipsing sources

The same can be performed with non-eclipsing sources through the timing of photometric
maximum or the rst harmonic of a Fourier series. For sinusoidal variability, just one
harmonic is apparent, and the rst and second harmonic can be modelled with

d+ Acos((t Tg)+ Bsin(2 (t Tg)+ Ccos(2 (t To)) (2.7)
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Figure 2.5: Figure 2 from Burdge et al. [2019a] showing the orbital decay of the shortest-

period eclipsing DWD binary ZTF J153932.16+502738.8. Points were derived by tracking

the centre of eclipse time of the binary with fast photometry. The sloped curve compared to
that expected from a constant period represents the orbital decay given in equation 2.6.
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whered is an offset termA the amplitude of the rst harmonid/C the amplitudes of

the second harmonic terms ahd= 2 f the orbital angular frequency. As will be seen

in Chapter 3, a second harmonic can be used to model the additional ux from the impact
spot of direct-impact accretion (see Section 1.2.2) but is also relevant in compact binaries
for accretion discs, superhump periods or magnetic spots.

2.5.3 Obtaining atmospheric constraints

| have mentioned the importance of deriving atmospheric parameters for a WD earlier in
this thesis. Now, | will address the technique to do so. While collaborators with previously
developed scripts contributed to deriving atmospheric parameters in Chapters 3 and 4, |
gained plenty of experience in tting WD and DWD spectra with the development and
publication of my pipeline.

Using spectra

First we take a grid of synthetic spectra. Discussion of the grid's creation is out of the scope
of the topic of this thesis, but please see the details in Tremblay et al. [2013a, 2015] and
references therein. As DA, DB and DC WDs are solely covered here and are the ones that
I have had experience with, these are the spectral types that | will discuss. The unique axes
of the synthetic spectra are the effective temperature, the surface gravity and in the case of
DBs/DCs the relative hydrogen to helium abundance. For each combination of these vari-
ables, the ux per unit stellar surface area supplied is supplied at various wavelengths, with
the whole construct acting as a rectangular grid. To sample a given wavelength and atmo-
spheric parameters, the grid can be bilinearly or (for DBAS) trilinearly interpolated between
the nearest values of the grid for each variable to trial all solutions for a resultant spectral
energy distribution. The spectrum should then be reddened if the reddening coef cients are
known to include the impact of light passing through the interstellar medium en-route to the
Earth. If required, the ux can be converted from an Eddington to an absolute ux received
at Earth.

No broadening effects due to instrumental responses should be included in the grid,
but they are in the observations. A convolution using a Gaussian kéraethe same
resolution as the observations should be used to smear the synthetic grid to reciprocate the
response from the spectrograph. Lastly, the wavelength axis of the convolved spectrum for
a set of atmospheric parameters has a nite number of points and should be interpolated
to the wavelength of the spectra to allow for a direct comparison between a model and

3This should be the line spread function of the instrument, but for all cases a Gaussian is suf cient as the
line spread function is rarely known/published.
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the observations. Multiple synthetic models can be trialed and a best- tting model can be
obtained as described in detail in Section 2.6. This should include the apparent Doppler
shift of all stars (see Section 2.5.5) in the tting procedure.

2.5.4 Using broad/narrow band photometry

While model spectral lines are convolved with a Gaussian kernel to simulate the response of
the detector, this is not possible when tting broad/narrow band photometry because of the
non-uniform transmission function associated to each data point. This could be relevant for
low resolution spectra as well, but assumed negligible. Single- Iter photometry spans a few
10s of angstroms (narrowband) to a couple of hundreds (broadband) and the transmission
function including full atmospheric (if relevant), detector and telescope responses are given
from the supplier. This simply describes how the throughput of the Iter varies over all rele-
vant wavelengths (T(), while the integrated ux of the ux calibrated photometry through

the lter (f( ¢ )) is measured in an observation. To synthesise photometry from a model
spectrum, one needs to integrate over the full passband. For energy counting detectors, this
is performed with

R
KO ()d

fle)= — 354 (2.8)
while for photon counters R
f()d
f(o)= R 29)

andf ( ) is the ux of the model spectrum for a speci ¢ wavelength. For example, Simp-
son's integration can be used to integrate the model numerically to dbtaig).

Fitting the absolute uxes of ground-based spectra is well known to be inaccurate,
with typical accuracies to the 10% level. The ability to simultaneously observe many stars
with broadband photometry grants a much better calibration of the data as many reference
stars can be used to calibrate the absolute uxes of the target. Eddington uxes in the model
spectrum can be converted to a ux observed at Earth using

4R ?

I:ObS( ) = D2

Fedd( ) (2.10)

or for scaling the ux of a binary

4R 2 R2
Fedd1 + Fedd2 =5
D2 R2

Fobs( ) = (2.11)

Given that the photons have penetrated through the interstellar medium and that light scat-
ters more easily in bluer wavelengths, spectra need to be dereddened with interstellar red-
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dening curves. | refer the reader to the work of Gordon et al. [2023] and references within
for more information on the generation of the curves, but generally speaking in modelling,

a hydrogen column density is assumeg (R3:1) and an extinction colour index is quoted
(typically E(B V), but this could be E(gr) or any colours). Together, the magnitude of

the extinction is calculable for the target of interest {Aand is used with reddening curves

to infer the fraction of lost ux at all wavelengths. Now, the ux of the source and the

ux received at Earth can be compared precisely and a solver can be used to minimise the
observed and model uxes. Section 2.6 describes some minimisation processes that can be
employed to t models to the data.

2.5.5 Radial velocity method

The spectral lines of a star shift in wavelength due to the star's surface gravity and motion.
From the Schwarzschild metric and employing time dilation, the impact of gravitational
redshift to the observed wavelengths of light is given by

1

1 Rc?

And the phase-dependent radial velocity, Yis given by
Via( )= Kyzsin() + V (2.13)

for a circularised binary, which is always the case for DWDs as they circularise shortly after
mass transfer phase¥. here is the systemic velocity in the line of sight, and relativistic
Doppler shift equation here is writeable as
s
1;2 1+ Vio( )=cC

=1 Vi )= (2.14)

with 1.2 being the perceived wavelength shift of spectral lines from each star. In DWD
binaries, the radial velocity amplitudes can span from tens to hundreds of kilometres per
second, meaning that one requires a spectral resoliRien,= , of a couple thousands

to detect radial velocity shifts across the orbit of a single-lined source. Double-lined sources
comprising two stars with identical spectral type typically need a higher spectral resolution
to be disentanglable. In DA+DA DWDs where one is primarily limited to the Balmer line
cores, a spectral resolution of at leést= 5000 should be used for radial velocity am-
plitudes of approximately 100km$. Increased sensitivity to the double-lined splitting
comes with higher resolution observations at the expense of a higher readout noise contri-
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bution (because of the need for more pixels in the spectral direction) and often a slightly
worse grating ef ciency at the blaze wavelength.

| show a comparison plot of the effect of spectral resolution on the detection ef -
ciencies of double-lined DWDs in Fig. 2.6 with resolutions that relate to some low/medium
resolution data sources. It can be seen th& at 2000, only systems where the veloc-
ity of the two stars exceeds 150 km'scan be detected as a double-lined DWD, around
100km ! for R = 4000 and then differences of a few tens of km'gor higher resolutions
to the point where one may become limited by smearing of the spectral signature over the
course of the orbit.

There are multiple ways to tradial velocities to spectra. By far the best approach is
to ta model template that perfectly represents the pro le of the spectral lines. In a practical
sense however, this is not possible unless a large number of high signal-to-noise observa-
tions have been taken of the target and the observations themselves are stacked to obtain
a perfect template spectrum. One can solve for an atmospheric solution using synthetic
spectra generated from atmospheric grids and use this as a template spectrum to extract
radial velocities, but this introduces the issue that state-of-the-art grids have documented
imperfections [Tremblay et al., 2013b]. The area most sensitive to the imperfections is un-
surprisingly around the line cores where non-local thermal equilibrium effects are at their
strongest. Ways around this issue in the literature include isolating the data to t Gaus-
sian/Lorentzian/Voigt pro les to the line core(s) [Saffer et al., 1988; Maxted and Marsh,
1999], selecting a range that is a few tens of Angstroms around the line cores and tting a
combination of Gaussian pro les and a low-order polynomial to model the broader wings
[Kilic et al., 2020a, 2021a], or accepting the imperfections in synthetic grids [Napiwotzki
et al., 2020]. The best approach is often subjective to the dataset and typically an increas-
ing spectral resolution ampli es the imperfection in synthetic models. From my personal
experience, applying a model template spectrum is the best solution for a spectral reso-
lution R 10000to obtain accurate and precise radial velocities. For higher resolution
data, where the issue of the line core tting is more serious, a low order polynomial plus a
Gaussian/Lorentzian or a model spectrum plus an additional, narrow Gaussian component
to solely improve the line core shape is best (see Chapter 6).

2.5.6 Fitting orbital dynamics with radial velocities

The amplitude of radial velocityK() is solvable with

2 G M3, sin’(i)
P(M1+ Mp)2

K3, = (2.15)
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Figure 2.6: A demonstration of the need for higher resolution observations to resolve
double-lined signatures in DWD binaries. The spectral resolution of the observations is
displayed at the top x-axis and the velocity of each star in opposite direction on the right
y-axis. A pixel sampling of 2.2 pixels per resolution element is included to replicate the
tendency of long-slit observations sampling slightly above the Nyquist sampling frequency
(which is two pixels per resolution element), while the signal-to-noise ratio per angstrom is
100 in all plots. The ability to resolve the narrow line cores of & increasing resolutions

is clear by the increased depth of the line core. The resolutions plotted are similar to the res-
olutions at H in SDSS ( rst column), DESI/4AMOST (second column), the data collected
in Chapter 5 (third column) and the setup employed by the ESO SPY survey [Napiwotzki
et al., 2020] with UVES on the VLT (fourth column). The model spectra used here were
two identical Ter = 15000 andlog g = 8:0dex DA WDs.
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When only one star has radial velocity measurements and the period is well known, there
exists a degeneracy in solving for the masses because of the also unknown inclination of the
system. In double-lined binaries, this is bypassable solving the simultaneous equation 2.15,

becoming
M1 _ Koy

M2 Kz
which obtains an orbitally-derived, model-independent binary mass ratio that can be veri ed
with atmospherically-derived masses of the stars.

Further consistency between the orbital and atmospheric solutions can be obtained
with a series of radial velocity measurements for one or both stars. Evidently for two
stars with a different surface gravity, the light will be gravitationally blueshifted/redshifted
differently to its companion. Through manipulation of equation 2.12, we see that

(2.16)

G My, M3
V. V.,o= — £ = 2.17
1 V2T o RC R, (2.17)

or eliminating the mass of one of the stars from the equation

V.1 V.p= % K1|VF|212—K2 |\F/2|11 (2.18)
Now, the derived V of each star from the radial velocity solution can be compared with
the mass of the brighter star and the tted radii of the two.

Although it is never relevant in this thesis, there is an extra consideration worth
mentioning. These equations are valid for a Keplerian orbit and hence assumes that the
radial velocities behaves as such. This may not always be the case. The true velocity of the
system is measured about the centre of light, meaning that systems with large irradiation
pro les deviate the perceived radial velocity towards the day face. The same principle is
relevant for eclipsing systems both in terms of the perceived photometric and spectroscopic
signature through the Rossiter-McLaughlin effect [Holt, 1893; Rossiter, 1924; McLaughlin,
1924]. As the stars are spinning, eclipses occult either the side of the star spinning away
from or towards the observer, making for an asymmetric line pro le. Finally, it is hardly
relevant for DWD binaries but | mention too that stellar pulsations can induce a fake radial
velocity variation which would have to be corrected.

2.6 Computational methods

I have mentioned in this chapter that solutions can be sought with minimisation algorithms.
Here, | discuss the process of tting and obtaining errors throughand a Markov Chain
Monte Carlo approach.
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2.6.1 Least-squares tting

A mathematical description of least squares tting will be omitted [see e.g. York, 1968, for
details], but its purpose is to take a trial model function and determine how well it ts the
data, converging on the solution that ts best. Wide solution boundaries and initial guesses
are often supplied to increase the convergence time and avoid local best- t minima.

Given observed and expected values, tAean be evaluated with

2:>4 (Oi  Ei)?

. (2.19)

i=1
whereQ; is the observed data for a pointE; is the expected value for that point and

i the associated observed error. Convergence can be obtained by trialing solutions and
converging at a minimum 2 which is the best- t solution and the tted error is quoted
through the covariance matrix. This approach in deriving errors is analytic and assumes
that the structure of the model is correctly speci ed. This is not always the case where no
trial model can perfectly capture the shape of a series of spectral lines.

An alternative and robust approach is to perform bootstrapping. Bootstrapping in

this context works in a similar way as mentioned above. The initial starting position of a
least-squares tting algorithm is nely tweaked multiple, e.g. 1000, times while the best- t
solution is again converged upon. In this case however, we obtain a best- t solution by
taking the median of the 1000 iteration distribution of individually- t values andetrors
on the solution are obtained through the 16% and 84% percentiles. This generally does
better at producing errors re ective of the uncertainties in the data model at the cost of
computing time while, particularly in radial velocity tting,? alone can often lead to an
underestimated error.

2.6.2 Markov Chain Monte Carlo

Markov Chain Monte Carlo (MCMC) algorithms work to solve a solution by surveying a
large initial multi-dimensional parameter space. Independent variables in the model are de-
clared with set boundaries. A number of “walkers” are de ned at random starting positions
in that parameter space that “walk' over it. The trajectory that they follow create a series of
“chains” that converge on a solution of maximised likelihood (which is evaluated by min-
imising the 2 between the data and the model) and trial solutions are chosen by making
ne adjustments to the independent variables. Priors on the t can additionally be enforced
to weight solutions by some external information. For example, in light curve tting, one
may apply a prior based on the spectroscopic t for the effective temperature of that star.
These measurements are typically quoted asrtors of a Gaussian distributiony() with
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a mean (1), and with this the enforced prior added to the log-likelihood would be
: P : 2_ 2
In(2:0=( + 2)) 05 (T1 T1)=7% (2.20)

Once the chains have converged at minima, all chains are discarded in what nishes

a “burn-in” phase. The MCMC algorithm continues and the resultant chains make up the
nal sample distribution. All of these post-burn-in sample distributions can be used to nd
the median value and the &2& 68% percentiles as lerrors.

