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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, I present much undertaken research in the field 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 first and second chapter set the tone for the thesis. In Chapter 1, I introduce
white dwarf binaries as a field and the essential physical components, while in Chapter 2
I 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, I 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
I 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, I conclude the research presented in my thesis and address the
prospects for the future of the field, 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 around 107 K where nuclear fusion is initiated and a zero-age main sequence star is born
when the mass of the protostar is above approximately 0.08 M, otherwise the protostar
will become a brown dwarf. For single, isolated stars with a total mass up to approxi-
mately 8—10 Mg, 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 briefly 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 named 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 sufficient time to become
WDs. In turn, this symbolises that WDs can only exist in our galactic neighbourhood with
a mass of roughly 0.53 M, or 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.
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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 sequential pp-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 stratification is depicted in Fig. 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[I.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 significant, 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, P
is related to the density, p, by

P x pitn (1.1)

with n the polytropic index. For relativistic electron gases, n = 3, and for non-relativistic
gases, n = 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. and set a
maximum WD mass of

M3 = 5.728M, / 11 (1.2)

where the subscript represents a polytropic index of n = 3 and p is the nucleon to electron
ratio. For an ionised carbon-oxygen composition, ;1 = 2, giving rise to the well-known
Chandrasekhar mass limit of My, = 1.44 Mg, 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.[I.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 I absorption present, DCs are fea-
tureless, DOs have He II 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 first [Doyle et al., 2023]].
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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 configuration. The dotted and dashed lines are for non-relativistic and fully
relativistic polytropes, respectively. Smaller star masses have an asymptotic increase in
radius.
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Figure 1.3: A depiction of all WD spectral types mentioned in Section m The spectra
shown are from the Dark Energy Spectroscopic Instrument (DESI) and the plot is a modified

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., 2020bl 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 (= 5000 K for hydrogen lines, ~ 14 000 K 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.l |2011] or planet accretion [Gansicke
et al., [2019].

A few billion WDs are predicted to exist in the Galaxy [Napiwotzki, [2009]]. Obser-
vationally, we have identified 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 confirmed [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 My [e.g. Hollands et al.| 2018} [Kilic et al., |2020b]],
originating from an initial star mass of approximately 1.4 My [[Cummings 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., [2020bf]. Secondly, we
see multiple cases of apparently single, low-mass WDs (< 0.45-0.5 M) that, as mentioned
before, are physically unable to form from a single star evolutionary path given the age of
the Galaxyﬂ The presence of a close companion can fathom such a low mass WD, where I

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 qualification 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.l 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., 2012f]. 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 first, 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 fills and overfills the region at which matter is bound to its gravitational field, namely
the Roche lobe, and matter is accreted onto the companion through the first Lagrangian
point [Kopal, [1959; Paczynskil [1971]. This event occurs for intermediate mass stars when
the initial orbital period is 5 100 days. 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 overflowing 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 overflowing (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 fills and hence overflowing material can no longer pass through the first
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} Ivanova 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 [Ivanova et al., [2013al].

The general outline for compact binary evolution, including the timing of common
envelope phases, is depicted in Fig. The focus of this thesis is close double white
dwarf (DWD) binaries, whose formation requires two phases of mass transfer to exist at
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Figure 1.4: A graphic of compact binary star evolution from the start to the final 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 envelope: The more massive star is first 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 overflow 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 (< 0.45Mg) WDs to exist [Iben and
Tutukov, (1987} Bergeron et al. |1992; Marsh et al., [1995]] even though a 0.8 M, star, or a
WD below ~ 0.53 M, 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 envelope: The same as before, but there is unstable mass
transfer in the first 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 lobe: The first 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 overflow 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 (<0.3 Mg). Here, dy-
namo activity in the second star induced from binary interaction introduces a magnetic field
and magnetic braking becomes the dominant cause of the orbital separation decreasing fur-
ther (see Section|[I.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 overflow 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
[Li et al., [2019].

4) Roche lobe + Roche lobe: This 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 difficult 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} |[EI-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 significant case where
this perception can be deceiving. Picture a binary where the first 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 0.5-0.8 M, and has a long cooling time on
the order of 108 yr. 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 + jml + jmb + jls + jdi (1.3)

With the J’s here representing the angular momentum and J,,,1, being that of the orbit, J,;
being that due to mass loss, Jg; due to gravitational wave radiation, .J,;, due to magnetic
braking, .Jis due to spin-orbit coupling (tidal heating) and Jy; 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 losﬂ Here, a magnetic main sequence star has an outward-flowing stellar wind.
Charged particles in the stellar wind follow the magnetic field 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]],

Jab = —3.8 x 10750 Mys RY (RMSy < 2m >3 (1.4)
R Por

where in CV evolution, v = 2 is often used [see e.g.|Schreiber and Ginsicke, [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.l [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 overflows 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 fields 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, I note the recent study of [El-Badry et al|[2022]] who find 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]
jgr . 32 G3 MlMQ(Ml —|—M2)

Je 220 15
J 5 ¢ at (1.5

with G the gravitational constant, ¢ the speed of light, M; and M> the mass of the two stars
and a the orbital separation. Gravitational wave radiation becomes significant 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

96 G5 MiMyMyPon,  3Jaw
5 cd a*  Jo

Pow = Forb (1.6)
with M7 the total mass My + M,. Taking the derivative of equation [I.6] we see that the

second derivative of the orbital period is

. . 46 P . 8P P 5P .

and when gravitational wave emission dominates the orbital trajectory, Pgyy = — gpéw / Porb-
Evidently, PGW becomes significant only at small orbital periods when Porb / Porp is min-
imised.

Then two stars will merge after a critical time [Peters, [1964]]

5 aé c®

Tu(ag) = — —
(90) = 556 G ML (M, & )

(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 e = 0.001 [e.g.|Chandra et al.| 2021]].

The gravitational wave frequency is parameterised as fgw = 2/Po 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 GM\°?
fow == a* (63 ) e (1.9)
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and the dimensionless gravitational wave amplitude is

_2(GM)3

A cd

(mfaw)?® (1.10)
that are also dependent on the distance to the source, d, and the chirp mass

My My)3/°
M= M) (1.11)
(M 1+ Mg)l/ 5
For detection with gravitational wave spacecrafts, the characteristic strain of a binary can

then be calculated as [Moore et al.,[2015]]

he = v/ Neycle A (1.12)

where Neycle = fawTobs is the number of observed cycles of the binary over a time Tgps of
gravitational wave monitoring.

During the last tens of megayears of orbital decay, the rate of change of Jgr
becomes large enough that the gravitational waves radiated by the source remain strong
enough to be detected above the noise profile of upcoming gravitational wave detectors in
the millhertz regime. Crucially, gravitational waves propagate through space-time follow-
ing a 1/d relation, whereas the emitted flux from photons propagates as 1/d2. This hence
signifies that sources at further distances can still be detected and located via triangulation
when not possible in the optical. This is exemplified by Fig. [I.5] and there are multiple
systems that will serve as test subjects to calibrate the detectors, commonly referred to as
gravitational wave “verification binaries”.

A plot of the known verification binaries that the Laser Interferometer Space An-
tenna (LISA) will depend on, all of which lie significantly above the noise instrumental
background of the detector, are plotted in Fig. 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 overflow its Roche lobe like in AM CVn binaries, which are ultra-
compact binaries composed of a white dwarf accreting hydrogen-deficient 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 influen-
tial on the loss of orbital angular momentum to a similar magnitude [the torquing timescale

scales as P whereas the gravitational wave timescale scales as P3/3, e.g.|Piro, 2011]. When

13



1072

Galactic Coordinates (kiloparsec)
GW Frequency (Hz)

10—3

o

—25 —20 —15 —10 -5 0
Galactic Coordinates (kiloparsec)

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 verification binaries, figure taken from Fig. 4 of Kupfer et al.[[2024]]. The
characteristic strain of the binaries is computed with an assumed 7, = 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] )
b Faw =301/n)(Jwp/ Jow) P
tide —
1- 3JWD / Jorb

where 7) corresponds to a tidal locking factor for which n = 0 signifies no tidal effects and

(1.13)

n = 1 signifies 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 significant in between). The second period derivative due to

tides can also be written as [Piro, 2019]

- 3Jwp 4 PyePow P2, (1 3Jwp
P (1- - : _ Zide (2 1.14
tide < Torb ) 3 P P \3" 7. (1.14)

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 significant c) the need for long-term
orbital tracking of the binaries for P and P 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 (Po, = 12.75 min) and J1539+5027 (Pop, = 6.9 min). 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 or Porb observations as inaccurate. A well-understood
orbital trajectory from orbital angular momentum components is required to predict and un-
derstand the final 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 systems (Po, < 15 min) merits a separate
discussion.

When the donor of a binary initiates mass transfer, mass follows a ballistic trajectory

flowing out of the first 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|]

T~ 0.0883 + 0.04858 log ¢ + 0.11489log? ¢ — 0.020475 log® ¢ (1.15)
a

with ¢ = My/M,, and the radius at which the accretion stream would initially pass the

surface of the WD is approximately [Nelemans et al., 2001a]

Tmin

a

~ 0.04948 — 0.03815 log(q) + 0.047521og?(q) — 0.006973 log> () (1.16)

If the radius of the star is larger than rp;,, mass flows through the first Lagrangian point
with a trajectory that coincides with the accretor, such that accreted material directly im-
pacts its surface (Fig.[I.7). This acts as a further orbital angular momentum sink acting to

accelerating the inspiral, given as

: M
Jai = Jow/rn (1+ q)ﬁj (1.17)

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 confirmation 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 overflow 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 0.8 My and radius 0.01 R, a 0.25 Mg, 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 final 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, I will discuss their fate. From equation [[.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 binary with ¢ > 2/3
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 Lail [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 first to overflow 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]
J M, M, a M,
3:ﬁz ﬁj+%_TMtt (1.18)
with subscripts a, d and ¢ 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 flashes that eject material in nova eruptions, accelerating in-spiral. Considering
M; = f M, to track the total mass lost by the system, with f being 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

J My My M, a
—=—11 —1)— — f— — 1.19

J My < +(f )Ma f2Mt + 2a ( )
Converting all into units of the orbital separation with r;, = Ry /a, accounting both the
response of the donor, (., = dlnry/dIn My, and the evolution of the Roche lobe, (,, =
dlnrg/dln Ms, equation becomes

J My Cd — Crp, My My
—=— 14+ == —1)— — f—— 1.20
= (1St -3 - e (120)
Now we must also consider when mass transfer itself is stable, i.e. when the donor re-
mains within its Roche lobe and only overflows through the first Lagrangian point. If we

consider an overfill factor of A = Ry — R,,, dA/dt shows whether the response of the

TL >
donor is causing the inspiral to speed up or not. [Marsh et al.| [2004] show that to a good

approximation

. ) .
where the first 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, R% is the moment of inertia of the accretor, 75 is the synchronisation timescale and
w 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

CQ - CT‘L Md
<1+2—q— (1+q)rh> i, " (1.22)
¢<1+ Sa —br _ (1+q)rn (1.23)

2
in the case of direct impact accretion, or without the final term in equation [I.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 system). M; here is the mass of
the accretor.

As a WD’s response to mass transfer is to expand, (2 is negative and a typical value
is approximately —0.6 < (3 < —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. [I.8).

Two big issues came from this. The first issue is the need to find 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. 0.5 Mg accretor with a < 0.14 Mg donor or a 1 Mg, accretor with a < 0.2 Mg, donor
(see their figure 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 fit for an orbital separation this small,
and these were the first candidate systems that show that ultra-compact DWDs can form
and do exist. All three showed an X-ray profile 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 flux 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 fluxes 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 significantly
(M =10"7-10"° Mg yr—1). At this 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 efficiency 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 stabilit What 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

I 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.l 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 Jefferyl 2012, a hot subdwarf which is core he-
lium burning, an R Coronae Borealis [Webbink, [1984] star, which is a hydrogen-deficient
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 .1a 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 Kondol [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 field [Cheng et al., 2019;
Gvaramadze et al., 2019; [Hollands et al., [2020]].

Anything with a total mass above approximately 1.5 M will 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 Ia supernova model able to explain the wealth of
identified type Ia’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 reaches ~0.02-0.2 M ¢, [Neunteufel et al., 2016j
Polin et al.| 2019], detonates and initiates a second detonation in the core [e.g. Nomotol
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 D% scenario) in which a thin (= 0.01 Mg) 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 configurations are
of particular galactic interest, long suspected to contribute towards a large fraction of type
Ia 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.Webbinkl |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 identified 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 find DWD and
other compact binaries has resulted in an acceleration in the detection of such systems
[e.g. Burdge et al., 2020bj ivan Roestel et al., 2021} 2022; |Kosakowski et al.| [2022} [Keller
et al., [2022; |Ren et al.l [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[I.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.l 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 Marshl, |1999; Maoz and Hallakoun, |2017; Maoz et al., [2018;
Napiwotzki et al., 2020; [Korol et al.,2022a; |0’ 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.g. [Kilic et al., 2010; [Hallakoun et al.,[2016}; |Brown et al.,
2020b; Kilic et al.l 2021a; [Kosakowski et al.l 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] find 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 the ~ 5% 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 flag 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 using Gaia [[Gaia Collaboration et al.,|2016a),
2023|]. [ElI-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 finding 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-
quencies in the mHz frequency band (= sub-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 the Laser Interferometer Space Antenna [LISA,
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.[I.9] A cumulative distribution function of the
orbital periods of these systems compared to synthetic population predictions is additionally
displayed in Fig. [I.I0] clearly conveying the preferential bias in the observed population
towards short orbital periods. To be confirmed as a DWD, a source needs to show the clear
detection of both WDs, for fitted 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 definition is open to an individual’s opinion, but I 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 first definitive discovery of a compact DWD
binary was L870—2, identified 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
et al.,[1995; Marshl, [1995; Moran et al.,[1997]]. As we see in Fig.[I.T1] 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 identified that a double common envelope evo-
lution is unable to explain the mass distribution of double helium core DWDs [Nelemans

et al.,[2000,2001c]. Problematically, stable Roche lobe overflow or a combination of Roche
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lobe overflow 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 components v and
aA. The purpose of the v parameter is to take away extra angular momentum from the
binary to create the correct period distribution after each mass transfer event, while o)\ is
the common envelope efficiency parameter, «, times a parameter that depends on the struc-
ture of the giant star, \. This approach best fit 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 first
mass transfer phase, which is stable Roche lobe overflow, 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 1.0 M, which 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 first projects of my
doctoral degree focussed around the ultra-compact cases, motivated by pre-gravitational
wave detector preparation. Later, I focussed on compact but several hour orbital periods to
obtain a reflective 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 specific to each study is mentioned in the
respective chapters. In Chapters [3]and [4] I 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 [ I 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] I 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-
firmed 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 0.3 M, 0.6 Mg,
or 1.0 M, 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 0.3 M,
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 [I.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.
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Table 1.1: A table of all compact DWDs found to date. This list will be regularly maintained
at https://github.com/JamesMunday98/CloseDWDbinaries/ and more de-
tails of each system is stored within, including the right ascension and declination of
sources. See Fig. for the Hertzsprung-Russell diagram location of all of these.

Name | P M; M, Distance Reference
[min] | [Mg] | [Me] [pc]
HM Cnc | 5.36 1.00 0.20 >1500 [17[2] [3] [4]
eRASSU J060839.5-704014 | 6.23 - - >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+050942.06 | 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+380352.2 | 26.50 | 0.45 0.21 435 [19]
SMSS J033816.16-813929.9 | 30.60 | 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+304857 | 40.28 | 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+055149.9 | 45.65 | 0.18 | >0.07 - [21]
J1506-1125 | 46.54 | 0.43 | >0.18 413 [23]
WDIJ 022558.21-692025.38 | 47.19 | 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]
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... continued

Name Porp M; M, Distance Reference
[min] | [Me] | Mol [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]
WD0957-666 | 87.83 | 0.37 0.32 164 [37] [38]
WD J1741+6526 | 88.00 | 0.17 1.17 1154 [39][12]
JO221+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]
JO751-0141 | 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]
JO725-1245 | 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 | 18546 | 0.16 | >0.27 2199 [35]
J0642-5605 | 189.92 | 0.18 | >0.96 704 [44]
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... continued

Name Pory M; M, Distance Reference
[min] | [Mg] | [Mg] [pcl
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]
JO112+1835 | 211.65 | 0.16 0.74 757 [38][12]
JO151+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 | 042 | >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]
JO818+3536 | 263.74 | 0.16 0.75 - [30] [12]
JO101+0401 | 263.98 | 0.19 | >0.35 1245 [17]
SDSS1257+5428 | 273.30 | 0.20 | >0.95 120 [57]1 [58] [599]
WD J1443+1509 | 274.36 | 0.20 0.99 705 [38][12]
JO130+5321 | 276.55 | 0.19 >0.4 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 | 34391 | 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]
JO517-1153 | 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 [311[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 Porp M; M, Distance Reference
[min] | [Me] | Mol [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]
JO042+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 | >047 757 [27]
SDSS1005+0542 | 440.06 | 0.34 | >0.66 1640 [32]
J1545+4301 | 44541 | 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]
JO116+4249 | 480.96 | 0.26 | >0.81 4506 [17]
JO155-4148 | 495.17 | 0.22 | >0.67 481 [23]
WDO0455-295 | 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]
JO215+0155 | 558.64 | 0.29 | >0.58 465 [23]
WD0028-474 | 560.99 | 0.60 0.45 97 [72]
JO500-0930 | 567.86 | 0.16 >0.3 72 [44]1[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]1[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]
JO837+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]
HEO0410-1137 | 732.53 | 0.51 0.39 105 [71]
J2151+2730 | 74294 | 0.19 | >0.72 1546 [17]
HE1414-0848 | 745.65 | 0.52 0.74 81 [75]
JO840+1527 | 751.03 | 0.19 0.75 - [31]1[12]
J0745+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]1[12]
J1104+0918 | 796.59 | 0.46 | >0.55 189 [31]
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... continued

Name Pory M; M, Distance Reference
[min] | [Mp] | [Mg] [pcl
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]
JO130-0530 | 916.53 | 0.30 | >0.85 4834 [17]
WDI1210+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 15344503 | 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 | 114592 | 0.18 | >0.28 1387 [35]
JO308+5140 | 1160.50 | 0.15 | >0.16 2278 [60]
JO811+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 | 042 | >0.14 306 [80]
HE0320-1917 | 124548 | 0.29 | >0.35 115 [73] [59]
J2317+0602 | 1248.51 | 0.38 | >0.38 558 [35]
JO125+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]
J12414+0633 | 1381.13 | 0.20 0.80 422 [42] [12]
LP 400-22 | 1454.63 | 0.19 0.77 366 [81][82] [12]
JO815+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]
JO135+2359 | 1695.82 | 0.21 | >1.02 847 [23]
J1021+0543 | 1799.93 | 0.23 | >0.33 1420 [35]
PGO0834+501 | 1848.96 | 0.40 | >0.22 515 [79]
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... continued

Name Porb M; M, Distance | Reference
[min] | Mol | Mol | Ipel

JO124+3908 | 1860.64 | 0.41 >0.69 833 [35]
JO147+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]
WDO0136+768 | 2026.40 | 0.47 0.37 75 [37]

J1512+42615 | 2139.36 | 0.25 0.76 934 [30] [12]
WD1202+608 | 214996 | 049 | >0.25 202 [89]
SDSS J022932.28+713002.7 | 2152.22 | 0.18 1.19 1625 [90]

L870-2 | 2240.32 | 0.47 0.52 13 [91][92]
J1130+0933 | 224546 | 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]
WDO0326-273 | 2700.58 | 0.51 0.59 23 [73]

HEO0315-0118 | 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 | 0.53 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]

ZTF J1758+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]
WDO0344+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 0.42 129 [77]
WDJ212935.23+001332.26 — 0.44 0.44 65 [77]
WD2345-4810 — 043 - 247 [59]
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... continued

Name | Py M; M, | Distance | Reference
[min] | [Mg] | [Mg] [pc]

WDJ152038.37+390349.32 — 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 — 042 | 045 90 [77]
WDJ005413.14+415613.73 — 0.43 | 045 54 [77]
WDJ084457.81+453632.94 — 0.58 | 043 61 [77]
HE0455-282 — 0.47 - 233 [59]
WDJ000319.54+022623.28 — 047 | 0.38 158 [77]
WDJ013446.42+282616.83 — 0.49 | 043 177 [77]
WDJ020119.40-050748.59 — 049 | 054 85 [77]
WDJ151109.90+404801.18 — 0.67 | 0.44 55 [77]
WDJ170120.99-191527.57 — 0.67 | 0.48 97 [77]
HE0325-4033 — 0.49 - 105 [59]
WD1124-018 — 0.49 - 180 [26]
WDJ211327.98+720814.03 — 042 | 038 96 [77]
HEO0131+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 — 047 | 0.54 136 [77]
WDJ141625.94+311600.55 — 047 | 042 116 [77]
WDJ014202.72+262354.58 — 0.53 | 045 173 [77]
WDO0216+143 — 0.54 - 83 [59]
WDJ231404.30+552814.11 — 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 0.47 118 [77]
WDJ130014.82+181734.41 — 0.68 | 0.46 84 [77]
HS2216+1551 — 0.64 - 130 [59]
WDJ020847.22+251409.97 — 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 | Py M; M,y | Distance Reference
[min] | [Mg] | [Mg] [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]
WDIJ181058.67+311940.94 — 0.834 | 0.721 49 [77]1[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]
WDO0128-387 — 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 efficiency, low readout
noise and high charge-transfer efficiency. 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
efficiency 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 fixed mean rate (fractional
error o< 1/+/counts) while the readout noise is a fixed 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 finishing 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 shuffled 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., 2016l 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 efficiency. ULTRACAM and HIPERCAM
use a series of dichroics to split and redirect the incoming beam, where the design of the
dichroic controls the wavelengths reflected 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 for us-band and gs-band, while the red camera is primarily used for
rs Of i5 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 inefficiency 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 ﬁna]ﬂ calibration is flat field 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 flux
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 final reduced frame goes

science — (dark-bias) — bias
norm(flat — (dark-bias) — bias)

Reduced image = 2.1
where the number of counts in the (dark—bias) frames are scaled for the exposure time of

the relevant science and flat images. 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 filter to gain accurate brightnesses over a
defined wavelength range. Stars are observed over the full field of view. Each are measured
as the number of counts above zero, such that all observations are placed on an instrumental
flux scale with the brightness of stars relative to each other. Stars can be flux calibrated
knowing the zeropoint magnitude of the detector (the magnitude of a source that would
produce 1 count per second), the flux of a flux 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 flux of your target compared to a

'In the infrared, fringe correcting images can be important to correct for interference between reflections 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 field and then all flux 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 field of similar colour results in a perfect flux 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
profile. Then, two annuli mark inner and outer bounds to deduce the sky background level
(Fig. [2:2), which is subtracted from the total flux 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 field, a lightcurve is built, as shown in Fig.2.3]
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Figure 2.3: The final product of the extracted aperture photometry of the P = 12.75 min
eclipsing DWD binary J0651+2844 [Hermes et al., 2012] in the g;-band 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 final mirror reflection. 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 first 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

efficiency.

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 fit 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 flexure 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 of the sin(f) term in the diffraction
grating equation. To model for this, the trace of the beam is first fit. Next, the region of the
sky background around the beam is set (in the spatial plane) and a low-order polynomial is
fit to predict the imprint of the sky background on the beam, which is then subtracted from

each column.

2.4.3 Profiling and extraction

A profile fit of the spectrum should then be considered. Following the trace of the spectrum
in shape, this step fits the profile of parallel lines around the beam under the expectation
that neighbouring columns are near-parallel [Horne, |1986; Marsh, [1989]]. Each profiled
line can then be compared to identify the fraction of flux 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 flux for each column on the spectral axis can be resolved by summing up all
the flux in the adjacent rows for which target flux is registered. This is so-called ‘normal
extraction’. Better treatment for an optimal flux in each column is given by weighting the

pixels within each column. The optimal weight is given by

_ BV
- X PV

with P; the fraction of the total flux in the column ¢ and V; the variance of all included pixels

Wi 2.2)

in column ¢. 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 flux 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 flux 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 final 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 flaw 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 hyperfine transitions in the ground
state of a Caesium-133 atom, which is free of the need for leap second correction. The
difference between TAI 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 fine 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

2
4 3

PP
G(M; + M)

(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)). I 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 flux from the
companion barely contributes, we can fit the temperature of this seen component using
synthetic spectra and maintain this solution fixed in light curve modelling while varying the
temperature that adds radiated flux 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 fitted are sensitive to changes in the relative flux 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 fitting
photometry, as is later discussed in Section[d.4] with binary star modelling.

For time-series radial velocities of the source, the stars are orbiting with a radial
velocity amplitude K 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 fitting 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 field. 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/reflection: 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 figure depicting
the effect of irradiation and ellipsoidal modulation is found in Fig.[2.4] 3) Limb darkening
coefficients: Limb darkening describes the extent to which a star dims when comparing
the received flux 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 flat-
bottomed. 4) Gravity darkening coefficients: 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., [2022]] ﬂ 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, I use the PHysics Of Eclipsing BinariEs (PHOEBE) [Prsa and Zwit-
ter, [2005; [Prsa 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 modified to the Horvat method [Horvat et al., 2019]. As will be seen
in Chapter 4] I utilise aperture photometry extracted from ULTRACAM to model a new
eclipsing and ultra-compact DWD binary and fit the system parameters through use of this

software.

2Other 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
0.5 Mg, 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 defines the number of cycles that have occurred in a given

amount of time ¢ and Ty the reference epoch, a Taylor expansion gives

o (t) =<Z50+f0(t—T0)+%(t—To)er%(t—To)g‘F'-- (2.4
and the orbital frequency evolves as

: 0
£ = fot folt = To) + 22— )+ @5
Furthermore, if we take ' = t fy, it can be shown that the observed minus calculated time
of a point follows

1. .

O—C =ATy+ APE + 5POPE2 +... (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 significant
orbital decay is presented in Fig.[2.5]
Eclipse fitting
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 first harmonic of a Fourier series. For sinusoidal variability, just one

harmonic is apparent, and the first and second harmonic can be modelled with
d+ Acos (w(t — Tp)) + Bsin (2w(t — Tp)) + C cos (2w(t — Tp)) (2.7

50



a) Year
2009 2011 2013 2015 2017 2019

@ 0 T T T T T 70
[
£ 500 15
© - =
& o2
GEJ-1000 =
£ 1-33
F 1500 e
g ,_4&
< -2000 2
() 158
-3 @)
= -2500
8 16

n T T T T T

& 5t 1 i

% 0 X 1 [0 3 {' R%lﬂi .

55 | § ! "

% -Sr 68 7 7.2 7.4 )

q_)_‘lo | | | | | | | |

o 0 1 2 3 4 5 6 7

Epoch (Hundreds of Thousands of Orbits)

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 @
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where d is an offset term, A the amplitude of the first harmonic, B/C' the amplitudes of
the second harmonic terms and w = 27 f the orbital angular frequency. As will be seen
in Chapter[3] a second harmonic can be used to model the additional flux from the impact
spot of direct-impact accretion (see Section [I.2.2) but is also relevant in compact binaries

for accretion discs, superhump periods or magnetic spots.