A useful way to visualise the covariance of each parameter is through a corner plot
which plots the distributions of each parameter plotted against one another and to inspect
density contours within the data. The MCMC algorithm is a far improved option to search
for various local minima but is generally a much slower approactftdting. Both algo-
rithms begin to struggle at high dimensions, but are suitable for less than 10-20.
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Chapter 3

Two decades of optical timing of the
shortest-period binary star system
HM Cancri

James Munday, T. R. Marsh, Mark Hollands, Ingrid Pelisoli, Danny Steeghs, Pasi Hakala,
Elmé Breedt, Alex Brown, V. S. Dhillon, Martin J. Dyer, Matthew Green, Paul Kerry, S.P.
Littlefair, Steven G. Parsons, Dave Sahman, Sorawit Somijit, Boonchoo Sukaum, James
Wild

Contribution of co-authors

Observations used in this study were obtained by all authors except #3. Author #3 per-
formed tting to the HST spectrum presented in Section 3.4.4. All authors contributed with
comments on the manuscript during the submission/revision process while atithebs
contributed towards the text by supplying key ideas to explore in creating the nal version
of the study. All other components and the leading of the study were performed by me.
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Abstract

The shortest-period binary star system known to date, RX J0806.3+1527 (HM Cancri), has
now been observed in the optical for more than two decades. Although it is thought to be
a double degenerate binary undergoing mass transfer, an early surprise was that its orbital
frequencyf o, is currently increasing as the result of gravitational wave radiation. This is
unusual since it was expected that the mass donor was degenerate and would expand on
mass loss, leading to a decreasiiggWe exploit two decades of high-speed photometry to
precisely quantify the trajectory of HM Cancri, allowing us to nd tlffgtis negative, where

fo = ( 538 2:10) 10 27 Hzs 2. Coupled with our positive frequency derivative,

we show that mass transfer is counteracting gravitational-wave dominated orbital decay and
that HM Cancri will turn around withi2100 800yrs from now. We present Hubble Space
Telescope ultra-violet spectra which display Lymaabsorption, indicative of the presence

of hydrogen accreted from the donor star. We use these pieces of information to explore a
grid of permitted donor and accretor masses with the Modules for Experiments in Stellar
Astrophysics suite, nding models in good accordance with many of the observed properties
for a cool and initially hydrogen-rich extremely-low-mass white dwar®(17 M ) coupled

with a high accretor mass white dwarf {.0M ). Our measurements and models af rm

that HM Cancri is still one of the brightest veri cation binaries for the Laser Interferometer
Space Antenna spacecraft.
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3.1 Motivation

Sub-15 min period binaries are extremely scarce because of the short duration (thousands to
tens of thousands of years) spent during this evolutionary stage. As discussed in the intro-
duction of this thesis too, the future evolution of many of these systems towards a merger,
AM CVn or detonation is unclear and we need devoted analyses of such systems with the
tightest of orbits to explore the conditions. Being the shortest-period binary known to date
and as the strongest-radiating system of gravitational waves known to date, orbital decay
of HM Cancri is rapid and an observed minus calculated trend is detectable in a couple of
years of observation. In this study, we strove to improve mass measurements of the binary
to unravel its fate using stellar evolutionary code simulations, track the orbital decay ex-
traordinarily precisely to try and derive not only the frequency derivative but the second
derivative as well to see at what degree the binary is resisting purely general relativistic
inspiral, and obtain a spectral signature of the hotter star in the ultra-violet.

3.2 Deciphering between a unipolar inductor, an intermediate
polar or an ultra-compact double white dwarf

These three theories can explain rapid X-ray periodicity, and, most relevant to this chapter,
here | will discuss each model before returning to an introduction of HM Cancri.

3.2.1 Unipolar inductor

The most typical and natural comparison for this situation is the Jupiter-lo system. Goldre-
ich and Lynden-Bell [1969] show how the unipolar inductor model can be applied to this
system to explain bursts of decametric radiation (radio waves at 22.2MHz) which originate
from the planet. The spin of lo is tidally locked with the orbit around the planet while the
spin of Jupiter is different to that of the system period. The surface of Jupiter has a mag-
netic eld of around 10 G and lo has a good conductivity, giving rise to an electrical circuit
between lo and Jupiter. This difference means that the planet moves across magnetic eld
lines, inducing an electromagnetic eld and an electrical current, and the isotropic iono-
sphere of Jupiter allows for the current to ow through it, reach the surface and close the
loop. Any accelerated electrons along these loops are accelerated in a magnetic eld and
hence give off cyclotron radiation, causing this sporadic radiowave emission.

In the case of binary star systems, a similar but slightly different effect is witnessed.
The logic is the same with a closed circuit being formed between a magnetic and an (as-
sumed to be for simplicity) non-magnetic companion, except that the current ows dissipate
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in the atmosphere of the magnetic star due to a lesser conductivity, hence applying a resis-
tance and locally heating the magnetic star's surface on the day face. The local heating
powers emission and can be detected in the X-ray wavelengths. The total energy budget
when dealing with the work done on the orbit from gravitational wave radiation and mag-
netic effects puts constraints onto the degenerately intertwined star mass and eld strength
of the magnetic component, for which | refer to the excellent discussion in sections 3 and
4 of Dall'Osso et al. [2007] [see also Dall'Osso et al., 2006]. Importantly, there is no need
for any material to be accreted and the orbit may be detached with an orbital period on the
timescale of hours. Cyclotron radiation is again expected to give rise to radio waves like in
the Jupiter-lo casé

3.2.2 Intermediate polar

Intermediate polars originate from a Roche lobe over owing red dwarf that orbits a mag-
netic WD of eld strength10°-10° G [e.g. Hellier, 2001]. The orbital periods of these
systems range from a couple of hours to a couple of days and mass is accreted in the form
of an accretion disc. The magnetic eld truncates the inner part of the disc and, in this re-
gion, matter ows along the magnetic eld lines to be accreted at the poles of the WD rather
than steadily owing onto the WD surface. Periodicity in the lightcurve originates from the
orbital period of the binary and the asynchronous rotation of the white dwarf. They can
also be bright X-ray emitters owing to the accretion stream crossing the rotating WD's eld
lines when accreting matter at the poles hits the surface due to Bremsstrahlung radiation.

3.2.3 Double white dwarf

An ultra-compact DWD binary that is Roche-lobe over owing can explain rapid variability

in the X-ray or the optical regime. Naturally, the orbital period is the root of periodicity
and would show RV variability on the orbital period, unlike the other two cases. X-rays in
this case originate from the Bremsstrahlung radiation of accreted material either through an
accretion disc or from direct impact accretion.

3.3 Introduction to HM Cancri

RX J0806.3+1527 [HM Cancri, henceforth HM Cnc, Ramsay et al., 2002, and also in-
dependently discovered by lIsrael et al. 2002] is the shortest-period binary star system

A search of radio emission from ultra-compact binaries has been conducted by Ramsay et al. [2007] and
would support the unipolar inductor model. Interestingly in this work, although HM Cancri is most de nitely
a DWD binary, polarised radio emission is detected. The source of this emission is unknown and background
contamination can not be ruled out.
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known, having a present day orbital period of 5.36 min, equivalent to an orbital frequency
of 3.11 mHz. There have been multiple theories suggested to explain the extremely short
period of HM Cnc, namely the unipolar inductor model [Wu et al., 2002; Dall'Osso et al.,
2007]; the intermediate polar model [Norton et al., 2004]; the AM CVn model [e.g. Nele-
mans et al., 2001a]. In brief, the unipolar inductor model is similar to the Jupiter-lo system
with the binary being detached, the intermediate polar model suggests that the optical pe-
riod actually represents the spins of magnetic WDs and that the binary's orbital period is
much longer, and the AM CVn model involves a compact WD binary mass-transferring
helium rich material. In the case of HM Cnc, a DWD binary is required to reach the
observed period for an AM CVn without a merger already taking place. The studies of
Roelofs et al. [2010] and Mason et al. [2010] helped to reduce the options. They nd clear
radial-velocity variations on th:36 min optical period, dif cult to explain using the in-
termediate polar model, and a strong indication of an accretion stream via the presence of
Hell emission lines in the spectrum, which is not predicted by the unipolar inductor model.
Strohmayer [2008] fail to detect any signature of metals in the X-ray spectrum, favouring
a DWD AM CVn, and a DWD binary is also a natural explanation for the relative phase
difference between the peak of X-ray and optical ux [e.g. Barros et al., 2007]. Here, the
peak in X-ray ux arrives slightly later than the optical, which arises from the trajectory of
the accretion stream directly impacting the surface of the accretor. It would thus seem that
only the DWD AM CVn theory can be used to explain all of the present observations.

Follow-up observations of HM Cnc in the X-ray and optical domains have revealed
an increase in orbital frequendy, due to the loss of orbital angular momentum through
gravitational wave radiation [Hakala et al., 2003; Israel et al., 2004; Hakala et al., 2004;
Strohmayer, 2005; Barros et al., 2007; Esposito et al., 2014; Strohmayer, 2021]. The in-
crease is so much so that HM Cnc will be one of the brightest “veri cation birf&teep-
timise the performance of the Laser Interferometer Space Antenna [LISA, Amaro-Seoane
et al., 2017] spacecraft, given its low-frequency gravitational wave emission, strong signal
strength [Kupfer et al., 2018; Amaro-Seoane et al., 2022] and the precise timing measure-
ments that have been used to quantify its orbital decay. Similarly, HM Cnc is planned to be
used as the primary reference source for the TianQin spacecraft [Luo et al., 2016; Ye et al.,
2019]. While it took two years to detect an increase of HM Cnc's orbital frequency [Hakala
et al., 2003], continuous timing measurements over a much longer baseline can prove in-
sightful to determine the second derivatifg, which is an indicator of the trajectory of
inspiral.

Using X-ray data, Stronmayer [2021] measured the second derivative of the orbital
frequency of HM Cnc, nding® = ( 895 1:40) 10 ?’Hzs 2. This was the rst
signi cant detection off* for any AM CVn system. The combination éfandf® can be
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used to predict the timing of maximum orbital frequency of the binary, which Strohmayer
[2021] predicts to occur i1260 200yrs from now. In addition, Strohmayer [2021] was

able to estimate a mass transfer rate based on the accretion luminosity of the source from X-
ray observations. HM Cnc is unfortunately too di@w{ag = 20:9) for a distance constraint

with Gaia DR3 [Gaia Collaboration et al., 2016b], though assuming a distance of 5kpc
and donor and accretor masses of 0.27 &hd 0.55M , Strohmayer [2021] calculated an
accretion rateM. = 1.6 10 8M yr 1. However, the calculated mass transfer rate

is strongly dependent on the input star masses and the distance to the source. A distance
measurement and a precise measuremefitare therefore extremely useful to constrain

the binary's evolution with sets of donor and companion masses.

This study of HM Cancri aims to do just that and is set out as follows. Section 3.4
discusses our photometric and spectroscopic observations of HM Cnc and my attempts in
deriving a distance measurement. In Section 3.5, | present system timing measurements
and derive the orbital ephemeris. | then explored the extent to which the AM CVn channel
can match the updated orbital ephemeris with binary evolution simulations in Section 3.6.

3.4 Observations

3.4.1 Photometry

Time-series photometry was obtained using the high-speed cameras ULTRACAM [Dhillon
et al., 2007], ULTRASPEC [Dhillon et al., 2014] and HIPERCAM [Dhillon et al., 2016,
2021].Data from HIPERCAM were obtained while mounted on the 4.2m William Herschel
Telescope (WHT) and the 10.4m Gran Telescopio Canarias (GTC). We observed with UL-
TRACAM on the 8.2m Very Large Telescope (VLT), the 3.58m ESO New Technology
Telescope (NTT) and the WHT, and we observed with ULTRASPEC mounted on the the
2.4m Thai National Observatory (TNO). Exposure times were varied across the nights to
re ect the seeing conditions, the aperture of the telescope and the lters used at the time. A
full observing log giving dates, conditions, exposure times and the lIters used for each set
of observations is given in Table 3.5. All of the data were bias-subtracted and at- elded.
An additional dark current subtraction was applied to all data from ULTRACAM only as
the instrument operates at a temperature high enough for there to be signi cant dark current.
For HIPERCAM, corrections for CCD fringing were performed in #ieband only using
pre-obtained fringe maps for the instrument.

| also accessed VLT FORSL1 [Appenzeller et al., 1998], ESO 3.6m Telescope EFOSC2
[Buzzoni et al., 1984] and Telescopio Nazionale Galileo (TNG) DoLoReS archival data that
were presented in Israel et al. [2002] prior to our rst observation. Extra archival data of
HM Cnc were obtained from the TNG DoLoReS instrument from dates following their
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Figure 3.1: Phase-folded HM Cnc light curves from HIPERCAM on the GTC. All lters
are displayed. From top to bottom, the super SD§S$s, I's, is andzs. The non-sinusoidal
nature of the light curves are noticeable around maximum ux, consequential of the ux
contributed by the direct-impact spot. Each band is displaced by an arti cial offset for
clarity. The peak ux arrives rst in thes band and last in thes.

study. Though the study of Israel et al. [2002] used some of these data before, no timing
solutions have been reported, so | used the archival data in this study to take advantage of
the longest observational baseline posgiblgata obtained with the 2.56m Nordic Optical
Telescope (NOT) that was presented in Ramsay et al. [2002]; Hakala et al. [2003, 2004] and
with the 2.5m Isaac Newton Telescope (INT) from the RATS survey [Ramsay and Hakala,
2005] were utilised in this study too. The extracted differential photometry obtained in
prior studies using data from the NOT were used, whereas raw les were handled from
every other source.

Photometry from each instrument, besides data obtained with the NOT, was then
extracted using the HIPERCAM pipeline with differential aperture photometry and the ap-
plication of Naylor [1998]'s optimal photometry algorithm when the target aperture did
not need to be linked to a comparison star; otherwise regular aperture photometry was
performed. To tackle poorer observing conditions, a variable aperture radius was applied,
which was chosen to be a xed multiple (1.6-1.8of the full-width at half-maximum

2All data presented in Israel et al. [2002] had calibration les and were bias-corrected and at- elded with
custom scripts. Unfortunately in some cases either windowing setups were not speci ed or calibration les
were not able to be recovered from the TNG archive, meaning that some data extraction was performed without
bias or at- eld correction. Whenever HM Cnc overlapped an artefact, or, the image showed a noticeably
non-uniform local eld, the data from this night were discarded.
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of the stars for each individual frame. A non-variable comparison star (Gaia DR3 ID
654873149889859968) was used for all observations when possible, or another (Gaia DR3
ID 654879025405159040) if the main comparison star saturated or coincided with detector
defects.

The observation times were corrected to the Barycentric Julian Date (BJD) Barycen-
tric Dynamical Time (TDB) centred on the mid-point of the exposure time. Poor data (e.qg.
affected by clouds) were rejected by visual inspection with HIPERCAM pipeline routines.
| then derived a differential atmospheric extinction term for each lter to correct for the
difference in colour between the comparison star and HM Cnc. This was performed by
considering the dependence of airmass on the differential ux, which was subtracted to
effectively convert to a ux at zenith.

3.4.2 Proper Motion

As of Gaia DR3, there is no measurement of the proper motion of HM Cnc, so | searched for
it using our data. To do so, | added world coordinate system information to each FITS le
by plate solving each exposure using the backend of Astrometry.net [Lang et al., 2010]. |
utilised a custom Gaia DR3 reference star catalogue for the local eld containing stars with
a right ascension () and declination () error of less than 0.1 arcseconds. The catalogue
provided the location of stars at the mid-Gaia DR3 epoch. | selected data from thend
i bands only to reduce the impact of atmospheric refraction upon the position of HM Cnc
relative to the redder stars in the eld, though atmospheric refraction still limits our position
accuracy. A reliable coordinate calibration was possible for all frames with approximately
20 or more reference stars. Then, | converted the central (pixel) coordinate and error of the
centroid for each aperture into a physicdl coordinate. All measurements of from
each frame were then combined with a variance weighted mean, giving a measufed
HM Cnc on each night.

From the determined positions (as plotted in Appendix 3.8), | conservatively take
the range of the data to nd upper limits pfj < 9:1masyr * andjj < 9:2masyr . The
best- t indicates proper motions of =2:0 1:1masyrtand—_= 3:3 L:lmasyr?,
having a reduced? equal to one. By taking the maximum proper motion, we can derive a
loose minimum distance constraint.

The proper motion is inversely proportional to the distance. Using an approximate
mean transverse velocity{) of 30kms ! [Chengqet al., 2019] for a WD in the galactic

disc and a maximum absolute proper motionof | j2+ j42co®( )  127masyr 1,

| nd a minimum distance oD = 500 pc. The best- t proper motion witht = 30 kms 1
givesD = (1:7 0:5)kpc. This result is consistent with a distance limitbf> 1:1kpc

if X-rays are responsible for the heating of the donor, but goes against the limit set if
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Table 3.1: The measured change in magnitude of HM Cnc in each Iter set. HIPERCAM
data is excluded from the brightness analysis due to an incompatible comparison star with
the ULTRACAM data. This left one single night with tmg Iter, such that no change in
magnitude is reported.

Filter  mag (magyr®) Filter = mag (magyr?l)

Us 0:0149 00111 U 0:0017 0:0036
Os 0:0177 0:0080 ¢ 0:0013 0:0029
is 0:0686 0:0406 ' 0:0113 0:0041

¥ 0:0080 0:0106

optical/ultra-violet irradiation is responsible, beidg> 4:2kpc [Barros et al., 2007]. The

best- tting distance measurement is consistent with the expectatibn of2 kpc predicted

by Reinsch et al. [2007], although an absolute distance measurement is still relatively un-
constrained by my assumption of a disc-like transverse velocity. Halo velocities are often
larger [e.g. Pauli et al., 2006; Kim et al., 2020] whereby assurding: 200 kms ! | ob-

tain a lower limit of D = 3300 pc and a best- tting distance @ = (11 3)kpc. Itis

hoped that future Gaia data releases will reveal a more precise proper motion and perhaps a
parallax measurement, though Bgag = 20:9 target is at the limit of Gaia's capabilities.

3.4.3 Luminosity

If the mass transfer rate of HM Cnc changes as the orbit shrinks, so will the accretion
luminosity. | used the ULTRACAM data using the prime and Super SDSS sets of lters
to see if the brightness of HM Cnc has changed over the years. | measured HM Cnc's
magnitude relative to comparison star Gaia DR3 ID 654873149889859968 using the val-
ues of the constant offsdt(see Section 3.5.1) from equation (2.7). A difference in colour
between HM Cnc and the much redder comparison star was accounted for by subtracting
Iter-dependent colour coef cients as a function of airmass from the magnitudes obtained,
as in Section 3.4.1. The measured changes in magnitude are presented in Table 3.1. Obser-
vations with the Super SDSS Iters have a total observing span of 4 years, while the SDSS
prime observations span 13 yearsuihand g® and about 7 years in® andi® hence the
change in magnitude measured with the SDSS prime Iters have smaller uncertainties.

For the most part, the measurements favour a small brightening of HM Cnc, but all
measurements are withth of no change at all, and so there has been no signi cant change
overall.
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3.4.4 Spectroscopy

| utilised the Hubble Space Telescope (HST) Advanced Camera for Surveys (ACS) to obtain
slitless spectroscopy of HM Cnc in 2007. We observed with the High Resolution Channel
(HRC) with the PR200L prism (R 300—30) and with the Solar Blind Channel (SBC) with

the PR110L prism (R 60-10), with spectral resolution decreasing as the wavelength in-
creases due to a very non-linear prism dispersion. All spectra were individually reduced and
ux calibrated with the HST aXe software and were then staékdthe resultant spectrum

was de-reddened using tEXTINCTION python package following the treatment of Fitz-
patrick [1999], with A, = 0:10mag [Esposito et al., 2014] and,R= 3:1. The spectrum
obtained is displayed in Fig. 3.2. Some data at both ends of the spectra for each setup were
deemed unreliable in the ux calibration due to a degraded resolution, creating a "winged'
effect that is typical in the ACS slitless spectroscopy setup and discussed in detail in the
instrument manual. The far ultra-violet end of the impacted regions were masked and are
shown as well in Fig. 3.2.

Prior analyses of optical spectra have indirectly suggested that hydrogen is present
due to blending of odd terms of the HePickering series [Norton et al., 2004; Reinsch
et al., 2007]. The stacked spectrum reveals a clear Lymabsorption feature in the ultra-
violet, which is apparent in all spectra. This is the rst direct evidence of hydrogen in the
spectrum of HM Cnc and signi es that hydrogen is present in the accretion stream and thus
the envelope of the donor. HM Cnc is the only known ultra-compact AM CVn to show any
direct trace of hydrogen, with the possible exception of CP Eri [Sion et al., 2006].

Fitting to the observed spectral energy distribution allows us to obtain an improved
temperature measurement of the accretor and to predict a hydrogen envelope fraction. The
total mass accreted leading up to present day is expected to be approximately OadthM
the majority of mass transferred through direct impact accretion (see Section 3.6), such that
the surface composition of both stars will be near identical. The Koester WD atmosphere
models [Koester, 2010] were used to constrain these properties from the spectrum. The
atmosphere models allow arbitrary atmospheric compositions including hydrogen-helium
mixtures to be used in both the atmospheric structure calculation and the spectral synthesis.
A least-squares tto the data was performed including both stellar components, with model
inputs being the effective temperature of the donor and accretor, the relative scaling of the
donor to the accretor (i.eRngg, with R the radius of the respective star and subscdpts
anda the donor and the accretor stars) and a hydrogen-helium abundance which is identical
for both stars with no metallicity. Inclusion of a scaling parameter is necessary because,

%It was not possible to use the typical HST “driZZlscheme to combine spectra due to the non-linear
dispersion solution. Cosmic rays were agged by the HST ACS pipeline and were subsequently removed.
“https://cds.u-strasbg.fr/
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Figure 3.2: The HST stacked spectrum of HM Cnc (black points) with the best spectral t
overplotted in red. Included in the gure is a magni ed inset of the Lymaabsorption
feature. In every individual spectrum and at all orbital phases, Lymams recognisable.
Other hydrogen absorption lines are not directly visible in the spectrum and blend with
helium emission lines [Roelofs et al., 2010], which are not modelled. In dashed grey are
the contribution of ux from each star, with the donor contributing less ux. Grey circu-
lar points are from the wing of the far-ultraviolet spectrum that were not included in the
t. Green circular points are photometric uxes from survey data obtained through*CDS
which were dereddened.
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with no rm distance constraint and only one spectral line in the low-resolution spectrum,
it is not possible to constrain the surface gravity of either component, and so all calculations
were performed aibgg = 8. At each step in the least-squares analysis, the atmospheric
structures and synthetic spectra of both components were calculated and summed together
with the inclusion of the model scaling term. This combined spectrum was then convolved
with a Gaussian function to match the instrumental resolution at LyméR-= 300).
Finally, the model spectrum was scaled from a radiated Fuxio a ux observed at Earth
using equation 2.11, wher® 2=D? = 4:37 10 2% is the determined scaling constant.

The derived best- tting solution is also displayed in Fig. 3.2. From this model,
Mark Hollands found a number abundance ratitbog{H/He) = 1:64 0:05dex (H/He=
2:29 0:26%), the hotter star (accretor) temperature to42600 800K and the cooler
star (donorll8 600 300K. These quoted errors are purely statistical from the least-squares
minimisation and do not re ect the errors in both the choice of reddening coef cients and
the ux calibration when combining two instrumental setups, which are such that the cooler
component remains largely unconstrained. Furthermore, it is the cooler star that contributes
most signi cantly towards the redder wavelengths, where the spectrum is sparsely sam-
pled and under- ts the observations. The relative contribution from the dimmer donor is
R§/R§1 = 2:38 0:31, however the radii themselves are unknown with little constraint on
the masses of the two stars. IR 0:01R is considered with the minimised scaling
constant to convert from the radiated ux to the ux at Earth, | = 1:9kpc. Doubling
the accretor radius would double the inferred distance.

Although dif cult at low resolution, other spectral lines were searched for in the
stacked spectrum of all exposures and with stacked observations as a function of orbital
phase. None were detectable besides the prominent Lynsosorption line.

3.5 Timing Solutions

3.5.1 Fitting individual observing runs
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Table 3.2: The updated ephemerides for a cubic and quadratic ephemeris, solved with equa-
tion 2.4. All errors are quoted to a luncertainty. The epoch used in these ts was 55849,
BJD TDB. This solution is representative of a§ g%andr® g°phase offset correction
(Table 3.3) and:014 cycle ickering correction to the error of each night in quadrature
(Section 3.5.4).

Parameter Cubic Quadratic

o (Cycles) 0:611 0:004 0611 0:004
fo (Hz) 0:003110224895 30pHz 0:003110224829 10pHz
fo(Hzs 1) (3538 0:.001) 10 16 (3:538 0:001) 10 16
fo(Hzs ?) ( 538 2100 10 %/ -

| t Fourier series solutions to the extracted photometry of the form using equation 2.7, t-
ting rstand second harmonic terms to account for the non-sinusoidal variability of HM Cnc

in the optical (as noticeable in Fig. 3.1). For each night of data with each lIter, the terms
d, A, B, C andtp in equation 2.7 were allowed to vary whilewas held xed at the ex-
pected angular frequency at the time of observation from the cubic ephemeris of Stronmayer
[2021]. Including further harmonics to equation 2.7 generated a negligible change in the
timing measurement. Uncertainties gnwere deduced by taking the standard deviation

of 1000 bootstrapping iterations, as used by Pelisoli et al. [2021a]. Example Fourier series
solutions and discussion on speci ¢ cases can be later found in Section 3.5.4.

For identical lters, if a periodic signal was dif cult to detect (e.g. due to poor
seeing, short observing time on target), | used the Fourier series solution of the night with
the longest observation time for a given Iter to search for a timing solution again. | note that
there was little difference ity if | allowed the amplitudes of the individual harmonic terms
to be free or if | xed them using a solution to the combined Iter dataset. This indicates
that there has been nollittle detectable change in the periodic signal over the full duration
of observations, which may have been induced by a changing accretion spot location. |
also note that there was no obvious change in the shape of the Fourier series solution about
the peak X-ray ux when comparing nights of observation for identical Iters spaced years
apart.

| then searched for any Iter-dependent offsets to the nal timing measurements and
present these computed offsets in Table 3.3. Onlythe g°andr® g offsets indicate
a relevant deviation from a zero-phase offset at thdelrel, and so are corrected for all
ULTRACAM data using thai®andr? Iters. All other observations from data that we have
obtained or from archival sources are considered to have a phase offset of zero.
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Table 3.3: Phase offsets for each Iter used in this study for simultaneous multi- Iter ob-
servations. Thes or g°bands are used as a reference.

Filter (cycles) Filter (cycles)
Us gs 0.0015 0.0040 u'" g 0.0087 0.0022
rs gs -0.0006 0.0029 r g -0.0023 0.0016
is gs 0.0019 0.0047 " g 0.0001 0.0090
zs gs 0.0020 0.0128

3.5.2 Constraining the ephemeris

With the full set of Iter-offset-corrected (and ickering-considered, see Section 3.5.4) tim-
ing solutions, | proceeded by assigning each an integer cycle number, as inferred using the
ephemerides of Barros et al. [2007] and Strohmayer [2021] while correcting for the up-
dated epochTy. | chose an epochiy = 55849, BJD TDB, as | found that this gave the
smallest correlation between the tting parameters and is located near the centre of the full
observing span as expected. Cycle numbers from both of these ephemerides gave the same
integer cycle number for all nights and inferred cycle numbers were manually veri ed for
observations taken more recently than those in Strohmayer [2021]. In no case was a jump
in cycle number observed, which would be easily noticeable since typical uncertainties are
much less than a cycle in magnitude.

It is clear (see Fig. 3.3) that HM Cnc deviates by multiple cycles with respect to
a linear t that has a constant orbital frequency, so | added higher order coef cients to
compute a quadratic and then a cubic t. The set of cycle numbers were t using equa-
tion 2.4. For a linear t, the rst two terms on the right-hand side of equation 2.4 apply,
the rst three terms for a quadratic and all four for a cubic. The quadratic term corresponds
to the parabola that spans 21 cycles from minimum to maximum (Fig. 3.3) which means
that HM Cnc has advanced by over 80 orbital cycles relative to the period that it had upon
discovery, the result of gravitational-wave driven inspiral.

A t to the timing measurements was performed using a least-squares analysis
through thescipy LsTsQsolver in thescipy linear algebra package, which | also used to
returnl statistical errors on all tted parameters. In the process, the errors on observations
were in ated in quadrature so that the reducedis equal to one, where ickering in the
system largely encourages the inclusion of this procedure (as discussed in Section 3.5.4).
The residuals for solutions with a linear and quadratic ephemeris are presented in Fig. 3.3
with the ephemerides for a quadratic and cubic model given in Table 3.2. Corrections of
the ephemerides due to the Shklovskii effect [Shklovskii, 1970] and galactic rotation are
negligible (see Appendix 3.5.3). THeg coef cient of the quadratic ephemeris is precise
to a 0.03% level and is 40 times more precise than that determined by Barros et al. [2007],
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also derived from optical data.