2.5.3 Obtaining atmospheric constraints

I have mentioned the importance of deriving atmospheric parameters for a WD earlier in
this thesis. Now, I will address the technique to do so. While collaborators with previously
developed scripts contributed to deriving atmospheric parameters in Chapters [3] and f] I
gained plenty of experience in fitting 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.| [2013al, 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 I 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 flux 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 coefficients are
known to include the impact of light passing through the interstellar medium en-route to the
Earth. If required, the flux can be converted from an Eddington to an absolute flux 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 kernel [’| at the 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 finite 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 sufficient as the
line spread function is rarely known/published.
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the observations. Multiple synthetic models can be trialed and a best-fitting 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 fitting 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 fitting 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-filter 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 filter varies over all rele-
vant wavelengths (T())), while the integrated flux of the flux calibrated photometry through
the filter (f(Aeg)) 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

_ ST f(N)dA
FQet) = TV (2.8)
while for photon counters
T fFN)ADA
fQet) = TTTOMND (2.9)

and f(A) is the flux of the model spectrum for a specific wavelength. For example, Simp-
son’s integration can be used to integrate the model numerically to obtain f ().

Fitting the absolute fluxes 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 fluxes of the target. Eddington fluxes in the model

spectrum can be converted to a flux observed at Earth using

47 R?
Fops(A) = ﬁFEdd()\) (2.10)
or for scaling the flux of a binary
47 R? R2
Fops(A) = TQI (FEdd,l + FEdd,2R§> 2.11)
1

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. I 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 assumed (Ry = 3.1) and an extinction colour index is quoted
(typically E(B—V), but this could be E(g—r) or any colours). Together, the magnitude of
the extinction is calculable for the target of interest (Ay ) and is used with reddening curves
to infer the fraction of lost flux at all wavelengths. Now, the flux of the source and the
flux received at Earth can be compared precisely and a solver can be used to minimise the
observed and model fluxes. Section[2.6describes some minimisation processes that can be

employed to fit 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 (2.12)
A 1 — 2GM
Rc?

And the phase-dependent radial velocity, V(¢) is given by
Vi2(¢) = Kizsin(i) + Vy, , (2.13)

for a circularised binary, which is always the case for DWDs as they circularise shortly after
mass transfer phases. V, here is the systemic velocity in the line of sight, and relativistic

Doppler shift equation here is writeable as

AN o 1—|—V12(¢)/C
= = . —1 2.14
X 1= Vha(6)/c @19

with A\ o 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 resolution, R = \/A\, 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 least R = 5000 should be used for radial velocity am-

-1

plitudes of approximately 100kms™". 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 efficiency at the blaze wavelength.

I show a comparison plot of the effect of spectral resolution on the detection effi-
ciencies of double-lined DWDs in Fig. 2.6 with resolutions that relate to some low/medium
resolution data sources. It can be seen that at R = 2000, only systems where the veloc-
ity of the two stars exceeds 150kms~! can be detected as a double-lined DWD, around
100km ~! for R = 4000 and then differences of a few tens of km s~! for 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 fit radial velocities to spectra. By far the best approach is
to fit a model template that perfectly represents the profile 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 fit Gaus-
sian/Lorentzian/Voigt profiles to the line core(s) [Saffer et al.l [1988; Maxted and Marsh,
1999]], selecting a range that is a few tens of Angstroms around the line cores and fitting a
combination of Gaussian profiles and a low-order polynomial to model the broader wings
[Kilic et al., 2020a, 2021al], 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 amplifies the imperfection in synthetic models. From my personal
experience, applying a model template spectrum is the best solution for a spectral reso-
lution R < 10000 to obtain accurate and precise radial velocities. For higher resolution
data, where the issue of the line core fitting 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 velocity (K) is solvable with

3 2rGM3 sin®(4)
1,2 P(Ml —+ M2)2

(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 Ha at increasing resolutions
is clear by the increased depth of the line core. The resolutions plotted are similar to the res-
olutions at Ha in SDSS (first 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 Teir = 15000 and log g = 8.0 dex DA WDs.



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 [2.13]

becoming
M, K

My Ky

which obtains an orbitally-derived, model-independent binary mass ratio that can be verified

(2.16)

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

G (My M,
V. Vig=—|—=2_-— 2.17
7 " ( Ry Ry > @17)

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

c (s ) o

Vi1 —Vig=—
71 .2 C RQ R1

Now, the derived V., of each star from the radial velocity solution can be compared with
the mass of the brighter star and the fitted 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
profiles 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 profile. Finally, it is hardly
relevant for DWD binaries but I 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, I discuss the process of fitting and obtaining errors through a x? and a Markov Chain

Monte Carlo approach.
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2.6.1 Least-squares fitting

A mathematical description of least squares fitting 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 fits the
data, converging on the solution that fits best. Wide solution boundaries and initial guesses
are often supplied to increase the convergence time and avoid local best-fit minima.

Given observed and expected values, the x? can be evaluated with
0. — E:)?
X =) Oi— B (2.19)

where O; is the observed data for a point 4, F; is the expected value for that point and
o; the associated observed error. Convergence can be obtained by trialing solutions and
converging at a minimum x? which is the best-fit solution and the fitted error is quoted
through the covariance matrix. This approach in deriving errors is analytic and assumes
that the structure of the model is correctly specified. 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 fitting algorithm is finely tweaked multiple, e.g. 1000, times while the best-fit
solution is again converged upon. In this case however, we obtain a best-fit solution by
taking the median of the 1000 iteration distribution of individually-fit values and 1o errors
on the solution are obtained through the 16% and 84% percentiles. This generally does
better at producing errors reflective of the uncertainties in the data model at the cost of
computing time while, particularly in radial velocity fitting, x? 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 defined 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
fine adjustments to the independent variables. Priors on the fit can additionally be enforced
to weight solutions by some external information. For example, in light curve fitting, one
may apply a prior based on the spectroscopic fit for the effective temperature of that star.

These measurements are typically quoted as 1o errors of a Gaussian distribution (o7) with
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a mean (ur), and with this the enforced prior added to the log-likelihood would be
In(1.0/(orV2m)) — 0.5 % (T1 — pr)? /o5 (2.20)

Once the chains have converged at minima, all chains are discarded in what finishes
a “burn-in” phase. The MCMC algorithm continues and the resultant chains make up the
final sample distribution. All of these post-burn-in sample distributions can be used to find
the median value and the 32% & 68% percentiles as 1o errors.

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 approach to x? fitting. 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 Somjit, Boonchoo Sukaum, James
Wild

Contribution of co-authors

Observations used in this study were obtained by all authors except #3. Author #3 per-
formed fitting to the HST spectrum presented in Section[3.4.4] All authors contributed with
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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
frequency, fo, 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 decreasing fy. We exploit two decades of high-speed photometry to
precisely quantify the trajectory of HM Cancri, allowing us to find that f; is negative, where
fo = (—5.38 4 2.10) x 10727 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 within 2100£800 yrs from now. We present Hubble Space
Telescope ultra-violet spectra which display Lyman-« absorption, 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, finding models in good accordance with many of the observed properties
for a cool and initially hydrogen-rich extremely-low-mass white dwarf (=0.17 M) coupled
with a high accretor mass white dwarf (=1.0 M). Our measurements and models affirm
that HM Cancri is still one of the brightest verification 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 I 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-Io 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 Io 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 field of around 10 G and Io has a good conductivity, giving rise to an electrical circuit
between lo and Jupiter. This difference means that the planet moves across magnetic field
lines, inducing an electromagnetic field and an electrical current, and the isotropic iono-
sphere of Jupiter allows for the current to flow through it, reach the surface and close the
loop. Any accelerated electrons along these loops are accelerated in a magnetic field 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 flows 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 field strength
of the magnetic component, for which I 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-Io case

3.2.2 Intermediate polar

Intermediate polars originate from a Roche lobe overflowing red dwarf that orbits a mag-
netic WD of field strength 106-108 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 field truncates the inner part of the disc and, in this re-
gion, matter flows along the magnetic field lines to be accreted at the poles of the WD rather
than steadily flowing 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 field

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 overflowing 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 [Israel 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 definitely
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.l [2004]; the AM CVn model [e.g. Nele-
mans et al.,|2001a]. In brief, the unipolar inductor model is similar to the Jupiter-Io 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 find clear
radial-velocity variations on the 5.36 min optical period, difficult to explain using the in-
termediate polar model, and a strong indication of an accretion stream via the presence of
He 11 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 flux [e.g. Barros et al., [2007]]. Here, the
peak in X-ray flux 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 frequency, f, 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 “verification binaries” to op-
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.l |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 derivative, f, which is an indicator of the trajectory of
inspiral.

Using X-ray data, Strohmayer [2021]] measured the second derivative of the orbital
frequency of HM Cnc, finding f = (—8.95 + 1.40) x 1072"Hzs~2. This was the first
significant detection of f for any AM CVn system. The combination of f and f can be
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used to predict the timing of maximum orbital frequency of the binary, which [Strohmayer
[2021]] predicts to occur in 1260 4= 200 yrs 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 dim (G, = 20.9) for a distance constraint
with Gaia DR3 [Gaia Collaboration et al.| 2016b], though assuming a distance of 5 kpc
and donor and accretor masses of 0.27 M and 0.55 Mg, Strohmayer| [2021] calculated an

accretion rate M = —1.6 x 10~ Mg yr—'.

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 measurement of f are 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] I present system timing measurements
and derive the orbital ephemeris. I 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
reflect the seeing conditions, the aperture of the telescope and the filters used at the time. A
full observing log giving dates, conditions, exposure times and the filters used for each set
of observations is given in Table [3.5] All of the data were bias-subtracted and flat-fielded.
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 significant dark current.
For HIPERCAM, corrections for CCD fringing were performed in the z; band only using
pre-obtained fringe maps for the instrument.
I also accessed VLT FORS1 [[Appenzeller et al.L[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 first 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 filters
are displayed. From top to bottom, the super SDSS us, gs, 7s, 25 and z;. The non-sinusoidal
nature of the light curves are noticeable around maximum flux, consequential of the flux
contributed by the direct-impact spot. Each band is displaced by an artificial offset for
clarity. The peak flux arrives first in the z; band and last in the w.

study. Though the study of [Israel et al.|[2002] used some of these data before, no timing
solutions have been reported, so I used the archival data in this study to take advantage of
the longest observational baseline possibleﬂ Data 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 files 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 fixed multiple (1.6-1.8x) of the full-width at half-maximum

2All data presented in [Israel et al.| [2002] had calibration files and were bias-corrected and flat-fielded with
custom scripts. Unfortunately in some cases either windowing setups were not specified or calibration files
were not able to be recovered from the TNG archive, meaning that some data extraction was performed without
bias or flat-field correction. Whenever HM Cnc overlapped an artefact, or, the image showed a noticeably
non-uniform local field, 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.g.
affected by clouds) were rejected by visual inspection with HIPERCAM pipeline routines.
I then derived a differential atmospheric extinction term for each filter 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 flux, which was subtracted to

effectively convert to a flux at zenith.

3.4.2 Proper Motion

As of Gaia DR3, there is no measurement of the proper motion of HM Cnc, so I searched for
it using our data. To do so, I added world coordinate system information to each FITS file
by plate solving each exposure using the backend of Astrometry.net [Lang et al., 2010]. I
utilised a custom Gaia DR3 reference star catalogue for the local field containing stars with
a right ascension («) and declination (9) error of less than 0.1 arcseconds. The catalogue
provided the location of stars at the mid-Gaia DR3 epoch. I selected data from the V', r and
1 bands only to reduce the impact of atmospheric refraction upon the position of HM Cnc
relative to the redder stars in the field, 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, I converted the central (pixel) coordinate and error of the
centroid for each aperture into a physical «/é coordinate. All measurements of o/ from
each frame were then combined with a variance weighted mean, giving a measured /¢ for
HM Cnc on each night.

From the determined positions (as plotted in Appendix [3.8)), I conservatively take
the range of the data to find upper limits of || < 9.1 masyr—! and || < 9.2masyr~'. The
best-fit indicates proper motions of ¢ = 2.0 4 1.1 mas yr~! and 6 =—3.341.1 mas yrt,
having a reduced x? 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 (V) of 30kms~! [Cheng et al., 2019] for a WD in the galactic

disc and a maximum absolute proper motion of 1 = \/|d|2 + [6]2 cos? (§) ~ 12.7masyr ",
I find a minimum distance of D = 500 pc. The best-fit proper motion with V7 = 30kms—!
gives D = (1.7 4+ 0.5) kpc. This result is consistent with a distance limit of D > 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 filter 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 the r; filter, such that no change in
magnitude is reported.

Filter ~Amag (magyr—!) Filter Amag (magyr—!)

U —-0.0149 £0.0111 w —0.0017 £ 0.0036
s —-0.0177£0.0080 ¢ —0.0013 £ 0.0029
is —0.0686 £ 0.0406 r —0.0113 £+ 0.0041

r 0.0080 £ 0.0106

optical/ultra-violet irradiation is responsible, being d > 4.2 kpc [Barros et al., [2007]. The
best-fitting distance measurement is consistent with the expectation of D ~ 2 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 assuming V7 = 200kms~! I ob-
tain a lower limit of D = 3300 pc and a best-fitting distance of D = (11 £ 3) kpc. It is
hoped that future Gaia data releases will reveal a more precise proper motion and perhaps a

parallax measurement, though the Gyag = 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. I used the ULTRACAM data using the prime and Super SDSS sets of filters
to see if the brightness of HM Cnc has changed over the years. I measured HM Cnc’s
magnitude relative to comparison star Gaia DR3 ID 654873149889859968 using the val-
ues of the constant offset d (see Section from equation (2.7). A difference in colour
between HM Cnc and the much redder comparison star was accounted for by subtracting
filter-dependent colour coefficients 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 filters have a total observing span of 4 years, while the SDSS
prime observations span 13 years in v’ and ¢/, and about 7 years in 7’ and 7', hence the
change in magnitude measured with the SDSS prime filters have smaller uncertainties.