To check if thef'y term is statistically signi cant, | performed aR-test between
the quadratic and cubic ts. Under the hypothesis that the cubic term is not a signi cant
contribution to the ephemeris, the followikgratio forn data points

2 1
Frato=  quad  eubic anZ (3.1)

is expected to have dn(1l,n 4) distribution, where the 1 in the parenthesis represents
the difference in the number of degrees of freedom between the quadratic and cubic ts and
n 4re ectsthe unique degrees of freedom in the cubic t. | computeRhetio to be 6.08
forthen = 60 measurements. The cumulative distribution function df agistribution can
be used to infer at what signi cance the null-hypothesis that a cubic term is not re ective of
the data can be rejected. As such, the cubic term (affg))$s signi cant at the 98.3% level
(which is signi cant at 95%, or 2, but not at 99.7%, or 3). | also carried out af -test on
the digitised X-ray data between the quadratic and cubic solutions speci ed in Strohmayer
[2021] to test the signi cance df (see Section 3.5.4). The reducetiof a cubic t to the
X-ray data was 1.04, so | again in ated the error of all data points in quadrature to gain
areduced 2 equal to one. | foun® = 941 1:42 10 ?’Hzs ? and anF -ratio of
44.1 for the X-ray data. From the cumulative distributionFgfL,172), this represents a
near 100% signi cance. Though with sparser sampling, individual measurements for the
X-ray data have higher precision since the peak ux per cycle is better de ned by a sharp
rise towards an intensity maximum, while the optical is more susceptible to variability.
Taking theF -test results as evidence tHais a true characteristic of the system, all further
mentions off g, f.g andf’ in this paper assume the cubic solution of Table 3.2.

The optical measurementsfaf andf®y allow us to estimate the maximum frequency
of HM Cnc before a ip of sign off—is observed. If\y remains constant, equation 2.5 can
be used to infer that a maximum frequency is reached when fg=f5 + To. | would
thus predict the frequency maximum to occur in approxima2d§0 800yrs from now.
The timing of this event is consistent with the frequency maximum predicted in Strohmayer
[2021]. As always with timing studies, a larger baseline of data would improve the precision
of the ephemeris and, in particular, better constfigin

Interestinglyf*y is of opposite sign to that predicted in earlier literature, with Deloye
and Taam [2006] expectingpositivef® of magnitude 1022 Hz s 2. It would be expected
thatf* is positive for almost the entirety of inspiral until merger under purely general rela-
tivistic orbital decay, unless a re-stabilisation of the orbit due to mass transfer occurs. Con-
sequently, it is thought that HM Cnc is in a mass transfer turn-on phase that will drive the
system to smaller orbital frequencies (longer periods) following the frequency maximum.
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Under solely gravitational-wave orbital angular momentum loss for the measyired
andfg, equation 1.9 can be used to obtain an observed chirp m&3263 0:0001M .
Given that the trajectory of HM Cnc is impacted by the mass accretion rate (which acts to
oppose inspiral) and not from gravitational wave radiation alone, this observed chirp mass
is a lower bound for the true chirp mass of the system.

3.5.3 Ephemeris corrections

Small corrections can be made to the obtained frequency derivatives obtained in this study.
First by considering the Shklovskii effect [Shklovskii, 1970], which can be computed with

Sh = V2=(cD) (3.2)

with c the speed of light an® the distance. With our approximate transverse velocity of
30kms ! and distance of:7  0:5kpc from Section 3.4.2,

fshk=foSh=(1:8 05) 10 *?Hzs ! (3.3)

fshk  foSh=(2:0 0:6) 10 3Hzs? (3.4)

In addition, one can account for acceleration of the system due to the galactic potential,
agal, as well. | calculated the following galactic correctiond-tandf®

fga = foaga=c=8:3 10 #Hzs?! (3.5)

Py fodga=c=9:5 10 *Hzs? (3.6)

whereaga Was computed using the INKY WAY POTENTIAL routine ofGALA [Price-Whelan,
2017] with HM Cnc placed at a galactic coordinate 1.7 kpc away from the Sun towards the
north galactic pole (in Cartesian coordinates, [-8, 0, 1.7] kpc).

These components can then be subtracted from the measured frequency derivatives,
hence the correcteddandf® are

feor = fo  fsnk f-gal (3.7)

Peor= o Pshk f‘gal (3.8)

As evident by the magnitude of each correction, all are negligible compared to the uncer-
tainties quoted in Table 3.2. Increasing the distancBte (11  3)kpc for halo-like
transverse velocities (Section 3.4.2) results in larger corrections than those stated above.
However, neither the correction b§ andf’y due to the Shklovskii effect nor galactic accel-
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eration increase by more thd@ and are still negligible compared to the precision of the
ephemerides.

3.5.4 Flickering

| noticed variations in the timing solutions of HM Cnc between adjacent nights with ideal
conditions. For data from the VLT with ULTRACAM, observations were performed for a
similar duration at similar airmasses over the three nights observed. The observations had
a seeing < 1.%and multiple consecutive hours spent on target, resulting in high signal-to-
noise ratio (SNR) data with no clear outliers. Fig. 3.4 depicts the changes in the Fourier
series solution for sets of observations that were cut to have a one hour duration, with
phase-folded light curves included. There are noticeable differences between the solutions
of different nights, particularly evident when comparing the phase of minimum ux. Anal-
ysis of the full set of VLT nights over an hourly timescale also indicated that there are
small changes between solutions with the longest single observing period being three hours,
though nightly differences were more apparent. A similar impact to the Fourier solutions
and the returned timing solutions was apparent in the (simultaneously observed) u'- and
r'-band VLT observations. When | compared the best-quality adjacent nights of NOT data
(BJD=52645-52647) each with over 3 hours on target per night, | saw hourly light curve
uctuations at a similar level, though with larger error in individual measurements due to
the smaller telescope aperture. | presume that a changing apparent light-curve morphology
is a consequence of changes in the system mass transfer rate, creating a ickering effect
typical of accreting binaries, while the long-term light-curve morphology is less impacted.

A changing optical periodic signal inherently limits the accuracy of all timing solu-
tions, where, taking the mean of the VLT/ULTRACAM nights to be a reference point, the
scatter irtg between adjacent nights could be as much 8@91-0.015 cycles for all bands.

In this study, | thus combined timing solutions from all Iters (phase offset corrected where

applicable) to obtain a single timing measurement for the night of observations. Then, |
added a xed error in quadrature due to ickering to each night's timing measurement,

such that the reduced? of the ephemerides is equal to one. Overall, this error adjustment

was 0.014 cycles.

Also in support of system ickering, Fig. 7 of Strohmayer [2021] compares phase-
folded X-ray ux pro les from the Chandra and NICER datasets. A clear difference in

ux pro le is noticeable after the X-ray peak ux as the ux is decreasing, and to a lesser
extent at the peak X-ray ux. This shows deviation over a multiple year time-span, but it is
possible that these changes occur on much shorter timescales, e.g. hours.

| then set out to determine whether the ickering was apparent in the X-ray timing
solutions as well by comparing the optical data to the nearest X-ray observation. To do this,
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Figure 3.4: Solutions to VLT g-band data, with each plotted light curve representing
(binned) data of the rst hour of VLT observations each night. Bottom: 2005-11-26
(squares), middle: 2005-11-27 (triangles), Top: 2005-11-28 (circles). The normalised ux
is offset between individual nights for clarity. The time at phase 0.0 represents the extracted
to for each hour of observations. The Fourier solution for the night of 2005-11-28 is shown
in dashed red. The Fourier solutions for other nights are displayed in solid black.
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Figure 3.5: A comparison of the X-ray timing solutions (black) of Strohmayer [2021] with

our optical measurements (red). Strohmayer [2021] measurements have been binned to
represent a single measurement for one observing session, lasting hours at each time. X-ray
data on the left of the divide are from Chandra, and on the right are from NICER, with
broken axes represented by the dashed line between the plots. The scale is the same in both.
Optical measurements within the broken axes are not included in the gure, though are
plotted in Fig. 3.3 and comprise a further eight years of coverage. Raw errors are included
without the " ickering correction' described in Section 3.5.4. Quf was calculated using

the cubic ephemeris in Table 3.2 for both the optical and the X-ray measurements.

| utilised the data from Fig. 6 of Strohmayer [2021] by digitising and extracting the plotted
data points, followed by a conversion of each to an observed time of peak X-ray ux. After,
| compared the optical times with the X-ray times for Chandra and NICER data separately.
A phase difference between the time of X-ray peak ux and the derived solutioneas
compensated for by minimising theé? between the optical timing solutions and the X-
ray for the cubic-t ephemeris given in Table 3.2, generating a relative phase difference
0:14 cycles from the optical to X-ray. A comparison of the two sets of solutions is
plotted in Fig. 3.5, where the 176 individual X-ray measurements have been combined if
they coincide with half of a day of each other.
Very few optical/X-ray observations were taken within a day of each other, making
a direct comparison dif cult. Little scatter is seen in both datasets from the most recent
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observations, while the earliest show a similar scatter except for the rst optical/X-ray mea-
surements. All that | can assert from the data is that an impact on the accuracy of timing
solutions at any wavelength cannot be ruled out.

3.6 Evolutionary Modelling

The measurefly combined with thdg andf g is a very strong constraint upon HM Cnc's
evolution. | explored simulated binary evolution models with comparison to the observed
ephemeris using the Modules for Experiments in Stellar Astrophysics (MESA) 1-D stellar
evolution code [Paxton et al., 2011, 2013, 2015, 2018, 2019], release version 15140, to
investigate the AM CVn DWD con guration. It has been proposed by D'Antona et al.
[2006] that the donor of HM Cnc may be an extremely low mass (ELM) WD that is not
fully degenerate and has a thick hydrogen layer, which allows the period to shorten even
though accretion occurs. The Lymandetection in the HST spectra supports this theory,

as well as larger mass, fully-degenerate WD donors with hydrogen in their envelope. Both
types of situations are included in the MESA models. Plotted in Fig. 3.6 are the valid mass
combinations for each star that our observed chirp mass permits, which | surveyed in the
MESA models.

3.6.1 Building a Donor

| approximated the full binary evolution by constructing a He WD from an adaptation of
the MAKE_HE_wD MESA test suite. The way this is performed is by evolving a pre-main
sequence to a zero age main sequence star, and then by allowing fusion to take place until
the core mass reaches the desired mass of a He WD minus the mass of the envelope. We then
cut the evolution and gently remove the envelope of the star until only the He core resides.
Next, | evolved the star to an effective temperature of 10 kK and then gradually accrete pure
hydrogen onto the surface, giving us full control of the total hydrogen envelope mass. What
is left is a He core WD with a thin, pure hydrogen layer, which | evolved for 0.5 Gyrs while
enabling diffusion, stratifying the layers of the WD to leave a realistic strutture

The maximum hydrogen envelope mass in the models was inferred from the Z=0.0001
He WD models of Istrate et al. [2016], choosing models where no hydrogen ash has oc-
curred such that the star maintains a thick hydrogen envldfme smaller or larger mass

*My WD models have Z=0.00 due to slow convergence on a solution with the crafted structure in the
diffusion process. A couple of test cases of Z=0.02 were evolved as an AM CVn to ensure fair comparisons,
where the impact of metallicity in the accreted material was found to be negligible.

5Though D'Antona et al. [2006] suggest that larger hydrogen envelope masses “fi10could be re-
quired for the model, | considered the non-hydrogen- ash Istrate et al. [2016] models to have an improved
maximum hydrogen envelope mass.
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Figure 3.6: Permitted mass combinations for the stars of HM Cnc, given by the shaded blue
region. The black solid line represents valid solutions for the observed chirp mass assuming
that the orbital decay is solely due to general relativistic effects. Mass transfer permits a
smallerfg than purely general relativistic orbital decay in a detached system, meaning that
larger system chirp masses (and thus donor and accretor masses) than indicated by the ob-
served chirp mass are possible. Reported boundaries of the masg rat gono=M accretor

from Roelofs et al. [2010] are drawn as dashed grey lines.
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WDs than given in the range of models provided by Istrate et al. [2016], | linearly extrap-
olated their models, with the largest hydrogen envelope used being 15 10 M
for models of a 0.16 M donor.

While the full set of Istrate et al. [2016] models serves as a good approximation
of the amount of hydrogen in the He WD's envelope, the evolution of a compact DWD is
very different to their modelling of a neutron star companion to a WD. This, as well as
potential hydrogen ashes, suggests that the initial hydrogen envelope could be less than
these models. With that in mind, | investigated the compatibility of different masses of
hydrogen envelopes by considering my own set of He WD models, whereby a minimum
donor hydrogen envelope consists ofM 0:1 10 3M . | sampled hydrogen envelope
masses between these limits also, computing models forM:0 10 3M and My =
30 10 3™ .

3.6.2 Binary Modelling

I modelled HM Cnc by starting the binary evolution with the fabricated donor He WD and
a point mass accretor before any Roche lobe over ow has begun (typically with an initial
period of 0.05 days). It is worth noting that Wong and Bildsten [2021] have modelled
AM CVn systems with MESA by assuming a pure He donor before any mass transfer and
fully evolve two stars rather than one star and a point mass. This would be advantageous
here also, however the fact that hydrogen is present in the spectrum and that the hydrogen
fraction largely controls the timing of maximum orbital frequency encourages us to include
the hydrogen envelope. Though evolving two stars would still be possible, computations
including hydrogen to incorporate nuclear burning on the accretor's surface are extremely
computationally expensive. Our need to precisely control initial conditions, to simulate a
wide grid of models and the fact that nuclear burning on the accretor's surface is important
at the onset of mass accretion but less so later in the evolution [Kaplan et al., 2012] led
us to proceed with the point mass accretor abstraction, as was similarly initiated by Chen
et al. [2022]. The abstraction ignores the possible impact of thermonuclear runaways on the
surface of the WD which could result in enhanced angular momentum and mass loss [Shen,
2015]. Given that HM Cnc has not merged and that most of the donor hydrogen envelope
has been depleted, the binary has survived hydrogen-rich nova episode(s) and my models
are only susceptible to complications from a helium nova episode [Shen, 2015], which may
occur in the future. This makes the evolution of my models realistic leading Gip, foy
andf’, even though the events of the future are uncertain.

Most importantly to the situation at hand, the dynamics revolve around the frame-
work of the Roche lobe approximation of Eggleton [1983] and mass transfer rates following
the method outlined in Ritter [1988]. | evolve the orbital angular momenfigy, accord-
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ing to equation 1.3 where computed values for the rate of orbital momentum change due to
gravitational wave radiationlg,, stellar wind mass 10ssx1, magnetic breakinglan, and
spin-orbit (LS) coupling,lis, are handled by MESA according to the methods outlined in
Paxton et al. [2015]. Mass transfer between the two stars is considered to be perfectly ef -
cient and | applied a tidal synchronisation following the prescription of Hurley et al. [2002]
using inbuilt MESA routines.

When an accretion stream feeds into a disc around the accretor, all transferred or-
bital angular momentum is assumed to return to the orbit of the system; there is no con-
tribution to equation (1.3). When accretion occurs via direct impact, this condition no
longer holds. To account for this, | added an extra angular momentum sink to the MESA
calculation following the discussion of direct impact accretion in Section 1.2.2 with equa-
tion 1.17. Given that | consider a point mass accretor, its radius was computed using a
mass-temperature-radius relationship (MTRR) from the Montreal CO WD models [Bédard
et al., 2020], where | considered the temperature of the accretor to be 42500K from the
spectrum t (Section 3.4.4). Hence, direct impact accretion is present if the MTRR radius
of the accretor is larger than the radius required for the accretion stream to pass by, or disc-
fed accretion on the contrary. In my simulations, this accretor radius is a minimum since
the star is likely in ated from mass transfer and partially from irradiation, such that direct
impact could begin slightly earlier. For each timestep and model simulated in MESA, |
computed whether matter is accreted via direct impact or not and accordingly turned on/off
the inclusion of equation (1.17) to the computkg, in equation (1.3).

Diffusion processes were continuously modelled while evolving the binary, before
and during mass transfer. The time-step integration itself was variable in the models; longest
initially when there is no mass accretion and smallest when the two stars are at their closest
separation. The mass transferred in each time-step was calculated implicitly. A test for a
merger was analysed for every model with every time-step integration, however unstable
mass transfer only occurred for the less-massive-accretor models in the range permitted in
Fig. 3.6.

3.6.3 MESA Results

In the DWD con guration, the most signi cant variables in uencing the time of maximum
orbital frequency are the donor mass and the amount of hydrogen in the envelope [see e.g.
Kaplan et al., 2012]. The mass of the donor signi cantly affects the duration of Roche
lobe over ow, whereas a larger hydrogen fraction induces a larger donor radius and earlier
mass accretion. Besides the distinction between disc/direct fed accretion, combinations of
accretor and donor masses control the magnitude afhere a larger accretor mass leads

to a higherf_for a given donor mass. Furthermore, the temperature of the donor star is
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Figure 3.7: The best- tting MESA results for HM Cnc. Counting from the top down, 1)
My = 0:1 10 °M 2)My = 1:0 10 M
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Figure 3.7: 3) My = 3:0 10 3M 4) My of Istrate et al. [2016] models (see text in
Section 3.6.1). Black arrows show the direction of evolution; increasing in time. Coloured
circles, triangles and squares represent the moments at which the hydrogen envelope frac-
tion of the donor, H/He (by number), equals 0.1, 0.05 and 0.01 respectively. The dashed
grey crosshairs represent the obserfgdandfg. The legend of each plot displays the
predicted model masses of the donor and the accretor when the binary has a riggative
“Kinks' in the direction of evolution occur due to a switch from disc to direct-impact ac-
cretion in certain cases. All models have a donor temperature in the range of 5.5-6.0 kK
at present day. In each plot, the most massive donor models reach the largest maximum
frequencies before turn-around.
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Figure 3.8: Models with evolved Istrate et al. [2016] donor stars shown in the fourth plot of
Fig. 3.7 for the mass transfer rate (top) dh¢(bottom). Black arrows show the direction of
evolution, grey dashed lines are the present state of the system, the shaded grey represents
the error o'y and the time of H/He = 0.1, 0.05 and 0.01 is included with circles, triangles

and squares respectively. Kinks in the mass transfer gure are again due to a direct-fed/disc-
fed accretion transition.
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decisive in controlling the onset of mass transfer and the timing of a nedatisimce a
higher temperature WD results in a larger radius.

For my chosen selection of hydrogen envelopes, | performed an in-depth search of
the full parameter space of Fig. 3.6 to determine which combinations of masses would lead
tof— fgwhenf = fg at any stage of the system evolution before shortlisting to the best-
agreeing candidate systems, those being where the sfyhexfomes negative nefar= f.

My best- tting models are shown in Fig. 3.7, whereby in all caBes 0 atf = fg. The
exponential increase inup to approximately 2.5 mHz is governed by an orbital trajectory
dominated by gravitational wave radiation. The accreted material is pure hydrogen at lower
frequencies and, at around 2.5mHz in all cases, a diffused hydrogen-helium mixture is
present at the surface. As the presence of hydrogen diminishes, the response of the donor
is to expand, increasing the mass transfer rate, and causing resistance to inspiral.

| solely present the scenario where the donor star maintains an effective temperature
of 5.5-6.0kK. This is at odds with the donor temperature derived in Section 3.4.4, albeit
a loose constraint. | attempted to investigate the scenario where the donor effective tem-
perature is 16 kK and found that it becomes extremely dif cult to maintain any hydrogen
envelope for all combinations of permitted masses (Fig. 3.6) in MESA. Increasing the donor
temperature requires a more massive (and with this a smaller radius) donor for the binary
to reachf o beforef® . 0 occurs. In the process, the binary reaches smaller orbital separa-
tions and a present-day mass transfer rate in exces8 6 yr 1 in required, with the
order of magnitude of* to signi cantly increase over a few decades. Moreover, the total
mass lost from a 16 kK donor for tested models exceeded 0.01ERding up to present
day, such that an extremely thick hydrogen envelope before any mass transfer begins would
be required for hydrogen to be observed in the spectrum. My models therefore indicate a
preference for cooler donor stars and smaller mass ratios.

| conclude from Fig. 3.7 that, if | consider the full selection of hydrogen envelope
masses, the donor star has a mass in the rafig&6—0.17 M to observe a negativie at
f = fo. This result agrees with the expectation from Kaplan et al. [2012], who suggest
that the donor is an ELM WD. Additionally, I nd that the accretor requires a minimum
mass of 0.8 M to give rise to a suf ciently largd—_that matches the ephemeris with an
ELM donor. These combinations of masses combined with the modelled separation indicate
that the accretion stream would be close to the direct-disc mass transfer boundary, as is
particularly noticeable by the kinks from the direct-to-disc accretion transition in Fig. 3.7 for
some models. For these boundary-models in particular, direct impact occurs in the last few
10,000s of years only, although the present mass transfer mechanism for all combinations
of star masses presented involve direct impadturthermore, all models show that the

"I note that Barros et al. [2007] state the condition that direct impact can only occur in HM Cnc if
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binary would not have deviated far from purely general-relativistic orbital decay, meaning
that the true chirp mass of the system is comparable to the observed chirp rz206f
0:0001M

| used the 0.169M + 1.156 M and 0.183M + 0.856 M Istrate et al. [2016]
models presented in Figs. 3.7 and 3.8 to check for consistency with the relative phase dif-
ference between the optical and X-ray peak ux. Barros et al. [2007] discuss how the
X-ray signal arrives 0.26 cycles later than the optical. My MESA models predict that
the accretion stream directly impacts the accretor surface to produce a 0.35 and 0.30 cycle
relative phase difference, respectively. This is approximately consistent with that observed,
especially so as the accretor is likely to be at least partially in ated, acting to decrease the
relative phase difference. For models with smaller initial hydrogen envelope masses, the
relative phase differences are larger and show a worse accordance with the observations.

My models show a consistent hydrogen envelope fraction with the H/Re&29
0:26% derived in Section 3.4.4. We see from Figs. 3.7 and 3.8 that all models have a hydro-
gen number abundance ratio of less than 10% whenf, and that for the more massive
donor models presented the fraction is between 1% and 5%. While it may be possible for
smaller starting mass hydrogen envelope models to match the hydrogen envelope fraction
from our observations, | nd a best agreement with the observations for higher starting en-
velope masses to be consistent with the location of the direct impact spot. A comparison of
the full set of models does however show that a range of initial hydrogen envelope masses
can produce DWD systems that reach the orbital period of HM Cnc, such that the evolu-
tionary channel is not exclusive to a very narrow set of initial conditions. My models also
show that the remaining hydrogen envelope of the donor will be almost entirely depleted
by the time of maximum orbital frequency.

When | simulated a model similar to the 0.27 Monor and 0.55 M accretor pre-
dicted by Roelofs et al. [2010], | found that the sigrffofvould bepositive at the observed
period for the full range of hydrogen envelopes. To emphasise, this would be the case for a
cool donor, whereas hotter donors may be able to reproduce the ob$gramdf atf,
although the aforementioned complications when modelling a 16 kK donor star make this
dif cult to explain. As well, analysis of* indicates that it decreases much faster for a more
massive donor, such that HM Cnc would spend only centuries in a turn-around phase. My
models give a mass ratio0.15-0.21, which disagrees withthe massr@ity q 0:79
inferred by Roelofs et al. [2010]. | suspect that the uncertainty in the origin of light of
helium emission lines [as discussed in Roelofs et al., 2010] and the choice of these lines to
monitor the primary star makes it dif cult to obtain absolute radial velocity measurements,

0.6 <M; <0.9M , however this was deduced with a zero-temperature masses-radius relationship. The masses
that | quote involve direct impact allowing for an accretor temperatuggehr= 42 500 K.

87



so that the observational constraint on the mass ratio might be misleading even though a
radial velocity variability is apparent.

As shown in Fig. 3.8, the magnitude Bfincreases dramatically on approach to the
maximum orbital frequency. This indicates that the timing of the frequency maximum will
actually be in less thad100 800yrs and that deviations from a constfntould become
evident sooner than one might expect. The duration spent between orbital periods of 6-8
minutes is signi cantly longer, on the timescale of 100 000-200 000 years. It hence ap-
pears fortunate that HM Cnc has been detected just before the maximum orbital frequency,
which may be consequential of a strong observational bias. Though from Fig. 3.8 | predict
HM Cnc's luminosity to increase upon approach to the maximum orbital frequency, with
the mass transfer rate suspected to increase by at leastlfear observable difference is
not expected in just 20 years (as suspected from Section 3.4.3).

The accretor MTRR radii in my best models for a 42500 K accretor are 0.0055—
0.0115R for masses in the range 1.25-0.8 Mespectively. In Section 3.4.4, | explained
that a radius constraint and a minimised ux-scaling-factor to our spectrum can be used to
gain a distance measurement. Including the range of radii from my MESA models with this
technique, | estimate a distance to HM Cndo$1.05-2.24 kpc.

| followed a similar methodology to Strohmayer [2021] to compute the mass ac-
cretion rate with the observed X-ray luminosity. | assumed that the accretion luminosity is
equal to the difference between the gravitational energy at the rst Lagrangian ppint,
and the surface of the accretog,, such that the accretion luminosityde= M-( L1 Ra)»
with |1 and g, calculable with the prescription of Han and Webbink [1999]. Taking
donor and accretor masses of 0.17 leind 1.0 M with an accretor radius of 0.01 Rand
the X-ray luminosity to be 1.810°%3( =4 )D2 _ergs ! [Strohmayer, 2021], | nd a

kpc

mass transfer ratel. = 1:84 10 ** D{, .M ;r 1. If a distance of 2kpc is assumed,
M =10 *'M yr . Asrecognisable by Fig. 3.8, this would be a clear pitfall of my mod-
els, where we would be expecting 10 “>M yr 1. If the distance was instead 5 kpc,
M =10 83M yr 1, such that assuming larger distances to the source would make my
models consistent. An exception is that there could be a missing luminosity component in
the extreme ultra-violet that we are not sensitive to with the X-ray nor our own observations,
meaning that the X-ray luminosity under-predicts the mass accretion rate. For both the 5.5-
6 kK and the 16 kK WD donors, and with the full grid of hydrogen models, | struggle to
nd a M. consistent with 10° 10 M yr ! that would generate a negatifig, since the
higher mass accretion rates are associated with the timing of the turn-around phase.

As evident, there are still components of HM Cnc that remain unknown which make
a precise characterisation of the system dif cult. However, my models do show a good
agreement with multiple observed properties, including the hydrogen fraction, the location
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of the impact spot and all components of the cubic ephemeris. My models favour larger
initial hydrogen envelope masses and are consistent with the theory outlined by D'Antona
et al. [2006] as an origin for HM Cnc and the ELM donor conclusion of Kaplan et al. [2012].
My models show that it is unlikely that HM Cnc had a hydrogen envelope thinner than
10 3M before the onset of mass transfer and require thicker initial hydrogen envelopes
to be consistent with the location of the accretion impact spot. Better quanti cation of the
donor temperature and an accurate distance measurement clearly remain the key to settle
the nature of HM Cnc. 1D 2kpc, my models would need to be tweaked to include a
hotter donor temperature, a more massive initial hydrogen envelope or a mixture of the two
to agree with thd g, f.g andf’y presented in this paper, since these components both permit
larger mass donor stars and smaller mass accretors with an increased mass transfer rate.

3.7 Conclusions

| presented new timing measurements for HM Cnc following an optical observing campaign
to monitor the binary over the last 20 years. | meastigeprecise to the 0.03% level while
obtainingfy = ( 5:38 2:10) 10 2?7 Hzs 2. The ephemeris af rms that the orbital
frequency is still increasing, however the negatfyeimplies that HM Cnc may reach a
maximum frequency withi2100 800yrs from now.

Then, | outlined a method whereby knowiftg provides a tight condition on the
present state of the system. | used MESA to explore the DWD AM CVn con guration.
Since the presence of hydrogen is directly witnessed in the HST spectra, | surveyed multi-
ple masses of donor hydrogen envelopes with combinations of permitted donor and accre-
tor masses. My best model for a cool and initially hydrogen-rich donor indicates system
masses of M 0:17M and M, 1:.0M . The modelis able to reproduce the observed
ephemeris, the hydrogen envelope fraction and the location of the direct impact spot, though
suffers from nding a mass transfer rate higher than suggested from X-ray observations if
a distance of less than 5 kpc is to be assumed. Furthermore, my model indicates that, after
reaching a maximum frequency, the orbital frequency will decrease as the orbital separa-
tion increases, such that the binary is unlikely to merge unless an imminent helium-powered
nova event [Shen, 2015] or a sub-Chandrasekhar mass type la supernova [e.g. Shen et al.,
2018b] is to occur.

My MESA models predict that HM Cnc'ég is close to that expected from the
purely general relativistic orbital decay for two point masses. This means that the ob-
served system chirp mass3203 0:0001M ) is re ective of the true system chirp mass
(0.3347M fora 0.17M + 1.0M combination) and predicts a characteristic strain of
2.67 10 19/Dypcafter a4 year observation time with LISA. Furthermore, 2 0.171.0 M
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star mass pairing, an inclination of38 [Roelofs et al., 2010, although this could differ if

the radial velocities are misleading, see Section 3.6.3] and a gravitational wave polarisation
angle of0 generate a LISA SNR of 147 after a 4 year mission for a distance of% kpc
Even at 5kpc, HM Cnc will be one of the highest SNR binary star systems detectable by
the LISA spacecraft and is still an ideal reference source for the TianQin spacecratft.