For the most part, the measurements favour a small brightening of HM Cnc, but all
measurements are within 30 of no change at all, and so there has been no significant change

overall.
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3.4.4 Spectroscopy

I 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
flux calibrated with the HST aXe software and were then stacke(ﬂ The resultant spectrum
was de-reddened using the EXTINCTION python package following the treatment of |Fitz-
patrick]| [[1999]], with Ay = 0.10 mag [Esposito et al., 2014]] and Ry, = 3.1. The spectrum
obtained is displayed in Fig. Some data at both ends of the spectra for each setup were
deemed unreliable in the flux 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 He 11 Pickering series [Norton et al., 2004} |[Reinsch
et al.l 2007]]. The stacked spectrum reveals a clear Lyman-« absorption feature in the ultra-
violet, which is apparent in all spectra. This is the first direct evidence of hydrogen in the
spectrum of HM Cnc and signifies 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 0.01 M with
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 fit to 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.e. R%/R2, with R the radius of the respective star and subscripts d
and a 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,

31t was not possible to use the typical HST “drizzle” scheme to combine spectra due to the non-linear
dispersion solution. Cosmic rays were flagged by the HST ACS pipeline and were subsequently removed.
*https://cds.u-strasbg.fr/

68



10—17_ Y| \\\\\\\ ° _

10° 107
log; (Wavelength [A])

Figure 3.2: The HST stacked spectrum of HM Cnc (black points) with the best spectral fit
overplotted in red. Included in the figure is a magnified inset of the Lyman-a absorption
feature. In every individual spectrum and at all orbital phases, Lyman-« was 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 flux from each star, with the donor contributing less flux. Grey circu-
lar points are from the wing of the far-ultraviolet spectrum that were not included in the
fit. Green circular points are photometric fluxes from survey data obtained through CDﬂ
which were dereddened.
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with no firm 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 at log g = 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 Lyman-o (R = 300).
Finally, the model spectrum was scaled from a radiated flux, F’, to a flux observed at Earth
using equation where WRZ /D? = 4.37 x 10726 is the determined scaling constant.

The derived best-fitting solution is also displayed in Fig. [3.2] From this model,
Mark Hollands found a number abundance ratio of log(H/He) = —1.64+0.05 dex (H/He =
2.29 4+ 0.26%), the hotter star (accretor) temperature to be 42 500 + 800 K and the cooler
star (donor) 18 6004300 K. These quoted errors are purely statistical from the least-squares
minimisation and do not reflect the errors in both the choice of reddening coefficients and
the flux 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 significantly towards the redder wavelengths, where the spectrum is sparsely sam-
pled and under-fits the observations. The relative contribution from the dimmer donor is
Rz/R?1 = 2.38 £ 0.31, however the radii themselves are unknown with little constraint on
the masses of the two stars. If R, = 0.01 R is considered with the minimised scaling
constant to convert from the radiated flux to the flux at Earth, I find D = 1.9 kpc. Doubling
the accretor radius would double the inferred distance.

Although difficult 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 Lyman-« absorption 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 1o uncertainty. The epoch used in these fits was 55849,
BJD TDB. This solution is representative of my v’ — ¢’ and ' — ¢’ phase offset correction
(Table and 0.014 cycle flickering correction to the error of each night in quadrature

(Section @)

Parameter Cubic Quadratic
¢o (Cycles) 0.611 4+ 0.004 0.611 £+ 0.004
fo (Hz) 0.003110224895 + 30pHz 0.003110224829 + 10 pHz

foHzs ™Y (3.538+0.001) x10716  (3.538 & 0.001) x10~16
fo(Hzs™2)  (=5.38 +2.10) x10~%7 -

I fit Fourier series solutions to the extracted photometry of the form using equation fit-
ting first and 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 filter, the terms
d, A, B, C and ty in equation [2.7| were allowed to vary while w was held fixed at the ex-
pected angular frequency at the time of observation from the cubic ephemeris of|Strohmayer
[2021]]. Including further harmonics to equation generated a negligible change in the
timing measurement. Uncertainties on ¢y were deduced by taking the standard deviation
of 1000 bootstrapping iterations, as used by |Pelisoli et al.|[2021a]. Example Fourier series
solutions and discussion on specific cases can be later found in Section [3.5.4

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

I then searched for any filter-dependent offsets to the final timing measurements and
present these computed offsets in Table Only the u/ — ¢’ and r’ — ¢’ offsets indicate
a relevant deviation from a zero-phase offset at the 1o level, and so are corrected for all
ULTRACAM data using the u’ and 7’ filters. 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 filter used in this study for simultaneous multi-filter ob-
servations. The g, or ¢’ bands are used as a reference.

Filter A¢ (cycles) Filter Ag (cycles)
u; —gs  0.0015+0.0040 v —g  0.0087 4+ 0.0022
rs —gs -0.0006 +£0.0029 r —g -0.0023 +£0.0016
is —gs 0.00194+0.0047 i —g  0.0001 4+ 0.0090
zs — gs  0.0020 = 0.0128

3.5.2 Constraining the ephemeris

With the full set of filter-offset-corrected (and flickering-considered, see Section[3.5.4) tim-
ing solutions, I 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 epoch, Tp. I chose an epoch Ty = 55849, BJD TDB, as I found that this gave the
smallest correlation between the fitting 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 verified 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 fit that has a constant orbital frequency, so I added higher order coefficients to
compute a quadratic and then a cubic fit. The set of cycle numbers were fit using equa-
tion For a linear fit, the first two terms on the right-hand side of equation apply,
the first 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. 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 fit to the timing measurements was performed using a least-squares analysis
through the SCIPY LSTSQ solver in the SCIPY linear algebra package, which I also used to
return 1o statistical errors on all fitted parameters. In the process, the errors on observations
were inflated in quadrature so that the reduced y? is equal to one, where flickering 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 . The fo coefficient 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 the fo term is statistically significant, I performed an F'-test between
the quadratic and cubic fits. Under the hypothesis that the cubic term is not a significant

contribution to the ephemeris, the following F'-ratio for n data points

2 —1
X .
E‘atio = (Xguad - Xgubic) (ﬂ) (31)

is expected to have an F'(1, n — 4) distribution, where the 1 in the parenthesis represents
the difference in the number of degrees of freedom between the quadratic and cubic fits and
n—4 reflects the unique degrees of freedom in the cubic fit. I compute the F'-ratio to be 6.08
for the n = 60 measurements. The cumulative distribution function of an F'-distribution can
be used to infer at what significance the null-hypothesis that a cubic term is not reflective of
the data can be rejected. As such, the cubic term (and so fo) is significant at the 98.3% level
(which is significant at 95%, or 20, but not at 99.7%, or 30). I also carried out an F'-test on
the digitised X-ray data between the quadratic and cubic solutions specified in [Strohmayer
[2021]] to test the significance of f (see Section . The reduced X2 of a cubic fit to the
X-ray data was 1.04, so I again inflated the error of all data points in quadrature to gain
a reduced x? equal to one. I found f = —9.41 4 1.42 x 1072"Hzs~2 and an F-ratio of
44.1 for the X-ray data. From the cumulative distribution of F'(1,172), this represents a
near 100% significance. Though with sparser sampling, individual measurements for the
X-ray data have higher precision since the peak flux per cycle is better defined by a sharp
rise towards an intensity maximum, while the optical is more susceptible to variability.
Taking the F'-test results as evidence that f is a true characteristic of the system, all further
mentions of fy, fg and fo in this paper assume the cubic solution of Table

The optical measurements of fo and f allow us to estimate the maximum frequency
of HM Cnc before a flip of sign of f is observed. If fo remains constant, equation can
be used to infer that a maximum frequency is reached when t = — fo / fo + Ty. 1 would
thus predict the frequency maximum to occur in approximately 2100 4 800 yrs from now.
The timing of this event is consistent with the frequency maximum predicted in [Strohmayer
[2021]]. Asalways with timing studies, a larger baseline of data would improve the precision
of the ephemeris and, in particular, better constrain fo

Interestingly, fo is of opposite sign to that predicted in earlier literature, with Deloye
and Taam| [2006]] expecting a positive f of magnitude 10728 Hzs~2. It would be expected
that f 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 measured fj
and fo, equation can be used to obtain an observed chirp mass of 0.3203 &+ 0.0001 M.
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 [Shklovskiil, [1970]], which can be computed with

Sp=VZ/(cD) (3.2)

with c the speed of light and D the distance. With our approximate transverse velocity of
30kms~! and distance of 1.7 & 0.5kpc from Section [3.4.2]

fsnk = foSp = (1.8 £0.5) x 10722 Hzs ™! 3.3)

fsmk &~ foSn = (2.0+0.6) x 1073 Hzs 2 (3.4)

In addition, one can account for acceleration of the system due to the galactic potential,

agal, as well. I calculated the following galactic corrections to f and f

faal = foaga/c =83 x 10" Hzs ™! 3.5)

foal = fo aga/c=9.5x 107% Hzs > (3.6)
where ag, was computed using the MILKY WAYPOTENTIAL routine of GALA [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 corrected f and f are
fcorr = f() - fshk - fgal (3-7)

oo = fo — fonk — fea (3.8)

As evident by the magnitude of each correction, all are negligible compared to the uncer-
tainties quoted in Table Increasing the distance to D = (11 4 3) kpc for halo-like
transverse velocities (Section [3.4.2)) results in larger corrections than those stated above.

However, neither the correction of f and f; due to the Shklovskii effect nor galactic accel-
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eration increase by more than 10X and are still negligible compared to the precision of the

ephemerides.

3.5.4 Flickering

I 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 < 1.0” 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 flux. 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 I compared the best-quality adjacent nights of NOT data
(BJD=52645-52647) each with over 3 hours on target per night, I saw hourly light curve
fluctuations at a similar level, though with larger error in individual measurements due to
the smaller telescope aperture. I presume that a changing apparent light-curve morphology
is a consequence of changes in the system mass transfer rate, creating a flickering 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 in o between adjacent nights could be as much as £0.01-0.015 cycles for all bands.
In this study, I thus combined timing solutions from all filters (phase offset corrected where
applicable) to obtain a single timing measurement for the night of observations. Then, I
added a fixed error in quadrature due to flickering to each night’s timing measurement,
such that the reduced y? of the ephemerides is equal to one. Overall, this error adjustment
was 0.014 cycles.

Also in support of system flickering, Fig. 7 of |Strohmayer| [2021]] compares phase-
folded X-ray flux profiles from the Chandra and NICER datasets. A clear difference in
flux profile is noticeable after the X-ray peak flux as the flux is decreasing, and to a lesser
extent at the peak X-ray flux. This shows deviation over a multiple year time-span, but it is
possible that these changes occur on much shorter timescales, e.g. hours.

I then set out to determine whether the flickering 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 first hour of VLT observations each night. Bottom: 2005-11-26
(squares), middle: 2005-11-27 (triangles), Top: 2005-11-28 (circles). The normalised flux
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 figure, though are
plotted in Fig.[3.3|and comprise a further eight years of coverage. Raw errors are included
without the “flickering correction’ described in Section[3.5.4] O-Ccypic Was calculated using
the cubic ephemeris in Table @ for both the optical and the X-ray measurements.

I 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 flux. After,
I 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 flux and the derived solutions of ¢ was
compensated for by minimising the y? between the optical timing solutions and the X-
ray for the cubic-fit ephemeris given in Table [3.2] generating a relative phase difference
d0¢ =~ 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 difficult. 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 first optical/X-ray mea-
surements. All that I 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 measured fo combined with the fo and fo is a very strong constraint upon HM Cnc¢’s
evolution. I 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 configuration. 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 Lyman-« detection 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. are the valid mass
combinations for each star that our observed chirp mass permits, which I surveyed in the
MESA models.

3.6.1 Building a Donor

I 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, I 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 I evolved for 0.5 Gyrs while
enabling diffusion, stratifying the layers of the WD to leave a realistic structureﬂ
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 flash has oc-
curred such that the star maintains a thick hydrogen envelopeﬂ For 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.

Though |D’ Antona et al|[2006] suggest that larger hydrogen envelope masses of 1072 Mg, could be re-
quired for the model, I considered the non-hydrogen-flash [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
smaller fo 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 mass ratio, ¢ = Maonor/ Maccretor
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], I linearly extrap-
olated their models, with the largest hydrogen envelope used being My = 6.5 x 1073 Mg,
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 flashes, suggests that the initial hydrogen envelope could be less than
these models. With that in mind, I 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 of My = 0.1 x 1073 M. I sampled hydrogen envelope
masses between these limits also, computing models for Mg = 1.0 x 1073 M, and My =
3.0 x 1073 M,

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 overflow 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 up to fo, fb
and fo, 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]]. I evolve the orbital angular momentum, Jo, accord-
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ing to equation|1.3| where computed values for the rate of orbital momentum change due to
gravitational wave radiation, jgr, stellar wind mass loss, jml, magnetic breaking, jmb, and
spin-orbit (LS) coupling, Jis, 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 effi-
cient and I 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 (I.3). When accretion occurs via direct impact, this condition no
longer holds. To account for this, I added an extra angular momentum sink to the MESA
calculation following the discussion of direct impact accretion in Section [I.2.2] with equa-
tion [[.T7] Given that I 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 I considered the temperature of the accretor to be 42 500K from the
spectrum fit (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 inflated from mass transfer and partially from irradiation, such that direct
impact could begin slightly earlier. For each timestep and model simulated in MESA, 1
computed whether matter is accreted via direct impact or not and accordingly turned on/off
the inclusion of equation to the computed Jorp i equation .

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 configuration, the most significant variables influencing 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 significantly affects the duration of Roche
lobe overflow, 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 of f, where a larger accretor mass leads

to a higher f for a given donor mass. Furthermore, the temperature of the donor star is
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Figure 3.7: The best-fitting MESA results for HM Cnc. Counting from the top down, 1)
My = 0.1 x102*Mg2)My = 1.0x 103 Mg ...
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Figure 3.7: 3) My = 3.0 x 1073 Mg 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 observed fp and fg. The legend of each plot displays the
predicted model masses of the donor and the accretor when the binary has a negative fo
‘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 5.5-6.0kK
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
Flg .for the mass transfer rate (top) and f (bottom). Black arrows show the direction of
evolution, grey dashed lines are the present state of the system, the shaded grey represents
the error on f(] 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 figure 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 negative f , since a
higher temperature WD results in a larger radius.