8https://heasarc.gsfc.nasa.gov/lisa/lisatool/
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3.8 Proper motion deduction

Figure 3.9: Individual measurements of the right ascensiqrtdp) and declination (
bottom), displayed as light grey crosses. Black circles are binned measurements in one
thousand day intervals, starting at BJD=52500. The best- t proper motions are displayed as
a solid grey line, with upper proper motion limits constrained in Section 3.4.2. An arti cial
error has been added to thé of all nights in quadrature, such that the reducédof

the best- t proper motions is one. The single red point on each plot marks the Gaia DR3
coordinate of HM Cnc stated. These Gaia data points are not included in the proper motion
ts since they are not impacted by atmospheric refraction. The majority of observations are
from ULTRACAM, which has a pixel scale of ®%er pixel on all telescopes.
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3.9 Timing solutions and observing log

Table 3.4: The full list of optical timing solutions addressed in this study. All solutions are
raw extracted values for each individual Iter; the phasing corrections of Table 3.3 and the
0.014 cycle " ickering error' discussed in Section 3.5.4 were not applied to these presented
values. A clear lter indicates that non- Itered white light was incident on the detector. In
the instrument column, UCAM, USPEC and HCAM are abbreviations for ULTRACAM,
ULTRASPEC and HIPERCAM. The time columns use the BMJD, TDB, UTC system.

52636.193912 0.000025 TNG DolLoReS
52637.116848 0.000017 TNG DoLoReS
52645.084430 0.000015 NOT ALFOSC Clear
52646.055759 0.000012 NOT ALFOSC Clear
52647.090283 0.000008 NOT ALFOSC Clear
52647.142372 0.000022 TNG DoLoReS B

52675.938780 0.000055 NOT ALFOSC Clear
52677.036455 0.000020 NOT ALFOSC Clear

Time Time  Telescope Instrument Filter
51634.033908 0.000067 ESO 3.6m EFOSC B
51911.047491 0.000026 TNG DolLoReS B
51911.103190 0.000052 TNG DoLoReS B
52225.293041 0.000032 VLT FORS R
52580.316805 0.000020 VLT FORS R
52583.230663 0.000023 TNG DoLoReS B
52619.187101 0.000034 VLT FORS R

Vv
B

52679.035021 0.000050 TNG DoLoReS B
52709.937606 0.000038 TNG DoLoReS B
52710.019443 0.000075 TNG DoLoReS \%
52738.901426 0.000038 TNG DolLoReS B
52760.905962 0.000021 TNG DoLoReS B
52779.907568 0.000067 WHT UCAM '
52780.897276 0.000072 WHT UCAM i’

52780.901042 0.000021 WHT UCAM g
52780.901073 0.000051 WHT UCAM u'
52781.894725 0.000060 WHT UCAM u'
52781.894733 0.000084 WHT UCAM i’

52781.894763 0.000025 WHT UCAM g
52782.892068 0.000062 WHT UCAM u'
52782.892226 0.000090 WHT UCAM i

52782.899519 0.000034 WHT UCAM g
52784.883031 0.000099 WHT UCAM u'
52784.883042 0.000034 WHT UCAM g

52784.883089 0.000113 WHT UCAM
52955.260171 0.000070 WHT UCAM

c
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Time Time  Telescope Instrument Filter
52955.260253 0.000057 WHT UCAM g'
52955.260287 0.000058 WHT UCAM i’
52957.191561 0.000039 WHT UCAM g
52957.191619 0.000075 WHT UCAM u'
52957.195317 0.000112 WHT UCAM i’
52973.238365 0.000018 INT WFC Clear
53023.123751 0.000029 NOT ALFOSC Clear
53024.147096 0.000046 NOT ALFOSC Clear
53053.080944 0.000027 NOT ALFOSC Clear
53142.904373 0.000035 TNG DoLoReS B
53461.954123 0.000023 TNG DoLoReS Vv
53701.264987 0.000008 VLT UCAM g'
53701.264993 0.000016 VLT UCAM r
53701.265027 0.000023 VLT UCAM u'
53702.232700 0.000027 VLT UCAM u'
53702.240109 0.000009 VLT UCAM g'
53702.243817 0.000016 VLT UCAM r
53702.288476 0.000020 VLT UCAM u'
53702.292164 0.000014 VLT UCAM r
53702.292206 0.000007 VLT UCAM g
53702.329385 0.000013 VLT UCAM r
53702.329398 0.000008 VLT UCAM g
53702.329419 0.000023 VLT UCAM u'
53702.359121 0.000016 VLT UCAM r
53702.359124 0.000011 VLT UCAM g'
53702.359171 0.000034 VLT UCAM u'
53703.244843 0.000026 VLT UCAM r
53703.244848 0.000013 VLT UCAM g'
53703.244881 0.000062 VLT UCAM u'
53703.267148 0.000016 VLT UCAM r
53703.267165 0.000009 VLT UCAM g
53703.267165 0.000024 VLT UCAM u'
53703.296927 0.000013 VLT UCAM r
53703.296960 0.000021 VLT UCAM u'
53703.300648 0.000008 VLT UCAM g
53703.334140 0.000016 VLT UCAM r
53703.334146 0.000008 VLT UCAM g'
53703.334180 0.000032 VLT UCAM u'
53703.356451 0.000013 VLT UCAM r
53703.356470 0.000008 VLT UCAM g'
53703.360202 0.000024 VLT UCAM u'
53764.997223 0.000025 TNG DoLoReS Vv
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Time Time  Telescope Instrument Filter
53765.983439 0.000018 TNG DoLoReS B
53788.136902 0.000030 TNG DoLoReS Vv
53797.015987 0.000019 TNG DoLoReS B
54149.909394 0.000040 TNG DoLoReS Vv
54149.957790 0.000044 TNG DoLoReS B
54209.968478 0.000032 TNG DoLoReS \%
54394.235140 0.000012 WHT UCAM g
54394.235166 0.000023 WHT UCAM r
54394.235184 0.000029 WHT UCAM u'
55532.296391 0.000031 NTT UCAM u'
55532.300001 0.000040 NTT UCAM i’
55532.303745 0.000011 NTT UCAM g'
55947.917226 0.000026 WHT UCAM r
55947.920928 0.000013 WHT UCAM g
55947.920960 0.000027 WHT UCAM u'
56211.250500 0.000048 WHT UCAM u'
56211.250541 0.000027 WHT UCAM g'
56211.250555 0.000049 WHT UCAM r
56214.168047 0.000047 WHT UCAM u'
56214.168116 0.000019 WHT UCAM g
56214.168116 0.000034 WHT UCAM r
56342.883367 0.000113 INT WFC Clear
56658.071653 0.000030 WHT UCAM r
56658.071729 0.000028 WHT UCAM u'
56658.075349 0.000018 WHT UCAM g
57037.085934 0.000034 WHT UCAM u'
57037.089626 0.000017 WHT UCAM g'
57040.181994 0.000026 WHT UCAM u'
57040.185668 0.000013 WHT UCAM g'
57040.185680 0.000024 WHT UCAM r
57700.349106 0.000025 NTT UCAM g
57700.349118 0.000049 NTT UCAM r
57700.352702 0.000089 NTT UCAM u'
57702.347290 0.000019 NTT UCAM g'
57702.351091 0.000059 NTT UCAM u'
57702.354797 0.000039 NTT UCAM r
58044.245911 0.000064 WHT HCAM i
58044.246005 0.000045 WHT HCAM ¢
58044.246034 0.000021 WHT HCAM sg
58137.164798 0.000040 NTT UCAM su
58137.183422 0.000026 NTT UCAM ¢
58137.190855 0.000014 NTT UCAM sg

94



Time Time  Telescope Instrument Filter
58431.326300 0.000015 NTT UCAM sg
58431.326373 0.000058 NTT UCAM i
58431.330021 0.000040 NTT UCAM su
58494.047163 0.000015 GTC HCAM i
58494.047164 0.000008 GTC HCAM ¢
58494.047166 0.000006 GTC HCAM g
58494.047172 0.000039 GTC HCAM sz
58494.047174 0.000015 GTC HCAM  su
58879.239177 0.000051 NTT UCAM su
58879.246677 0.000019 NTT UCAM sg
58879.250316 0.000078 NTT UCAM i
58880.746361 0.000037 TNO USPEC KG5
59259.711306 0.000032 TNO USPEC KG5
59281.643978 0.000046 TNO USPEC KG5
59526.333033 0.000020 NTT UCAM sg
59526.336784 0.000050 NTT UCAM su
59527.319131 0.000044 NTT UCAM su
59527.319145 0.000017 NTT UCAM sg
59527.319175 0.000057 NTT UCAM i
59528.346290 0.000045 NTT UCAM sg
59528.346293 0.000075 NTT UCAM su
59528.346385 0.000079 NTT UCAM i
59642.131890 0.000019 NTT UCAM sg
59642.131937 0.000046 NTT UCAM su
59642.132033 0.000102 NTT UCAM i

95



0'%0'T -Buisss ul sare|4 099 00T AVYON 1HM 1b.n T/€0/5 ¥T1-TO-ST0C

Go Buieas FAVAS] 00T NVON 1HM J4.06.n 085995 TE-ZT-€T0C

o8 Buieas 667 g8 VDN IHM  JA.B.n THTZ9S €T1-0T-2T02

0% Buiess A4S 0’8 NVON 1HM 40,0 Z'TT29S 0T-0T-2T02

G'dg0'T Buleas €EelT 00T ANVON 1HM 40.n 6/¥655 TZ-T0-2102

SPNOJ2 JUSNIWIBIG G0’ T Buleas 9'€6T L'6T ANVYON 1IN 1B.n €2e555 T0-2T-0T0C

2d0'T Buess rAY40)} L6 NVON 1HM JBn ZveeErS 02-0T-2002

QF > Bbueas, 6'G6T ST NVON 1A J4.06.n €¢e0/e5 82-TT-500¢

Qg > Buleas, §'STZ ST WvYON 1A 46BN g20.8S 12-TT-5002

G'dr0'T 19ve] ‘Bureas Jood Ajemul. G'/0T o€ VDN 1IN 4B 271085 92-TT-S002

€050'T buiees g'Ge 00T AVON IHM  1.B.n T26625 €TI-TT-€002

0% Buiess T°99 00T ANVON 1HM 1B6.n Z'66625 TT-TT-€00C

&J bureas, AN N7 8'6 ANVYON 1HM 1B.n 618/25 SG2-G0-€002

QF Bureask ¥'29 8'6 ANVYON 1HM 16.n 628/25 €2-50-€00C

Q;F Bureas, 6'LS 8'6 ANVYON 1HM 1B.n 6718/25 22-S0-€00C

%dJ Buieasy Z'€s 8'6 AVON IHM  1B.n 60825 T2-S0-€002

0% S'T Puiess €0¢ 0'0¢ ANVYON 1HM 1B.n 66./25 02-S0-£002
sjusWIWOo) (uiw) uoneuing (s) @ousped uswnasu] adoodsajgl  SsIdAYI4 PYarin 1yBIN

‘pasAjeueal ate ybnoyl ‘[2002] ‘e 18 soueg ul pajuasaid alom

Jey ejep a1edIpul SIUBWIWOD PAXYSUBRISY "NVIHIdIH Pue OD3dSYHLIN ‘INVYOVHLTN J10) suoneirsiqge ale NYOH pue D3dSN ‘NvON
‘UwN|o9 uBWNISuUI ay) uj ‘pouad Bulniasqo ay) Jo anuad ayl 1e driN 2yl eifilt “uonisinboe Jaye 106.1e1 U0 Sem adoasalal ayl eyl awin

ay) sjuasaidal uoneinp ayl ‘spnojo Aq paoedwi Ajgeadnou 1ou si ybiu e ‘SJuawiwiod syl Ul pauonuaw SSajun ‘paurelqo am eyl erep ayl
10J SUONIPUOI BY1 aJe a|gel SIYl Ul papnjoul "T'{'E€ UoNdas ul paid saipnis areudoidde ayl 1e punoj aq ued vIRP [RAIYIIER YIIM SUOIBAISSYO
JO s|re1dd "03dsSvSdlIN Jo WvOVHLTIN ‘NVOd3dIH yim sn Agq palinboe suoleaiasqo aud AH (e jo Bo| Buiniasgo uy :g'¢ ajqel

96



6'0f3u199s

V'Q.T 9T DO3dSN ONL

¥'T59'T Buleas L’'96 ¢¥%T 23dSN ONL
g Tfuess ¢'09T ¥'ST 23dSN ONL
6 buleas €er 00T WVOH 219
g1 buleas 8¥¢ 6€T WNVOH 1HM
goT buleas 7’1, 00T WVONn 1IN
ToT Buisas ¥’0¢ 00T WNWVvONn 11N
%J—0'T buiess L'62T 00T WvON LIN
"'SUONIPUOD POOS) 'SaNsSIsNJIo4 9%/ 00T INVON 1IN
Gol Buiees 8'/¥T 00T WVON 1IN
goT Bulses .78 00T WvVON 1IN
Gol Buleas TIPT 00C WVON LIN
Zop Butess 699 00T WNWVON 1IN
Goh Puleas 7’'S€ 00T WvON 1IN
¥'§5-0'T Buleag 2'/0T 00T WVON L1HM

panuiuod "

GOM
SO
GOM

wN w_ w._ wgm
wN m_ w..@m

S| mgm
m_ wgw
mr wgw
m_ mgw
S _ wgm
wr mgm
w.b m?w

J.6.n
J.6.n
J.06.n

9182695
L'6G26S
£'08889
0'v6v89
¢'vv089
T'2v96S
€'8¢4659
€'1256S
€'9¢4565
2’61889
€TEY8S
¢'LETBS
€¢0.L.S
€00..S
¢'0v0.LS

80-£0-T20¢
¥1-20-120¢
T0-20-020¢
0T-T0-6T0C
LT-0T-LT0C
€0-€0-2¢0¢
60-TT-1¢0¢
80-TT-T20¢
L0-TT-1¢0¢
0€-T0-020¢
80-TT-8T0¢
8T-10-8T0¢
60-TT-9T0¢
L0-TT-9T0¢
LT-T0-STOC

97



3.10 MESA input models

Table 3.6: The initial parameters of the MESA models presented in Fig. 3.7. The donor
mass stated includes the mass of the diffused hydrogen envelope. The present day system
mass is not the combination of the starting masses due to the mass loss mechanisms invoked,
as discussed in Section 3.6.2.