For my chosen selection of hydrogen envelopes, I performed an in-depth search of
the full parameter space of Fig.[3.6]to determine which combinations of masses would lead
to f R~ fo when f = fy at any stage of the system evolution before shortlisting to the best-
agreeing candidate systems, those being where the sign of f becomes negative near f = fj.
My best-fitting models are shown in Fig. whereby in all cases f < Oat f = fo. The
exponential increase in f up 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.

I 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. I attempted to investigate the scenario where the donor effective tem-
perature is 16 kK and found that it becomes extremely difficult 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 reach fj before f < 0 occurs. In the process, the binary reaches smaller orbital separa-
tions and a present-day mass transfer rate in excess of 1076 My, yr~! in required, with the
order of magnitude of f to significantly increase over a few decades. Moreover, the total
mass lost from a 16 kK donor for tested models exceeded 0.015 M, leading 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.

I conclude from Fig. that, if I consider the full selection of hydrogen envelope
masses, the donor star has a mass in the range ~0.16-0.17 M, to observe a negative f 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 find that the accretor requires a minimum
mass of 0.8 Mg, to give rise to a sufficiently large f 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 impactﬂ Furthermore, 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 mass of 0.3203 £
0.0001 Mg,.

I used the 0.169 Mg + 1.156 M, and 0.183 My + 0.856 Mg, [Istrate et al.| [2016]
models presented in Figs. and [3.8] to check for consistency with the relative phase dif-
ference between the optical and X-ray peak flux. |[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 inflated, 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/He = 2.29 +
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% when f = fb, 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, I find 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 I simulated a model similar to the 0.27 M, donor and 0.55 M, accretor pre-
dicted by Roelofs et al.|[2010], I found that the sign of f would be positive 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 observed fo and fo at fo,
although the aforementioned complications when modelling a 16 kK donor star make this
difficult to explain. As well, analysis of f 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 ratio ~0.15-0.21, which disagrees with the mass ratio 0.27 < ¢ < 0.79
inferred by [Roelofs et al.| [2010]. I 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 difficult to obtain absolute radial velocity measurements,

0.6 <M; <0.9 Mg, however this was deduced with a zero-temperature masses-radius relationship. The masses
that I quote involve direct impact allowing for an accretor temperature Taceretor = 42 500 K.
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so that the observational constraint on the mass ratio might be misleading even though a
radial velocity variability is apparent.

As shown in Fig. the magnitude of f increases dramatically on approach to the
maximum orbital frequency. This indicates that the timing of the frequency maximum will
actually be in less than 2100 =+ 800 yrs and that deviations from a constant f could become
evident sooner than one might expect. The duration spent between orbital periods of 68
minutes is significantly longer, on the timescale of 100000-200000 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]1 predict
HM Cnc’s luminosity to increase upon approach to the maximum orbital frequency, with
the mass transfer rate suspected to increase by at least 10x, a clear 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 M, respectively. In Section [3.4.4] I explained
that a radius constraint and a minimised flux-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, I estimate a distance to HM Cnc of D=1.05-2.24 kpc.

I followed a similar methodology to |Strohmayer| [2021] to compute the mass ac-
cretion rate with the observed X-ray luminosity. I assumed that the accretion luminosity is
equal to the difference between the gravitational energy at the first Lagrangian point, ¢ 1,
and the surface of the accretor, ¢, such that the accretion luminosity Ly = M (¢r1 — PR, )s
with ¢71 and ¢pg, calculable with the prescription of Han and Webbink| [[1999]. Taking
donor and accretor masses of 0.17 My and 1.0 Mg with an accretor radius of 0.01 Rs and
the X-ray luminosity to be 1.8x1033(AQ/ 47r)Dl%pC ergs~—! [Strohmayer, 2021], I find a
mass transfer rate M = 1.84 x 10710 x Do Mo yr—'. If a distance of 2kpc is assumed,
M =10"91 Mg yr~!. As recognisable by Fig. this would be a clear pitfall of my mod-
els, where we would be expecting M =~ 10~7-5 M, yr~L. If the distance was instead 5 kpc,
M = 1083 Mg yr~!, 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, I struggle to
find a M consistent with 10~9 —10~8 Mg yr~! that would generate a negative fo, 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 difficult. 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
1073 M, before the onset of mass transfer and require thicker initial hydrogen envelopes
to be consistent with the location of the accretion impact spot. Better quantification of the
donor temperature and an accurate distance measurement clearly remain the key to settle
the nature of HM Cnc. If D = 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 the fo, fo and fo 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

I presented new timing measurements for HM Cnc following an optical observing campaign
to monitor the binary over the last 20 years. I measured fo precise to the 0.03% level while
obtaining fo = (—5.38 £ 2.10) x 10~27 Hzs~2. The ephemeris affirms that the orbital
frequency is still increasing, however the negative fg implies that HM Cnc may reach a
maximum frequency within 2100 % 800 yrs from now.

Then, I outlined a method whereby knowing fo provides a tight condition on the
present state of the system. I used MESA to explore the DWD AM CVn configuration.
Since the presence of hydrogen is directly witnessed in the HST spectra, I 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 Mg = 0.17Mg and M, = 1.0 M. The model is able to reproduce the observed
ephemeris, the hydrogen envelope fraction and the location of the direct impact spot, though
suffers from finding 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 Ia supernova [e.g. |Shen et al.,
2018Db]] is to occur.

My MESA models predict that HM Cnc’s fo is close to that expected from the
purely general relativistic orbital decay for two point masses. This means that the ob-
served system chirp mass (0.3203 £ 0.0001 My,) is reflective of the true system chirp mass
(0.3347 M, for a 0.17 Mg + 1.0Mg combination) and predicts a characteristic strain of
2.67 x 10_19/DkpC after a 4 year observation time with LISA. Furthermore, a 0.17 Mg + 1.0 M

&9



star mass pairing, an inclination of ~38° [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 of 0° generate a LISA SNR of 147 after a 4 year mission for a distance of 5 kp(ﬂ
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 spacecraft.

8https://heasarc.gsfc.nasa.gov/lisa/lisatool/
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3.8 Proper motion deduction
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Figure 3.9: Individual measurements of the right ascension («, top) and declination (4,
bottom), displayed as light grey crosses. Black circles are binned measurements in one
thousand day intervals, starting at BJD=52500. The best-fit proper motions are displayed as
a solid grey line, with upper proper motion limits constrained in Section[3.4.2] An artificial
error has been added to the a/d of all nights in quadrature, such that the reduced y? of
the best-fit 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
fits since they are not impacted by atmospheric refraction. The majority of observations are
from ULTRACAM, which has a pixel scale of 0.3” per 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 filter; the phasing corrections of Table|3.3|and the
0.014 cycle “flickering error’ discussed in Section [3.5.4 were not applied to these presented
values. A clear filter indicates that non-filtered 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 DoLoReS
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 ATime  Telescope Instrument Filter
51634.033908 0.000067 ESO3.6m  EFOSC B
51911.047491 0.000026 TNG DoLoReS 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

\Y%
B

52679.035021  0.000050 TNG DoLoReS B
52709.937606 0.000038 TNG DoLoReS B
52710.019443  0.000075 TNG DoLoReS v
52738.901426 0.000038 TNG DoLoReS B
52760.905962  0.000021 TNG DoLoReS B
52779.907568  0.000067 WHT UCAM g
52780.897276  0.000072 WHT UCAM I
52780.901042  0.000021 WHT UCAM g
52780.901073 0.000051 WHT UCAM uw
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 uw’
52782.892226  0.000090 WHT UCAM I
52782.899519 0.000034 WHT UCAM g
52784.883031 0.000099 WHT UCAM uw’
52784.883042  0.000034 WHT UCAM g

-

52784.883089 0.000113 WHT UCAM
52955.260171  0.000070 WHT UCAM

—
-

(=1
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Time ATime  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 WEC 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 \Y%
53701.264987  0.000008 VLT UCAM g
53701.264993  0.000016 VLT UCAM r
53701.265027  0.000023 VLT UCAM uw
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 uw
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 \Y%
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Time ATime  Telescope Instrument Filter
53765.983439  0.000018 TNG DoLoReS B
53788.136902  0.000030 TNG DoLoReS v
53797.015987 0.000019 TNG DoLoReS B
54149.909394  0.000040 TNG DoLoReS v
54149.957790 0.000044 TNG DoLoReS B
54209.968478  0.000032 TNG DoLoReS v
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 WEC Clear
56658.071653  0.000030 WHT UCAM r
56658.071729  0.000028 WHT UCAM uw
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 uw
57702.354797 0.000039 NTT UCAM r
58044.245911  0.000064 WHT HCAM is
58044.246005 0.000045 WHT HCAM I's
58044.246034  0.000021 WHT HCAM g5
58137.164798  0.000040 NTT UCAM U
58137.183422  0.000026 NTT UCAM I's
58137.190855 0.000014 NTT UCAM gs
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Time ATime  Telescope Instrument Filter
58431.326300 0.000015 NTT UCAM g5
58431.326373  0.000058 NTT UCAM is
58431.330021  0.000040 NTT UCAM U
58494.047163  0.000015 GTC HCAM is
58494.047164 0.000008 GTC HCAM Is
58494.047166  0.000006 GTC HCAM g5
58494.047172  0.000039 GTC HCAM Zs
58494.047174  0.000015 GTC HCAM U
58879.239177 0.000051 NTT UCAM U
58879.246677 0.000019 NTT UCAM g5
58879.250316  0.000078 NTT UCAM is
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 g5
59526.336784 0.000050 NTT UCAM us
59527.319131  0.000044 NTT UCAM U
59527.319145 0.000017 NTT UCAM gs
59527.319175  0.000057 NTT UCAM is
59528.346290 0.000045 NTT UCAM gs
59528.346293  0.000075 NTT UCAM ug
59528.346385 0.000079 NTT UCAM is
59642.131890 0.000019 NTT UCAM g5
59642.131937  0.000046 NTT UCAM U
59642.132033 0.000102 NTT UCAM is
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3.10 MESA input models

Table 3.6: The initial parameters of the MESA models presented in Fig. 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

Mponor M) Maceretor (Mo)  H Envelope (1073 M) Fig.[3.7|Label
0.16 1.20 0.1 0.156 Mg, + 1.202 M,
0.16 1.30 0.1 0.156 M + 1.302 Mg,
0.17 1.00 0.1 0.167 Mg + 1.001 Mg
0.16 1.20 1.0 0.156 M + 1.202 Mg,
0.17 1.00 1.0 0.166 Mg, + 1.002 M,
0.17 1.20 3.0 0.162 Mg + 1.205 Mg
0.17 1.30 3.0 0.162Mg, + 1.305 M,
0.18 0.95 3.0 0.172Mg + 0.955 Mg
0.176 1.25 5.6 0.163 Mg + 1.258 M
0.179 1.15 5.3 0.169 Mg + 1.156 M,
0.195 0.85 49 0.183 Mg + 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, Elmé 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 fitting to the stacked
spectrum of the target presented in Sectiond.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 final 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 WDJ 022558.21 —
692025.38 that has an orbital period of 47.19 min. Following identification 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 £ 0.04 Mg and a 0.28 £ 0.02 My 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 J0225—6920 taken from Gaia 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 + 0.035 mas
Dec —69.34049573 deg + 0.035 mas
PM RA —11.720 4 0.046 mas yr—1
PM Dec —25.500 4 0.049 mas yr—*
Parallax 2.478 + 0.038 mas

BP 16.305 + 0.004 mag

G 16.398 + 0.001 mag

RP 16.600 + 0.007 mag
Distance 402.6f2:g 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 discovered by TESS to date. Compared to the characterised eclipsing
DWD binary sample, WDJ 022558.21—-692025.38 (hereafter J0225—6920) 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.l [2010] and GALEX J1717+6757 [Vennes et al., [2011]], both being of distance
~ 180 pc.

The observations are discussed in Section [4.2] followed by spectral modelling in
Section Then, I address light curve modelling and derived system parameters in Sec-
tion#.4] I close by discussing the projected orbital decay of J0225—6920 in Section [4.5]

4.2 Observations

4.2.1 Photometry

J0225—6920 was identified as a DA white dwarf by Kilkenny et al.|[2015, EC02251-6933]
and classified 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 with TESS in Sec-
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tors 27, 28, and 29 (program G03124, TIC 631238061). During this program, we saw clear
eclipsing signatures in J0225—6920 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 filter) and data from the South African Astronomical Obser-
vatory (SAAO) 1.0m Lesedi telescope (white light). These revealed distinct primary and
secondary eclipses for a 47 min orbital period.

Following identification, we then observed J0225—6920 with the high-speed pho-
tometer ULTRACAM [Dhillon et al.| [2007] mounted on the ESO 3.5 m New Technology
Telescope (NTT) during five nights in July 2021. Observations were simultaneously taken
using the Super SDSS ug, g5 and 7 filters [Dhillon et al., [2021]]. We later observed with
ULTRACAM on the NTT over three nights in September 2022 in the Super SDSS ug, gs
and 7, filters. 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 flat-fielded; 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 flux of J0225—6920 was extracted
through differential aperture photometry using a non-variable comparison star with Gaia
DR3 source ID 4693540643322249216. 1 used a variable aperture size that reflected the
seeing at the time of observation set to 1.8 the full-width at half-maximum of the stellar
profile. All mid-exposure time-stamps were placed on a Barycentric Modified Julian Date
(BMIJD) 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
I mm~! grating and a slit-width of 1”, resulting in a resolution of A\/AX =~ 1800 with a
wavelength coverage of 36005275 A. 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 first and immediately after the final 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 profiles from the combined SOAR/Good-
man spectra, H3 through Hg. The observations are displayed in black, with the best-fit
model overplotted in red. Each profile is vertically offset for clarity. The displayed model
has a primary star of Terr; = 25 330K and log g1 = 6.99 dex combined with a secondary
star of Tero = 13 750K and log go = 7.60 dex. The secondary star’s effective temperature
that is included here was derived from a single iteration of light curve fitting using the Tes
of a single-star fit 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 Hf3
is approximately 15 and 23, respectively. These reveal clear Balmer absorption features
indicating that the brighter component is a DA WD (see Fig. [4.T)). Double-lined features in
the spectrum were searched for, particularly at Hf, but 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 profiles of the co-added spectrum were then fit with the DA WD models of
Tremblay et al.[[2011}[2015]). Fitting the spectrum with a single DA WD model to represent
the primary stalﬂ, we constrain the atmosphere of the brighter componentﬂ to have a surface
gravity log g1 = 7.07 & 0.04 dex and T¢fr 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 flux measurements
from wide-field surveys were utilised and used for fitting two unique WDs to the combined
SED. At the time of finishing this study, Gaia DR3 and SkyMAPPER [Wolf et al.| [2018]
survey data were available, which were utilised to model the photometric and spectroscopic
data simultaneously. The flux 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]] with Ry = 3.1. The WD models require a conversion from
an Eddington flux to a flux observed at Earth, so a posterior distribution on the fitted dis-
tance was enforced based on the Gaia DR3 parallax stated in Table A single DA WD
model to the dereddened Gaia photometric fluxes yields Ter = 22 500 4+ 910 K [Gentile
Fusillo et al., 2021]], which places a minimum temperature on the primary star since the flux
contributed from the cooler companion weights a single star fit to cooler temperatures.

All dereddened photometric flux measurements and the normalised Balmer profiles
were then simultaneously fit with a DA+DA model and enforced T2 = 13 750 K. This

temperature measurement was guided by the results of my light curve fitting in Section 4]

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

?I present errors on the atmospheric constraints of the stars by combining in quadrature the statistical error
from X2 fitting with an external error of 1.2% for T¢1 and 0.038 dex for log g1 [Liebert et al.l 2005]. This is
primarily to account for the error induced from flux calibration of spectra.
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Figure 4.2: Left: Extracted radial velocity measurements of J0225—6920 with K; =
224.0kms~! and v = 1.6 kms~! overplot. Right: Stacked observations of J0225—6920 as
a function of phase with bin widths of 0.2 cycles, magnified on H5. A trailed spectrogram
is additionally provided in Appendix

when using the measured Tesr,1 from a single star model to the co-added spectrum. The
goals from fitting a DA+DA model were to improve the accuracy of the primary temperature
by including the flux from a WD companion and to gain a measurement of the secondary’s
surface gravity. Pier-Emmanuel Tremblay obtained results of Tefr1 = 25330 4+ 330 K, with
log g1 = 6.99 £ 0.04 dex and log g2 = 7.60 £ 0.23 dex (see Fig.[4.1). Interpolation of these
parameters with WD atmosphere models indicate a primary mass of M; = 0.35+£0.01 Mg
for a helium core [Althaus et al., 2013[] and M; = 0.27 £ 0.01 M, 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.l 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 Stranierol [ 2009]], so I 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 fit was performed with
Tetr,2 again fixed at 13750 K and two inconsistencies were found; this model significantly
under-predicted the flux of the weakest Balmer transitions and a He I absorption feature
(4471 A) would be apparent, which is not in the observed spectrum. I 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 fit for the remainder of the paper, as listed in Table §.2]
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4.3.2 Radial Velocities

I then searched for any radial velocity variations in the normalised H3 absorption-line pro-
file by modelling the full set of spectra simultaneously following the methods outlined in
Section The line profiles themselves were fit with a 2-Gaussian component similar
to all spectra, each having a standard deviation, o g, an amplitude, A p and a common
central wavelength solved through equation A negligible difference was found utilis-
ing a Gaussian, Lorentzian or Voigt line profile, 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/3, while the other models the non-LTE component
which is well described by a Gaussian profile. Overall, this meant that v, K, oap and
Aap were all free parameters. To reach a solution, I iteratively trialed parameter combi-
nations using a Markov Chain Monte Carlo (MCMC) algorithm with the Python package
EMCEE [Foreman-Mackey et al., 2013]], minimising the y? between the model and the set
of observed spectra. I 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 fit solution.

I measure Ky = 224.0 + 4.4kms~! and v = 1.6 & 4.1kms~'. For clarity, I
also extracted radial velocity measurements independently of orbital phase (as listed in Ap-
pendix by keeping 04,5 and A4 p fixed from a best-fit to the stacked spectrum. Ra-
dial velocity errors are reported as the standard deviation of 1000 bootstrapping iterations.
These measurements and the fit K} and  are plotted in Fig. 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 signifi-
cant [e.g.|Hallakoun et al., 2016]. To check if this has a significant impact in J0225—6920,
I searched for a consistent radial velocity amplitude across all Balmer lines by measuring
those of HZ — H(, finding them to be within 20 of each other; Hj3 being the largest. Light
curve modelling to the photometry alone agreed best with the radial velocity at HG (see
Section4.4.2)). As such, I report the radial velocity amplitude of H3 as that of the system.

4.4 Binary Modelling

4.4.1 Ephemeris

To determine the orbital ephemeris, I simultaneously searched for an orbital period using the
photometry from all detectors and filters using the multi-band Lomb-Scargle periodogram

package of [VanderPlas and Ivezic| [2015]]. By fitting individual eclipses with my best-fit
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Table 4.2: Spectroscopically determined system parameters from the normalised Balmer
line fit and the fit semi-amplitude to HS (following the method described in Section .

Value

Teren = 25330 £ 330K
log g1 = 6.99 + 0.04 dex
log go = 7.60 £ 0.23 dex

Parameter (Spectroscopy)
Primary Temperature
Primary Surface Gravity
Secondary Surface Gravity
Systemic Velocity v=16+41kms™!
Primary semi-amplitude K1 =224.0+44kms™!
Table 4.3: J0225—6920 system parameters. All quoted measurements originate from a
fit to K1 and the ULTRACAM light curves only. Errors are quoted as the 16™ and 84"
percentiles of the post-burnin MCMC posteriors.

Parameter (Photometry)

Value

Period

Primary mass

Primary temperature
Primary radius

Secondary mass
Secondary temperature
Secondary radius
Inclination

Primary surface gravity
Secondary surface gravity
Mass ratio

Relative squared radii
Primary semi-amplitude
Secondary semi-amplitude

0.03277099777(24)d

M; = 0.40 £+ 0.04 M,

Ty = 25550 + 200K

Ry = 0.0291 + 0.0010 R,
My = 0.28 £ 0.02 M,

Ty = 14350 + 100K

Ry = 0.0244 + 0.0007 R,
i = 85.25 + 0.06 deg
log g1 = 7.11 + 0.06 dex
log g2 = 7.11 £ 0.04 dex

q = Msy/M; = 0.70 £ 0.09
(R2/R1)% = 0.70 £ 0.06
K; =240.1 £ 15.6kms™!
Ky =343.0+21.9kms™*
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synthetic light curves for the ULTRACAM data (see Section[#.4.2), I was able to refine the
ephemeris to a higher precision. The orbital ephemeris that I obtain, centred on the primary

mid-eclipse, is
BMJDtpp = 59403.299199(90) + 0.03277099777(24)E 4.1)

44.2 PHOEBE

I modelled the ULTRACAM light curves using the PHOEBE package [Prsa et al.l 2016;
Horvat et al., 2018; Jones et al., [2020; |Conroy et al.| [2020]] to constrain the system compo-
nents. I used blackbody spectra to compute the emergent ﬂuxﬂ Irradiation is treated using
the ‘Horvat’ method outlined in |[Horvat et al.| [2019] and a perfect reflection (an albedo of
one) for both stars is assumed. The same Galactic reddening treatment as in Section {.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 flux is suspected
to be negligible for this system, amplifying the received flux by far less than 1% [Marsh)
2001]).

Limb darkening and gravity darkening coefficients were interpolated uniquely for
the two stars using tabulated values that are specific for the Super SDSS passbands. For
limb darkening, I used a power-law prescription with its coefficients set according to the 3-
dimensional WD models of |Claret et al.|[2020Db], or the 1-dimensional WD models of|Claret
et al.| [2020al] when the 3-dimensional grid boundaries were exceeded. Gravity darkening
coefficients 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.

I also reactivated the Doppler beaming functionality of PHOEBE 2.2 and pass
beaming coefficients of |Claret et al. [ZOZObﬂ The synthetic K7 and K 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 finite
exposure time was corrected for assuming exposures of 9s in the us-band and 3s in the
gs, s and is bands (see Table {.4).

To obtain a system solution, I 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 measured Tesr,1 (Section[d.3.1)), the spectral energy distribution for WD atmospheres
would not be exact neither, making a light-curve extracted T¢f» an approximation.

*In PHOEBE 2, this feature was disabled due to concerns of the accuracy of beaming factor computation
from a non-implicit and fitted 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 fit was determined by minimisation
of the x? between the synthetic and observed light curves. I fit 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 the g, 75 and 75 bands as the colour between each
band for WD and blackbody spectra is small, whereas the us — g5 colour deviates strongly.
To overcome these issues, I modelled to the g5, s and 5 bands only and I set a Gaussian
prior for the primary star temperature based on the spectroscopic solution. With a final
model, I then checked for consistency in the u; band by allowing the temperature of the
secondary to be a free parameter. The secondary temperature is identical for each of the
other passbands.

I started by modelling independently of K and found a good fit to the photometry
where the synthetic K; was within the error of that measured, giving us confidence that the
measured K in Section[4.3.7]is reflective of the true value. Following this test, I introduced
K into the x? 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

Tegr,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[d.3] with the best-fitting 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 fit to the light curve is obtained
about the eclipses and for K. Furthermore, the impact of Doppler beaming in quadrature
(which causes the observed flux to be larger/smaller as a star moves towards/away from the
observer) is well fit in the u¢-band; the band impacted most significantly [see e.g. |Claret
et al.,[2020b].

From the light curve modelling, the primary star has an effective temperature of
255504200 K and for the secondary 14 350 £ 100 K. 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% filled and the secondary’s is 18% filled. 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
of t1 = 7TMyr and t2 ~ 22 Myr, such that the more massive primary star is the younger
of the two. The primary mass determined from light curve fitting is consistent with the

spectroscopically predicted mass of M7 = 0.35+£0.01 M, 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 but the us-band are vertically
offset by gs = 0.23 mag, rs = 0.14 mag and s = —0.16 mag 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 filter are
manually offset in magnitude to enlarge the eclipses.
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Section4.3.1). While the log g2 = 7.60 £ 0.23 dex for a two-star spectral fit shows a worse
agreement to the light-curve inferred parameters, the measurements agree at approximately
a 20 level, where such a difference could have been influenced 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.l 2020b]. These systems are also detached DWD binaries
with similar effective temperatures and masses to J0225—6920, 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 efficiency parameter, «,
from a second mass transfer phase. Given the similarity of J0225—6920, my measurements
are consistent with o = 0.2 — 0.4, as inferred by these authors.

A further two compact systems that are comparable to J0225—6920, having similar
star masses and temperatures, are SDSS J1152+0248 [Hallakoun et al., 2016j Parsons et al.,
2020]] and CSS 41177 [Bours et al.l 2014} 2015]]. These eclipsing DWD binaries have an
orbital period of 144 min, and 167 min, respectively. J0225—6920 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 first double helium-core, DWD, LISA verification binary dis-
covered [Brown et al.,|2020a]]. Systems such as these are vital gravitational wave sources
for data quality verification of LISA when launched, given that the gravitational wave fre-

quency 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 [I.9] Solving for the derived bi-
nary constraints in Section4.4] this means that the predicted orbital frequency derivative is
f=1(1.03+0.15) x 107 Hzs ™!, or, P = (—=8.27 + 1.21) x 10~ 3551,

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., 2019albl[2020a; [Munday et al.,|2023]]. The deep
eclipses of J0225—6920 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 first order) by Pt? /2P for general relativis-
tic effects, with ¢ the length of time following the first 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 bright Gaia magnitude (G = 16.4 mag) and its 0.2 mag deep primary eclipses
makes J0225—6920 an exemplar system for a measured P that can be utilised to probe
non-gravitational wave induced orbital decay in the future. This may arise in J0225—6920
due to tidal dissipation [Benacquista), 2011} Pirol 201 1}; |[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].

I find that timing of individual J0225—6920 primary and secondary eclipses in ideal
conditions with ULTRACAM is accurate to 0.5 s and 2 s, respectively. Considering this and
the predicted orbital decay, I expect to obtain a period derivative precise to better than ~5%
after 5 yrs or ~1% after 10 yrs; the precision scaling with ¢2. The observed deviation of the
centre of eclipse arrival time will be ~4 s and ~15s after 5 yrs and 10 yrs. Furthermore,
the compact binary is ideally situated in the LISA frequency band, as shown in Fig. 4.4
Its distance of 402.61“2:2 pc and derived orbital parameters generates a characteristic strain
of (4.5 £ 0.7) x 1072°, with a projected SNR of 1.3 + 0.2 after a 4 yr LISA mission time,
or 2.1 £+ 0.4 after 10yrs [Wagg et al., 2022bla]]. J0225—6920 is thus a detectable ver-
ification binary for LISA and will be the closest double helium core DWD verification
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 verification binaries are SDSS J063449.92+380352.2 at 435 pc
and SMSS J033816.16—813929.9 at 533 pc [Kilic et al., [2021b]].

In the future, J0225—6920 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 [T.6] hence predict
J0225—-6920 to merge within 7.(0.379 Rg)) = 41 Myr.