Mbonor(M ) Maceretor(M ) H Envelope (10°M ) Fig. 3.7 Label
0.16 1.20 0.1 0.156 M+ 1.202M
0.16 1.30 0.1 0.156 M+ 1.302M
0.17 1.00 0.1 0.167 M+ 1.001 M
0.16 1.20 1.0 0.156 M+ 1.202M
0.17 1.00 1.0 0.166 M+ 1.002 M
0.17 1.20 3.0 0.162M+1.205M
0.17 1.30 3.0 0.162M+1.305M
0.18 0.95 3.0 0.172M+ 0.955M
0.176 1.25 5.6 0.163M+ 1.258 M
0.179 1.15 5.3 0.169M+ 1.156 M
0.195 0.85 4.9 0.183M+ 0.856 M
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Chapter 4

An eclipsing 47 min double white
dwarf binary at 400 pc:
WDJ022558.21-692025.38

James Munday, P.-E. Tremblay, J. J. Hermes, Brad Barlow, Ingrid Pelisoli, T. R. Marsh,
Steven G. Parsons, David Jones, S. O. Kepler, Alex Brown, S. P. Littlefair, R. Hegedus,
Andrzej Baran, EImé Breedt, V. S. Dhillon, Martin J. Dyer, Matthew J. Green, Mark R.
Kennedy, Paul Kerry, Isaac D. Lopez, Alejandra D. Romero, Dave Sahman, Hannah L.
Worters

Contribution of co-authors

The source was discovered in a short-cadence search for rapid variability with the TESS
spacecraft led by authors #3 and #9. Observations used in this study were obtained and/or
reduced by all authors except #2 and #8. Author #2 performed spectral tting to the stacked
spectrum of the target presented in Section 4.2.2. Author #8 offered support to the PHOEBE
package by activating a routine for Doppler beaming, that was necessary to include in this
system. All authors contributed with comments on the manuscript during the submission/re-
vision process by supplying key ideas to explore in creating the nal version of the study.
All other components and the leading of the study were performed by me.
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Abstract

We present the discovery of the eclipsing double white dwarf (WD) binary WA235821
69202538 that has an orbital period of 47.19 min. Following identi cation with the Tran-
siting Exoplanet Survey Satellite, we obtained time-series ground based spectroscopy and
high-speed multi-band ULTRACAM photometry which indicate a primary DA WD of mass
0:40 0:04M anda0:28 0:02M mass secondary WD, which is likely of type DA as
well. The system becomes the third-closest eclipsing double WD binary discovered with a
distance of approximately 400 pc and will be a detectable source for upcoming gravitational
wave detectors in the mHz frequency range. Its orbital decay will be measurable photomet-
rically within 10 yrs to a precision of better than 1%. The fate of the binary is to merge in
approximately 41 Myr, likely forming a single, more massive WD.
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Table 4.1: Observed parameters of J028920 taken frontsaia DR3 with reference epoch
2016-01-01. The quoted distance measurement is taken from the method described in
Bailer-Jones et al. [2021].

Parameter Constraint

RA 36.492414189 deg 0:035mas
Dec 69:34049573leg 0:035mas
PM RA 11:720 0:046masyr !
PM Dec 25500 0:049masyr !
Parallax 2:478 0:038mas

BP 16:305 0:004mag

G 16:398 0:001mag

RP 16:600 0:007mag
Distance 402653 pc

Source ID 4693541467955966848

4.1 Introduction to WDJ022558.21-692025.38

Eclipsing DWD binaries offer the most precise system characterisation and those with sub-
hour orbital periods have the potential for their orbital decay to be measured observationally
within decades. In this paper, we present the discovery of such a compact and eclipsing
DWD binary with orbital period of 47.19 min. Its binarity was discovered using the Tran-
siting Exoplanet Survey Satellite [TESS, Ricker et al., 2015], making it one of the shortest-
period detached binary discoveredtySSo date. Compared to the characterised eclipsing
DWD binary sample, WDJ 022558.2592025.38 (hereafter J0225920) is located rel-
atively nearby in the Galaxy at a distance of approximately 400 pc; at the time of writing,
J0225 6920 becomes the third-closest eclipsing DWD discovered after NLTT 11748 [Ste-
infadt et al., 2010] and GALEX J1717+6757 [Vennes et al., 2011], both being of distance
180pc.

The observations are discussed in Section 4.2 followed by spectral modelling in
Section 4.3. Then, | address light curve modelling and derived system parameters in Sec-
tion 4.4. | close by discussing the projected orbital decay of JOB220 in Section 4.5.

4.2 Observations

4.2.1 Photometry

J0225 6920 was identi ed as a DA white dwarf by Kilkenny et al. [2015, EC02251-6933]
and classi ed by Gentile Fusillo et al. [2019, 2021] as a high-probability white dwarf
(Pwp > 0:95). J0225 6920 was part of a 2min cadence program WitaSSin Sec-
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tors 27, 28, and 29 (program G03124, TIC 631238061). During this program, we saw clear
eclipsing signatures in J022%920 that showed the system to be a DWD binary, although
its orbital period was not immediately clear from boxed-least-squares periodogram aliases
of 23.5 min and 47 min. To distinguish the orbital period, we initially obtained (white light)
data from the 0.41 m PROMPT-1 telescope [Reichart et al., 2005], data from the 1.6 m Pico
dos Dias Observatory (BG40 lter) and data from the South African Astronomical Obser-
vatory (SAAO) 1.0 m Lesedi telescope (white light). These revealed distinct primary and
secondary eclipses for a 47 min orbital period.

Following identi cation, we then observed J0226920 with the high-speed pho-
tometer ULTRACAM [Dhillon et al., 2007] mounted on the ESO 3.5m New Technology
Telescope (NTT) during ve nights in July 2021. Observations were simultaneously taken
using the Super SDS&;, gs andig Iters [Dhillon et al., 2021]. We later observed with
ULTRACAM on the NTT over three nights in September 2022 in the Super SRSE§;
andrg lters. In total, we observed more than 15 hrs on target with ULTRACAM. A full
observing log is supplied in Appendix 4.4.

All data were debiased and at- elded; the SAAO and PROMPT-1 data with cus-
tom scripts, and the ULTRACAM data using the HIPERCAM reduction pipeline [Dhillon
et al., 2021]. Dark-current subtraction was additionally performed for the ULTRACAM
data because of its hotter operational temperature. The ux of JO@280 was extracted
through differential aperture photometry using a non-variable comparison staGaith
DR3 source ID 4693540643322249216. | used a variable aperture size that re ected the
seeing at the time of observation setlt8 the full-width at half-maximum of the stellar
pro le. All mid-exposure time-stamps were placed on a Barycentric Modi ed Julian Date
(BMJD) Barycentric Dynamical Time (TDB) time frame.

4.2.2 Spectroscopy

We obtained time-series long-slit spectra from the 4.1 m SOAR telescope with the SOAR
Goodman spectrograph [Clemens et al., 2004] in October 2020. We observed with a 930
1mm ! grating and a slit-width of ® resulting in a resolution of 1800with a
wavelength coverage 8600-5275A. 43 consecutive spectra were obtained with exposure
time 180 s and a 7 s readout time between adjacent exposures. FeAr arc lamp spectra were
taken immediately before the rst and immediately after the nal spectrum. To avoid any
possible drift to the wavelength solution extracted from FeAr arc lamps, we placed a second
star (Gaia DR3 4693540643322249216) on the slit and calibrated the wavelength solution
of each science exposure using the Balmer series of this comparison, i.e. the initial wave-
length solution was obtained in the reference frame of the comparison star. The systemic
velocity of the binary was measured from each set of calibrated spectra (see Section 4.3.2)
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Figure 4.1: Normalised Balmer absorption line pro les from the combined SOAR/Good-
man spectra, H through H. The observations are displayed in black, with the best- t
model overplotted in red. Each pro le is vertically offset for clarity. The displayed model
has a primary star ofer1 = 25 330K andlogg; = 6:99dex combined with a secondary
star of Tes2 = 13 750K andlog g, = 7:60dex. The secondary star's effective temperature
that is included here was derived from a single iteration of light curve tting using the

of a single-star t to the co-added spectrum.
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and the systemic velocity found through the FeAr lamp wavelength solution was used to
convert from the reference frame of the comparison star to that of the barycentre, retaining
the absolute wavelength calibration.

The signal-to-noise ratio (SNR) in each spectrum at the centre and wings of H
is approximately 15 and 23, respectively. These reveal clear Balmer absorption features
indicating that the brighter component is a DA WD (see Fig. 4.1). Double-lined features in
the spectrum were searched for, particularly at Hut were not obviously apparent. No
metals nor helium spectral lines were detected in the spectra.

4.3 Spectroscopic analysis

4.3.1 Atmospheric Parameters

The reduced spectra were co-added with a common rest wavelength. The normalised
Balmer line pro les of the co-added spectrum were then t with the DA WD models of
Tremblay et al. [2011, 2015]. Fitting the spectrum with a single DA WD model to represent
the primary sté, we constrain the atmosphere of the brighter compdrteritave a surface
gravityloggs = 7:07 0:04dex andTe.1 = 24250 310K.

In an attempt to retrieve the surface gravity and temperature of the secondary star,
and improve the accuracy of the primary star parameters, photometric ux measurements
from wide- eld surveys were utilised and used for tting two unique WDs to the combined
SED. At the time of nishing this studyaia DR3 andSkyMAPPERWOIf et al., 2018]
survey data were available, which were utilised to model the photometric and spectroscopic
data simultaneously. The ux measurements were dereddened with an extinction constant
of Ay = 0:09 [Gentile Fusillo et al., 2021] following the reddening prescription of Fitz-
patrick and Massa [2007] witRy = 3:1. The WD models require a conversion from
an Eddington ux to a ux observed at Earth, so a posterior distribution on the tted dis-
tance was enforced based on thaia DR3 parallax stated in Table 4.1. A single DA WD
model to the dereddenddaia photometric uxes yieldsTes = 22500 910K [Gentile
Fusillo et al., 2021], which places a minimum temperature on the primary star since the ux
contributed from the cooler companion weights a single star t to cooler temperatures.

All dereddened photometric ux measurements and the normalised Balmer pro les
were then simultaneously t with a DA+DA model and enforcégk, = 13 750K. This
temperature measurement was guided by the results of my light curve tting in Section 4.4

1| follow the convention in this paper that the primary star is the hotter and brighter WD.

2| present errors on the atmospheric constraints of the stars by combining in quadrature the statistical error
from 2 tting with an external error of 1.2% folfe.1 and 0.038 dex folog g; [Liebert et al., 2005]. This is
primarily to account for the error induced from ux calibration of spectra.
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Figure 4.2: Left: Extracted radial velocity measurements of JOB2R0 withK1 =
2240kms tand =1:6kms ! overplot. Right: Stacked observations of J028920 as
a function of phase with bin widths of 0.2 cycles, magni ed on.HA trailed spectrogram
is additionally provided in Appendix 4.8.

when using the measuréds1 from a single star model to the co-added spectrum. The
goals from tting a DA+DA model were to improve the accuracy of the primary temperature
by including the ux from a WD companion and to gain a measurement of the secondary's
surface gravity. Pier-Emmanuel Tremblay obtained resulfe®f = 25330 330K, with
logg; =6:99 0:04dex andogg, = 7:60 0:23dex (see Fig. 4.1). Interpolation of these
parameters with WD atmosphere models indicate a primary madg ef0:35 0:01M
for a helium core [Althaus et al., 2013] andl; = 0:27 0:01M for a carbon-oxygen
core [Bédard et al., 2020] WD. A hybrid carbon-oxygen/helium core composition is also
possible, and predicted masses for this composition are similar to pure-helium masses at the
primary temperature [Zenati et al., 2019]. Although both a carbon-oxygen and helium core
WD would be possible core compositions for the primary depending on the evolutionary
path of the system, carbon-oxygen-core WDs are not expected below roughly 0.33 M
[Prada Moroni and Straniero, 2009], so | only consider solutions with a helium-core primary
going forward. The core composition of the secondary is unclear from spectral analysis
alone due to its large surface gravity error.

Lastly for atmospheric analysis, a DA+DBA WD spectral t was performed with
Tef:2 @gain xed at 13 750 K and two inconsistencies were found; this model signi cantly
under-predicted the ux of the weakest Balmer transitions and a He | absorption feature
(4471 A) would be apparent, which is not in the observed spectrum. | consequently pre-
dict that the companion has a hydrogen rich atmosphere, perhaps of type DA also. This
DA+DA WD prediction leads us to assume the spectroscopic results from the DA+DA
model t for the remainder of the paper, as listed in Table 4.2.
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4.3.2 Radial Velocities

| then searched for any radial velocity variations in the normalisedborption-line pro-
le by modelling the full set of spectra simultaneously following the methods outlined in
Section 2.5.5. The line pro les themselves were t with a 2-Gaussian component similar
to all spectra, each having a standard deviatigfg, an amplitudeAa s and a common
central wavelength solved through equation 2.13. A negligible difference was found utilis-
ing a Gaussian, Lorentzian or Voigt line pro le, or a combination of each to the measured
radial velocities. One of these Gaussian components serves to model the broad local ther-
mal equilibrium (LTE) component of H, while the other models the non-LTE component
which is well described by a Gaussian pro le. Overall, this meant tha, apg and
Aapg were all free parameters. To reach a solution, | iteratively trialed parameter combi-
nations using a Markov Chain Monte Carlo (MCMC) algorithm with the Python package
EMCEE [Foreman-Mackey et al., 2013], minimising thé between the model and the set
of observed spectra. | chose this method to reduce the impact of the input absorption line
model on the resultant measured semi-amplitude, where instead the shape of the Gaussian
components are dynamically solved to when obtaining a best t solution.

| measureK1 = 224:0 44kms tand = 1:6 41kms . For clarity, |
also extracted radial velocity measurements independently of orbital phase (as listed in Ap-
pendix 4.10) by keepinga.z andAa.g Xxed from a best- t to the stacked spectrum. Ra-
dial velocity errors are reported as the standard deviation of 1000 bootstrapping iterations.
These measurements and thekt and are plotted in Fig. 4.2. It is important to note,
however, that the measured radial velocity amplitude may be underestimated due to the
contribution of light from the companion in anti-phase. Even though absorption lines from
the companion are not obviously apparently (see Fig. 4.2), its contribution can be signi -
cant [e.g. Hallakoun et al., 2016]. To check if this has a signi cant impact in J0B230,
| searched for a consistent radial velocity amplitude across all Balmer lines by measuring
those of H H , nding them to be within 2 of each other; H being the largest. Light
curve modelling to the photometry alone agreed best with the radial velocity dsée
Section 4.4.2). As such, | report the radial velocity amplitude ofdd that of the system.

4.4 Binary Modelling

4.4.1 Ephemeris

To determine the orbital ephemeris, | simultaneously searched for an orbital period using the
photometry from all detectors and Iters using the multi-band Lomb-Scargle periodogram
package of VanderPlas and IveZR015]. By tting individual eclipses with my best- t
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Table 4.2: Spectroscopically determined system parameters from the normalised Balmer
line tand the tsemi-amplitude to H (following the method described in Section 4.3).

Parameter (Spectroscopy) Value

Primary Temperature Tef1 = 25330 330K

Primary Surface Gravity logg; =6:99 0:.04dex

Secondary Surface Gravity logg, = 7:60 0:23dex

Systemic Velocity =1:6 41kms?