“The data used to create Fig.was obtained through https://gitlab.in2p3.fr/LIS A/lisa-verification-binaries.
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Figure 4.4: A plot of some of the currently known LISA verification 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 included®. These binaries are separated
into the categories AM CVn, detached DWD or binaries comprising a hot subdwarf. The
addition of J0225—6920 to these verification binaries is depicted. The curved black line
represents the predicted detection threshold of LISA [Robson et al.,[2019].
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4.6 Conclusions

I have discovered that J0225—6920 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 the LISA spacecraft, and I believe it is the
first such DWD verification binary discovered by the TESS mission. J0225—6920 joins a
small sample of fully characterised DWD binaries which will merge within a Hubble time.
It is the closest double-helium-core DWD verification binary known to date; a class that is
expected to account for 31% of all LISA detectable DWDs [Lamberts et al., 2019].

113



4.7 Observation Log

Table 4.4: An observing log of all J0225—6920 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. MJDy,;q is the MJD at the centre of the observing period. All observations
listed here were taken with ULTRACAM on the NTT. Observations in the u, filter were 3 x
the cadence stated. ULTRACAM has a dead time of 24 ms between adjacent exposures.

Night Filters Cadence (s) Duration (min) Comments
2021-07-07  ug gs is 3.0 89.8 Seeing 1.2”
2021-07-08 ug g5 is 3.0 21.9 Seeing 1.3”
2021-07-09  ug g i 3.0 76.1 Seeing 1.1-1.5"
2021-07-15  u, gs is 3.0 44.5 Seeing 1.5” to >2.0"
2021-07-16  ug g i 3.2 35.6 Seeing 1.2”
2022-09-17 ug gs 1 33 316.2 Seeing 1.8-2.2"
2022-09-18 ug gs 15 3.7 201.6 Seeing 1.8-2.0”
2022-09-19  u, gq 15 3.2 142.1 Seeing 2.2", spikes

4.8 Trailed spectrogram
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Figure 4.5: A trailed spectrogram of the Hf3 line 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
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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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4.10 Radial Velocities

Table 4.5: The extracted radial velocity measurements of J0225—6920 presented in Fig.
The time-stamps presented have been corrected to a barycentric reference frame (MBJD,
TDB) and the velocities (Vy,) have been corrected for a barycentric velocity also.

MBJID-59140 | Viary (kms™') | MBID-59140 | Vi (kms™')
4.006026 185.6 +22.9 4.056087 | -230.8 £24.6
4.008408 150.5 + 25.3 4.05825 -232.7 £ 14.0
4.010571 108.1 & 24.8 4.060413 | -126.8 +24.0
4.012734 123.1 £20.8 4.062576 | -113.3 £19.7

4.014897 6.9 +27.1 4.064739 442 £21.7
4.01706 -78.1 £22.0 4.069236 133.1 £21.3
4.019222 -89.7£17.3 4.071399 192.0 £ 18.9

4.021386 -221.9 £ 18.9 4.073562 2413 +£255
4.023549 -207.1 £ 31.1 4.075725 190.5 £21.6
4.025712 -181.3 £23.0 4.077888 131.0 £ 15.1

4.027875 -112.0 £ 16.2 4.080051 7.7+235

4.032223 37.6 +18.8 4.082214 -40.3 £224
4.034386 141.0 £ 155 4.084377 -103.7 £ 194
4.036549 174.3 £21.0 4.08654 -170.0 £ 30.9

4.038712 254.6 £27.1 4.088703 -197.4 £29.2
4.040875 223.1 £319 4.090866 -221.77+£37.4
4.043039 1942 £ 244 4.093029 -1549 +£21.2

4.045201 109.7 £ 20.7 4.095192 -948 £17.0
4.047364 277+ 18.8 4.097355 -7.1 £18.8
4.049527 -34.5+19.9 4.099518 1255 £259
4.05169 -73.6 £29.0 4.101681 198.0 £24.0

4.053924 -212.7+£25.0
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Chapter 5

The DBL Survey I: discovery of 34
double-lined double white dwarf
binaries

James Munday, Ingrid Pelisoli, P.-E. Tremblay, T. R. Marsh, Gijs Nelemans, Antoine Bé-
dard, Silvia Toonen, Elmé Breedt, Tim Cunningham, Mairi W. O’Brien, Harry Dawson
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supplying key ideas to explore in creating the final version of the study. Author #6 of-
fered support in the creation of and verification of the results of my WD-BASS pipeline
(see Section [5.4). Author #10 contributed by inspecting all spectra for interesting aspects
and classification. Author #11 contributed by helping to test the function of the WD-BASS

pipeline. All other components and the leading of the study were performed by me.
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Abstract

We present the first discoveries of the double-lined double white dwarf (DBL) survey that
targets over-luminous sources with respect to the canonical white dwarf cooling sequence
according to a set of well-defined criteria. The primary goal of the DBL survey is to iden-
tify compact double white dwarf binary star systems from a unique spectral detection of
both stars, which then enables a precise quantification of the atmospheric parameters and
radial velocity variability of a system. Our search of 117 candidates that were randomly
selected from a magnitude limited sample of 399 yielded a 29% detection efficiency with
34 systems exhibiting a double-lined signature. A further 38 systems show strong evi-
dence of being single-lined or potentially-double-lined double white dwarf binaries and 7
single-lined sources from the full observed sample are radial velocity variable. The 45 re-
maining candidates appear as a single WD with no companion or a non-DA white dwarf,
bringing the efficiency of detecting binaries to 62%. Atmospheric fitting of all double-lined
systems reveals a large fraction that have two similar mass components that combine to a
total mass of 1.0-1.3 Mg, — a class of double white dwarf binaries that may undergo a sub-
Chandrasekhar mass type la detonation or merge to form a massive O/Ne WD, although
orbital periods are required to infer on which timescales. One double-lined system located
49 pc away, WDJ181058.67+311940.94, is super-Chandrasekhar mass, making it the sec-

ond such double white dwarf binary to be discovered.
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5.1 Motivation and introduction to the DBL survey project

Of the full confirmed and compact DWD sample at the time of this study being pub-
lished, just 46 were known to be double-lined and 20 had a mass precision for both stars of
< 0.1 M. Only with a large sample of precise constraints for both stars can we unravel
the nuances of binary star evolution and effectively construct evolutionary models suitable
for all initial conditions of two stars. In this pilot study, I introduce the double-lined double
white dwarf (DBL) survey which aims to expand the double-lined and well-constrained
sample of compact DWDs significantly, constructed with clearly defined selection cuts
based on the position of candidate systems in the Hertzsprung-Russell (HR) diagram. As
well, I strive to provide a well-constrained sample of compact DWDs surveying a range
of orbital separations/periods to facilitate better mapping of post-common envelope binary
stars. The undertaken search indicates an approximately one in three success rate of a can-
didate being double-lined, outlining a clear means to expand to an observable population of
precisely constrained DWD binaries and especially so with the addition of phase-resolved

spectroscopy (Munday et al, in prep).

5.2 The double-lined double white dwarf survey sample

5.2.1 Sample selection

Beginning the survey in 2018, we initiated the target selection of the DBL survey using the
latest Gaia data release available at the time: Gaia DR2 [|Gaia Collaboration et al., [2018]].
We started with the full catalogue of 486 641 candidate WD sources presented in (Gentile
Fusillo et al.[[2019]], all of which assigned a probability of being a WD (PWD).

In search of double-lined DWD binaries, a few steps were considered. Firstly, it
was considered that the majority of the population of WDs fall along a typical cooling track
of a 0.6 Mg DA WD and use this as a baseline for the expected luminosity of a single
star. As shown in Fig. this track traverses the A-branch of WDs that is dominated by a
population of hydrogen-rich atmosphere DA WDs [Jiménez-Esteban et al., 2023, implying
that the majority of systems were expected to have Balmer absorption lines usable for RV
extraction. Considering that double-lined DWDs were sought where the dimmer companion
is not washed out of the spectrum by the brighter star, we aimed for the temperature of the
brighter star to be less than 20 000 K. Such a 0.6 M WD has Ggp — Grp ~ —0.3 mag,
therefore, all targets in the selection required Gpp — Grp > —0.3 mag.

Next, we required that the flux ratio between the companion and the brighter star
is greater than a third to show a clear spectroscopic signature, meaning that a second star

would cause the binary to be 0.31 mag above the single-star cooling track. Factoring in
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Figure 5.1: The sample selection cut on the HR diagram. Underplot on both graphs is the
100 pc sample of WDs from |Gentile Fusillo et al.| [2019]] with PWD > 0.3, GMAG < 18,
PARALLAX/PARALLAX_ERROR > 6. Left: the full sample of confirmed DWD binaries
that were published before this work plotted on the HR diagram. Double-lined systems
are denoted by red stars while single-lined systems are shown in black. Right: the 399
DWD candidate sources available for the WHT identification spectra with G < 17 mag and
0 > —20° in blue and in red the candidates that were observed. Both use an updated HR
diagram location using Gaia DR3 astrometric solutions, which is why some of the observed
candidates now fall slightly outside of the search box. In filled circles are evenly spaced
colour bins with a dashed spline passing through, which were used to define the boxed
space slightly above with step (2) of the selection criteria.
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Table 5.1: The selection cuts applied to target DWD candidates along with the number of
sources after each cut. Top: spline of the typical WD cooling sequence. Middle: selection
of DWD candidates. Bottom: observable targets for the WHT.

Starting DR2 WD catalogue: 486 641 sources

Selection for creating spline:

(PWD > 0.3) AND (GMAG < 18) AND (PLX > 6.*E_PLX)
22 107 sources

Sample 20 evenly spaced bins between BP_RP = —0.65 &

1.65, fit with a spline SPL_MG = f(BP_RP).

Select for a ‘clean’ sample of candidate targets:

(GMAG < 18.) AND (PLX > 10.*E_PLX) (1)
22756 sources

(M_G < spL_MG-0.35) AND (M_G > spPL_MG-—1.2) )
3494 sources

(BP_RP > —0.3) (3)
2697 sources

Select for an observable sample on the WHT telescope:

(GMAG < 17.) 4)
625 sources

(DEDEG > —20) )
399 sources

the uncertainty of a target’s Gaia HR diagram location from errors in the parallax and
photometry, we slightly increase this minimum value and required the brightness of the
binary to be 0.35 mag above the 0.6 M WD cooling track to improve the search efficiency.

Going too far off of the cooling track would also contaminate the selection and its
efficiency by introducing an abundance of WD-MS star candidates of the likes of cata-
clysmic variables [e.g.|Abril et al., 2020], and with this in mind we limited the selection to
systems with an absolute magnitude less than 1.2 mag brighter than the 0.6 Mg WD cooling
track. This upper boundary coincides with the typical cooling track for a helium-core WD
of mass 0.3 M, hence excluded DWD binaries from this upper brightness limit are those
with an approximately 0.35 M, or less massive component. The cuts applied to the Gentile
Fusillo et al.|[2019] catalogue conclude as written in Table[5.1]

After applying a selection cut of GMAG < 17 to select targets that would grant
a signal-to-noise ratio (SNR) greater than 15 per spectral element at the centre of Ho in
less than a 30 min exposure time with the 4.2 m William Herschel Telescope (WHT, see

Section [5.3)), 625 sources were left. Lastly, we selected targets that were visible on site for
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Figure 5.2: The distance distribution of the observable WD sample for the WHT identifica-
tion sample, following steps (1) to (5) of the selection cuts mentioned in Sectionm when
applied to the Gaia DR3 catalogue. Distances were obtained using Gaia DR3 parallaxes.
Displayed in blue is the full DR3 candidate sample and in orange the sample that have now
been observed.

prolonged durations (6 > —20°) to arrive at a final sample that was suitable for identification
spectra of 399 sources.

I note that after applying the same cuts to Gaia DR3, each step of the sample selec-
tion had the following number of sources utilising the same numbering scheme: 1) 26 616,
2) 3729, 3) 2862, 4) 695, 5) 451. The primary cause of the increase in size of the final

sample stems from the improved parallax uncertainties in Gaia DR3.

5.2.2 Sample biases

The sample cuts outlined in steps (1) to (3) in Table [5.1] cause the sample to be slightly
biased towards brighter systems owing to the fact that brighter systems have more precise
astrometric solutions, hence smaller parallax uncertainties. This is particularly relevant
given the initial Gaia DR2 selection of the candidate sample, but far less so for Gaia DR3.
The fact that the selection relies on a 0.6 M WD cooling track and that this is the median
WD mass induces a natural bias towards at least one of the components being a WD of mass
0.6 Mg, (log g ~ 8). This is primarily the case for wide binaries where the two stars evolve
in near-isolated conditions. WDs with smaller masses have larger radii and are hence more

luminous for all effective temperatures compared to a WD with higher mass. With this and
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the fact that the upper M selection cut of 1.2 mag above the 0.6 M, cooling track coincides
with that of a 0.3 M helium-core WD, no DWD binaries that host an extremely-low-mass
WD are expected.

By applying a magnitude limit to the sample in steps (1) and (4), a strong bias
towards the frequency of hotter systems in the sample is induced, which is clearly noticeable
by the grouping of candidate systems with Mg < 12 mag in Fig. The magnitude limit
imposed in the spline creation barely induces bias in the sample due to the large number of
sources used in the spline fit, and the premise of introducing the magnitude limit in the step
of creating the sample was to ensure good photometry across the BP-, RP- and G-bands.

The target selection, especially near the lining of the Milky Way and towards the
Galactic bulge, is minorly biased towards brighter systems due to the impact of reddening
since no reddening correction was applied to the sample selection. The most distant sources
in the sample are found at 300 pc and the mean distance is ~120 pc (Fig.[5.2), meaning that
the impact of extinction is small and that even though the targets in our selection cuts will
shift in colour to become bluer where some may lie slightly outside of the selection, the
number that will is very small.