Primary semi-amplitude K, =224:0 4:4kms !
Table 4.3: J02256920 system parameters. All quoted measurements originate from a
tto K, and the ULTRACAM light curves only. Errors are quoted as th® aéd 84"
percentiles of the post-burnin MCMC posteriors.

Parameter (Photometry) Value
Period 0.03277099777(24)d
Primary mass M1 =0:40 0:04M
Primary temperature T1 =25550 200K
Primary radius R1=0:0291 0:0010R
Secondary mass M,=0:28 0:02M
Secondary temperature T, =14350 100K
Secondary radius R, =0:0244 0:0007R
Inclination i =85:25 0:06deg
Primary surface gravity logg; =7:11 0:06dex
Secondary surface gravity loggy =7:11 0:04dex
Mass ratio g= M,=M; =0:70 0:09
Relative squared radii (R,=R1)2=0:70 0:06

Primary semi-amplitude K1 =240:1 156kms !
Secondary semi-amplitude K, = 343:0 21:9kms !
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synthetic light curves for the ULTRACAM data (see Section 4.4.2), | was able to re ne the
ephemeris to a higher precision. The orbital ephemeris that | obtain, centred on the primary
mid-eclipse, is

BMJD 1pg = 59403:299199(90) + 003277099777 (243 (4.1)

4.4.2 PHOEBE

I modelled the ULTRACAM light curves using the PHOEBE package [PrSa et al., 2016;
Horvat et al., 2018; Jones et al., 2020; Conroy et al., 2020] to constrain the system compo-
nents. | used blackbody spectra to compute the emergent lwadiation is treated using

the "Horvat' method outlined in Horvat et al. [2019] and a perfect re ection (an albedo of
one) for both stars is assumed. The same Galactic reddening treatment as in Section 4.3.1
was applied, which has a small effect on the light curve morphology but is most impactful

to the eclipse depths [e.g. Jones et al., 2020]. The synthetic light curves do not include the
contribution of gravitational lensing, however, its impact on the emergent ux is suspected
to be negligible for this system, amplifying the received ux by far less than 1% [Marsh,
2001].

Limb darkening and gravity darkening coef cients were interpolated uniquely for
the two stars using tabulated values that are speci c for the Super SDSS passbands. For
limb darkening, | used a power-law prescription with its coef cients set according to the 3-
dimensional WD models of Claret et al. [2020b], or the 1-dimensional WD models of Claret
et al. [2020a] when the 3-dimensional grid boundaries were exceeded. Gravity darkening
coef cients were interpolated from the tables of Claret et al. [2020a]. In each case, the
interpolation was dependent on the effective temperature and the surface gravity of the
respective star for a trial synthetic model.

| also reactivated the Doppler beaming functionality of PHOEBE 2.2 and pass
beaming coef cients of Claret et al. [2020b] The synthetiK 1 andK » are solved dy-
namically in PHOEBE as a function of phase (which is to say through Keplerian geometry)
and incorporate the impact of gravitational redshift. The effect of smearing from a nite
exposure time was corrected for assuming exposures of 9s instband and 3s in the
Os; s andig bands (see Table 4.4).

To obtain a system solution, | implemented an MCMC algorithm using EMCEE

*WD model atmospheres are not currently available in PHOEBE. Since there is ambiguity on the sec-
ondary's contribution to the measur@gk 1 (Section 4.3.1), the spectral energy distribution for WD atmospheres
would not be exact neither, making a light-curve extradgg an approximation.

“In PHOEBE 2, this feature was disabled due to concerns of the accuracy of beaming factor computation
from a non-implicit and tted trend of the SED. In the Claret et al. [2020b] models, the beaming factor is
calculated implicitly and integrated over the full SED. Therefore, the passed beaming constant is an accurate
representation.
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[Foreman-Mackey et al., 2013], where the goodness of t was determined by minimisation
of the 2 between the synthetic and observed light curves. | t synthetic photometry to the
ULTRACAM light curves simultaneously to improve the precision of the radii, masses and
the inclination of the system. Since blackbody models are considered, the spectral energy
distribution assumed for both stars in PHOEBE differs from that of a WD. The usage of
blackbody models causes little issue to gaers andis bands as the colour between each
band for WD and blackbody spectra is small, whereasithe gs colour deviates strongly.
To overcome these issues, | modelled todhers andis bands only and | set a Gaussian
prior for the primary star temperature based on the spectroscopic solution. With a nal
model, | then checked for consistency in tlaeband by allowing the temperature of the
secondary to be a free parameter. The secondary temperature is identical for each of the
other passbands.

| started by modelling independently Kf; and found a good t to the photometry
where the synthetiK ; was within the error of that measured, giving us con dence that the
measured ; in Section 4.3.2 is re ective of the true value. Following this test, | introduced
K 1 into the 2 minimisation. Overall, the mass, temperature and radius of the primary and
secondary star and the inclination of the system were free parameters in the MCMC. Only
Tefr:1 included a Gaussian prior while all other parameters had no set prior.

4.4.3 Binary parameters

The post-burnin results of the MCMC are presented in Table 4.3, with the best- tting binary
model displayed in Fig. 4.3. A corner plot diagram is included in Appendix 4.6 showing
the covariance between free parameters. A good model t to the light curve is obtained
about the eclipses and f&r,. Furthermore, the impact of Doppler beaming in quadrature
(which causes the observed ux to be larger/smaller as a star moves towards/away from the
observer) is well tin theus-band; the band impacted most signi cantly [see e.g. Claret

et al., 2020b].

From the light curve modelling, the primary star has an effective temperature of
25550 200K and for the secondard4 350 100K. Component masses and radii indicate
that both stars likely have helium cores, falling closely on the evolutionary tracks of helium-
core WD models [Althaus et al., 2013; Istrate et al., 2016], and that the system is detached.
The primary star's Roche lobe is 12% lled and the secondary's is 18% lled. Interpolation
of the masses and the temperatures of each WD with Istrate et al. [2016] cooling track
models that feature rotational and diffusional physics indicate cooling ages for each star
ofty 7Myrandt, 22Myr, such that the more massive primary star is the younger
of the two. The primary mass determined from light curve tting is consistent with the
spectroscopically predicted masdwf = 0:35 0:01M for a WD with a helium core (see
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Figure 4.3: Left: The ULTRACAM photometry phase-folded on the orbital ephemeris of
equation (4.1) and binned for clarity. PHOEBE synthetic light curves are overlaid in black.
The AB magnitude is displayed on the vertical axes where all buidHsand are vertically
offset bygs = 0:23magrs = 0:14mag ands = 0:16mag for clarity. Top right/Bottom

right: similar to the left-hand plot, but zoomed around the primary and secondary eclipses.
Both right-hand-side plots are zoomed insets, where the light curves from each lter are
manually offset in magnitude to enlarge the eclipses.
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Section 4.3.1). While thingg, = 7:60 0:23dex for a two-star spectral t shows a worse
agreement to the light-curve inferred parameters, the measurements agree at approximately
a 2 level, where such a difference could have been in uenced by the systematical errors
such as smearing of the secondary star to the co-added spectrum. The modelled parameters
indicate that the secondary is also likely a helium core WD.

4.4.4 Similarities with known systems

J0225 6920 bears a resemblance to the systems ZTF J1749+0924, ZTF J2029+1534 and
ZTF J0722-1839 [Burdge et al., 2020b]. These systems are also detached DWD binaries
with similar effective temperatures and masses to JOB220, each having a shorter or-

bital period. All of these systems likely exited a common-envelope phase under similar
conditions and follow a similar evolutionary history. In each binary, both stars are likely
helium-core WDs. The characterisation of these binaries has also been used in the study
of Scherbak and Fuller [2023] to investigate the common envelope ef ciency parameter,
from a second mass transfer phase. Given the similarity of JO@2280, my measurements

are consistentwith  0:2 0:4, as inferred by these authors.

A further two compact systems that are comparable to JOB220, having similar
star masses and temperatures, are SDSS J1152+0248 [Hallakoun et al., 2016; Parsons et al.,
2020] and CSS 41177 [Bours et al., 2014, 2015]. These eclipsing DWD binaries have an
orbital period of 144 min, and 167 min, respectively. J028920 appears to bridge the
period gap between all of these DWD binaries, which can be utilised in the future to study
the impact of tides on orbital decay [e.g. Piro, 2019].

Lastly, J0225 6920 is much alike SDSS J232230.20+050942.06 in regards to the
core composition, being the rst double helium-core, DWD, LISA veri cation binary dis-
covered [Brown et al., 2020a]. Systems such as these are vital gravitational wave sources
for data quality veri cation of LISA when launched, given that the gravitational wave fre-
guency and amplitude are solvable from the orbital parameters of the binary alone.

4.5 J0225 6920 as a gravitational wave source

The orbit of J0225 6920 will decay due to a loss of orbital angular momentum from grav-
itational wave radiation and tides. If one assumes that the decay is dominated by grav-
itational wave radiation, the inspiral will obey equation 1.9. Solving for the derived bi-
nary constraints in Section 4.4, this means that the predicted orbital frequency derivative is
f=(1:03 0:15) 10 ®Hzs Y or,R=( 827 121) 10 B¥ssl

The orbital decay can be precisely measured with continued observations using the
time of arrival of a given orbital phase, where a number of WD binaries have been char-
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acterised in this way through continued observations [Barros et al., 2007; Hermes et al.,
2012; de Miguel et al., 2018; Burdge et al., 2019a,b, 2020a; Munday et al., 2023]. The deep
eclipses of J02256920 make mid-eclipse timing the natural way to do so, where an earlier
eclipse arrival time is explainable by an orbital decay. The deviation of the eclipse timing
from a constant orbital period is dominated (to rst order)®if=2P for general relativis-
tic effects, witht the length of time following the rst eclipse. From the data presented in
this paper, the arrival time difference from the full span of data is currently a mere second,
however, the brighGaiamagnitudgG = 16:4mag and its0:2 mag deep primary eclipses
makes J02256920 an exemplar system for a measuRedhat can be utilised to probe
non-gravitational wave induced orbital decay in the future. This may arise in JGEZD
due to tidal dissipation [Benacquista, 2011; Piro, 2011; Fuller and Lai, 2012; Piro, 2019], in
which orbital energy transferred into rotational energy of the stars is the cause of a faster or-
bital decay. Additionally, measurement of the orbital decay constrains the chirp mass, thus
restricting the combinations of primary and secondary star masses for system modelling
[e.g. Munday et al., 2023].

| nd that timing of individual J0225 6920 primary and secondary eclipses in ideal
conditions with ULTRACAM is accurate t0:5s and2 s, respectively. Considering this and
the predicted orbital decay, | expect to obtain a period derivative precise to betteriban
after 5yrs or 1% after 10 yrs; the precision scaling with The observed deviation of the
centre of eclipse arrival time will be 4s and 15s after 5yrs and 10yrs. Furthermore,
the compact binary is ideally situated in th&SA frequency band, as shown in Fig. 4.4.
Its distance 0#026"%'3 pc and derived orbital parameters generates a characteristic strain
of (45 0:7) 10 20, with a projected SNR of:3  0:2 after a 4 yrLISAmission time,
or 221 04 after 10yrs [Wagg et al., 2022b,a]. J0228020 is thus a detectable ver-
i cation binary for LISA and will be the closest double helium core DWD veri cation
binary known to date; which is a class that is expected to comprise 31% of all LISA de-
tectable binaries [Lamberts et al., 2019]. For comparison, the second- and third-closest
double helium-core DWD veri cation binaries are SDSS J063449.92+380352.2 at 435 pc
and SMSS J033816.1613929.9 at 533 pc [Kilic et al., 2021b].

In the future, J02256920 is expected to merge into a single WD, likely undergoing
a hot subdwarf phase during which helium is burnt to form a carbon-oxygen core [Han
et al., 2002]. For a circularised binary star system under purely general relativistic orbital
decay, two stars will merge after a critical time calculable with equation 1.6l hence predict
J0225 6920 to merge withif(0:379R ) = 41 Myr.

“The data used to create Fig. 4.4 was obtained through https:/gitlab.in2p3.fr/LISA/lisa-veri cation-binaries.
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Figure 4.4 A plot of some of the currently knovidSA veri cation binary star systems,

with characteristic strains predicted from a 4 yr integration time. Systems that are listed
in Kupfer et al. [2024, see references therein] are incled@these binaries are separated
into the categories AM CVn, detached DWD or binaries comprising a hot subdwarf. The
addition of J0225 6920 to these veri cation binaries is depicted. The curved black line
represents the predicted detection thresholdl8A[Robson et al., 2019].
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4.6 Conclusions

I have discovered that J0225920 is an eclipsing DWD binary with an orbital period of
47.19 min. Multi-band light curve modelling indicates that the system likely consists of
two helium-core WDs, where the primary has a DA spectral type, having a pure hydrogen
surface composition, and the secondary likely does too. Its relatively close distance and
brightness makes the binary a prime candidate to measure the orbital period decay in the
future, key to investigate deviations from purely general relativistic orbital decay due to
tides. The binary will be a detectable source for th®A spacecraft, and | believe it is the

rst such DWD veri cation binary discovered by thEESSmission. J02256920 joins a

small sample of fully characterised DWD binaries which will merge within a Hubble time.

It is the closest double-helium-core DWD veri cation binary known to date; a class that is
expected to account for 31% of all LISA detectable DWDs [Lamberts et al., 2019].
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4.7 Observation Log

Table 4.4: An observing log of all J022%920 observations acquired with ULTRACAM
which were subsequently used for light-curve modelling. Nights were not noticeably im-
pacted by clouds. The duration represents the time that the telescope was on target after
acquisition. MJDQqg is the MJID at the centre of the observing period. All observations
listed here were taken with ULTRACAM on the NTT. Observations inukdter were 3

the cadence stated. ULTRACAM has a dead time of 24 ms between adjacent exposures.

Night Filters Cadence (s) Duration (min) Comments
2021-07-07 Qs is 3.0 89.8 Seeing 1%
2021-07-08 Qs s 3.0 21.9 Seeing 1%8
2021-07-09 Qs is 3.0 76.1 Seeing 1.1-1°%
2021-07-15 wWgsis 3.0 44.5 Seeing 1%0 >2.¢°
2021-07-16 Y Qs s 3.2 35.6 Seeing 19
2022-09-17 W Qs s 3.3 316.2 Seeing 1.8-22
2022-09-18 yOQs s 3.7 201.6 Seeing 1.8-29
2022-09-19 Qs s 3.2 142.1 Seeing 2%2spikes

4.8 Trailed spectrogram

Figure 4.5: A trailed spectrogram of the Hine of J0225 6920 from the SOAR Goodman
spectra. The centre velocity is set for a zero-velocity at wavelength 4861 A.
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4.9 Corner plot from Light Curve Fitting

Figure 4.6: A corner plot diagram of the PHOEBE light-curve-modelling using an MCMC
algorithm, showing the covariance of all free parameters.
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