Limiting to a northern declination in step (5) is suspected to have negligible effects
owing to the similarity between the results of volume-limited WD surveys in each hemi-
sphere [McCleery et al.,[2020; /O’ Brien et al.,[2023]]. A final bias in the results of the targets
in this sample, which does not stem from the sample selection itself, are introduced by the

detection efficiency in the observing strategy (see Section[5.3)).

5.3 Observations

With the final candidate sample outlined in Section[5.2.1] we obtained identification spectra
of 117 candidates; 27 were observed for a single epoch, 9 for two epochs, and 88 candidates
for 3 or more. Typically, more than 3 identification epochs were taken if the candidate was
immediately identified as a promising double-lined candidate from the first 3 spectra. The
general observing strategy was to ensure that each candidate was observed on at least two
separate nights spaced two nights apart; one of these nights with a single spectrum and the
other night with two consecutive exposures to be sensitive to any ultra-compact systems
with rapid RV variation. Generally speaking, compact DWDs have a median orbital period
of approximately 1 day, meaning that the two day spacing granted sensitivity orbital periods
up to a few days (Fig. [5.3)), comprising over 90% of compact DWD systems [Nelemans
et al.,[2001c].

These identification spectra were taken with the Intermediate-dispersion Spectro-

graph and Imaging System (ISIS) mounted on the 4.2 m William Herschel Telescope (WHT)
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Figure 5.3: Left: The detection efficiency for a single-lined binary. Plotted is the detection
probability for a > 4o significance of a non-constant RV over a range of orbital periods with
the WHT observing strategy. A brighter 0.6 M WD is assumed and the detection efficiency
of a companion WD or brown dwarf with mass Ms is plotted for « = 60°. The detection
efficiency for a larger companion (e.g. a neutron star) is near identical to the efficiency for
a 1.2Mg companion. The plotted detection probability is the median of all systems with
three or more WHT identification epochs using the timestamps of the observations. Right:
The same as the left, but for a double-lined DWD where the two stars have a similar flux
contribution. Here, the difference between the RV of the two stars to be deemed separated at
R = 8000 is 60 kms~!, and this requirement only needs satisfying on one epoch to result
in a detection. Repeating dips are predominantly aliases of a ~1 day period, arising due
to the fact that ground-based observations are only possible at nighttime. There is likely
a small difference in the detection efficiency dependent on the masses of the stars due to
Ha being broader for larger values of surface gravity, which hence makes the double-lined
signature less likely to be detected, but this is difficult to quantify and is unaccounted for
since the surface gravity of the stars in the sample are suspected be in a narrow range of

log g &~ 7.75-8.25 dex (see also Fig.|5.14).
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across 20 nights, being 28 August 2018 - 5 September 2018, 13-15 February 2019, 19
February 2019, 15-17 April 2019, 10 & 11 June 2019 and 6 & 7 July 2019. ISIS utilises
a dichroic filter to be able to observe in a blue and a red arm simultaneously, where we
used the R600B grism for the blue arm centred on 4400 A giving a wavelength coverage of
~3770-5030 A and the R1200R grism for the red arm centred on 6562 A giving a wave-
length coverage of ~6250-6870 A. We used a 1.0” slit width on all nights in 2018 and
1.1” for the others, having a spectral resolution of 0.81 A and 0.74 A in the red arm and
2.2 A and 2 A in the blue arm, respectively. A CuNe+CuAr arc exposure was taken for each
new telescope pointing after acquiring a target for wavelength calibration, where the error
in wavelength calibration for each arc frame in the blue arm was approximately 3 kms~?
and 2kms~! in the red arm. The science exposure time was always maintained at under
30 min not to suffer greatly from orbital smearing and a SNR greater than 25 in the wings
and 15 in the line core of Ha was sought after.

Bias frames and dome flats were taken at the beginning of each night and used in
the data reduction. Spectrophotometric standard stars were also taken at the start or the
end of each night to flux calibrate the science exposures and correct for the instrumental
response function. When multiple arc frames were taken for a target, the arc closest in time
to the science frame was used for wavelength calibration. All data were reduced using the
MoLLY package [Marshl 2019]] and spectra were extracted using the method outlined in
Marsh! [1989]).

The detection probability of a candidate being RV variable or double-lined, based
off of the identification spectra alone, is displayed in Fig. I determine a single-lined
system to be RV variable if there is significant deviation from the mean velocity of all
exposures (Section [5.5.2)), while a double-lined system with two stars that contribute a
similar flux is identifiable if the difference in velocity of the two stars is above 60 kms™?

for the resolution at Hev.

5.4 WD-BASS

I created a custom fitting code specialised for the analysis of RV variable WDs with time-
series spectra and introduce it in this work to fit the full DBL I survey sample: the White
Dwarf Binary And Single Star (WD-BASS) fitting package [Munday, 2024]]. The code is
specialised for DA, DB and DC WD fitting and is flexible to include any grid of synthetic
spectra.

WD-BASS is divided into 4 primary branches: 1) one-star spectral line fitting, 2)
two-star spectral line fitting, 3) simultaneous or independent photometric SED fitting, and

4) RV fitting with a fixed atmospheric solution. Each branch will now be explained.
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Access to the code is public and a full description of the code’s usage in its most

recent version can be found on githubﬂ

5.4.1 One-star fitting

Single star fitting in WD-BASS is performed by normalising and fitting specific spectral
lines of interest. The user specifies the sets of wavelength ranges on each edge of the line
to be used for a linear normalisation and the wavelength range that is fitted. The resolution
of the observations at the spectral line of choice is also user supplied. Multiple spectra can
be fit simultaneously or independently. One has the capability to fix or vary an atmospheric
solution, fix or vary the RV of a star for each spectrum or, if the system is in a binary and the
user supplies an orbital period (P) and reference epoch (Tg), one can solve for a Keplerian
orbit by varying the semi-amplitude (K) and/or the systemic velocity offset (V). In the
latter case, the eccentricity is assumed to be zero with a circularised orbit. Multiple spectral
lines in a single spectrum can be fit independently or simultaneously with a fixed/varied RV
for each line.

A Markov Chain Monte Carlo (MCMC) algorithm is employed in the code using the
EMCEE python package [Foreman-Mackey et al.,|2013] to probe a user-supplied parameter
space and maximise the likelihood (which is equal to —0.5?) between the set of normalised
observations and the normalised model fits sequentially. The interpolated spectrum for
a trial solution is convolved to match the resolution of the observations with a Gaussian

kernel.

5.4.2 Two-star fitting

The binary star fitting module of WD-BASS functions exactly the same as single star fitting
but with the combination of two different model stars that can be of any spectral type,
each star having a unique RV. Similar to before, any combination of the semi-amplitude of
each star, K1, K> or their velocity offset, V1, V, o can be input as fixed/fitted constraints
(the velocity offset is not the same as the systemic velocity and is unique for the each star
because of gravitational redshift).

Two stars in a binary have unique atmospheric parameters and radii, therefore in a
normalised spectrum there is a relative flux scaling between the two. WD-BASS includes
the options to fit for the relative flux scaling component, for it to be fixed, or for the scaling
to be inferred through the radius of the two stars with Teg-log g-radius relationships. In
its current version, the radius of a DA star is inferred using the evolutionary track models
of [Istrate et al.| [2016] when M < 0.393 Mg, |Althaus et al.| [2013]] when 0.393 < M <

'nttps://github.com/JamesMunday98/WD—-BASS
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0.45 M and the hydrogen-rich evolutionary sequences of |Bédard et al.| [2020] otherwise,
the assumption being that a star < 0.45 Mg, is likely a He-core WD and larger masses have a
carbon-oxygen core. Hybrid carbon-oxygen/helium core composition WDs may exist in the
mass range of ~ 0.3-0.6 My, [Zenati et al.,[2019], or the hydrogen envelope could be large
in some cases [[Romero et al.,[2019]], but a spectrum that is poorly fit in this mass range can
be overcome by allowing the scaling factor to vary freely. That said, the scaling is always
interpolated in this study as these issues never arose in the fitting, which has often been
the case for detached systems [Parsons et al., 2017]]. For helium-atmosphere DB/DC WDs,
WD-BASS currently relies on a linear interpolation of the He-rich evolutionary sequences
of Bédard et al.|[2020] to predict the radius of the WD (My/Mwp = 10719).

The model Eddington flux is converted to a flux observed at Earth (Fqy,s) with the

stellar radius (R, inferred from log g—Teg—radius relationships) and the parallax, following

47

= o3 (FO)RT + F(0)R3) (5.1)

F obs(/\)
where D = 1/parallax, A is the wavelength, F'()\) is the flux and subscripts 1, 2 represent

the brighter and dimmer star, respectively. The fluxes themselves are dependent on T 1,

log g1, Tefr 2, log go.

5.4.3 Photometric SED fitting

In the advent of all-sky photometric surveys in the last decades, the astronomical com-
munity has a plethora of photometric magnitudes available in multiple wavebands that is
publicly available and flux-calibrated. Yet, only recently have the parallaxes measured in
the Gaia mission proved revolutionary in placing said stars distance scale [Gaia Collabo-
ration et al.| [2021], 2023]]. For sources up to G = 17 mag in Gaia DR3 belonging to the
359 000 high-confidence WDs in the catalogue of (Gentile Fusillo et al.| [2021]], 99.96% of
the WDs have a PARALLAX/PARALLAX_ERROR greater than 10, such that there is now the
opportunity to exploit simultaneous fitting of spectral lines with well-flux-calibrated pho-
tometry to grant more precise atmospheric parameters. This is highly advantageous not
only in single-lined systems, but especially so for double-lined binaries where the unique
signature of each star may be difficult to disentangle, also allowing a more accurate sys-
tem solution [Bédard et al., |2017]. When handling photometry from satellite sources, air
wavelengths in the model spectrum are converted to vacuum wavelengths.

To fit the photometry, synthetic spectra are created with equation[5.1)on an Edding-
ton flux scale and can be reddened in WD-BASS with a supplied E(B-V) extinction constant
and an assumed extinction curve with Ry =3.1, following the extinction curves of (Gordon

et al.| [2023]]. If fitting photometry simultaneously with spectroscopy, the same model is
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used for both datasets. The model is then integrated over the transmission spectrum of
the respective filter to obtain the predicted observed flux in the bandpass. In the MCMC
algorithm itself, a Gaussian prior on the parallax is applied and weighted by the supplied
parallax error. The parallax, together with the radius inferred from log(g) and Teg, fixes the

normalisation.

5.4.4 Improved radial velocity fitting

It is possible to determine RVs as discussed in the previous sub-sections and this is the
standard procedure in WD-BASS. In case of a poor fit to the line core and specifically
made for medium- to high-resolution data that includes Ha, where synthetic model spectra
may struggle to reproduce the observed signature [Napiwotzki et al.l [2020; Kilic et al.
2021al], WD-BASS also includes the option to take an atmospheric solution and fit an extra
Gaussian component to the star(s) model spectrum (spectra). This process is performed by
taking the same set of spectra that were used in the one-star (two-star) atmospheric fitting,
fixing the temperature(s), log g (s) and RVs found in the previously determined solution
and then minimising the x? with an additional Gaussian solution for the star(s), having
amplitude A and standard deviation og. An upper limit of o < 5 A is enforced to solely
improve the line core, rather than any correction to the shape of the wings of the Balmer
lines. Although there is no improvement to the atmospheric fit in the optionally employable
method, the purpose of this step is to grant an improved RV accuracy and precision when

relevant.

5.5 Methods: Fitting the candidate sample

5.5.1 Atmospheric parameters

For the fitting of all WD atmospheric classifications, I performed a bilinear interpolation in
the Tefr — log g space in trial solutions for DA WDs or trilinear in the T — log g—H/He
space for DB WDs.

The observed spectra were normalised with a linear fit between the two wings of
each spectral line and so were the model spectra (the spectral range for normalisation is
different depending on the spectral type, detailed in Sections [5.5.1] [5.5.1). My method in
choosing the spectral region for normalisation was proportional to the temperature of the
WD, with cooler WDs having less-broadened absorption lines. All data within the region
of normalisation was included in a % minimisation with a 4o outlier rejection threshold. I
probed trial solutions using the MCMC algorithm with WD-BASS, utilising 100 walkers,

a burn-in and a post-burn-in phase. In the case of double-lined systems where multiple
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Figure 5.4: An example best-fit atmospheric solution for the double-lined system
WDJ114446.16+364151.13 utilising simultaneous spectral (left) and photometric (right)
fitting. On the left, the observed spectra is plotted in black and the model fit is over-plotted
in red. The spectroscopic solution and the RVs of the epoch are written in text below He.
On the right (top), the observed data is plotted in black circles, the integrated model flux in
each filter in orange crosses, the combined model flux as a solid black line and the flux con-
tributed from the individual stars in dashed red and dashed green. Below is the percentage
difference of the observed flux to the model.
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exposures of a target were taken, I omit data where both stars are not visible in the spectrum
in the atmospheric fitting (originating from an unfavourable orbital phase). In single-lined
sources, I model all WHT identification spectra.

Multiple studies have shown a systematic difference between atmospheric con-
straints predominantly from fitting single WDs photometrically and spectroscopically that
varies from survey to survey [Tremblay et al.| 2019} |Genest-Beaulieu and Bergeron, |2019;
Gentile Fusillo et al., 2021} |Cukanovaite et al., [2021; Sahu et al., 2023} |[zquierdo et al.,
2023|], stemming from a difference in flux calibration between the surveys and imperfect
model atmospheres. However, even with the systematics, all targets within the initial selec-
tion criteria are over-luminous compared to the 0.6 My WD cooling sequence and, in the
vast majority of cases, the spectral features of one star dominate in the spectrum. I consider
that the inclusion of photometry to reduce degeneracy in two-star atmospheric solutions
outweighs the negatives induced from systematic effects in all cases. Therefore, I incorpo-
rate a hybrid fitting technique in WD-BASS of simultaneous spectroscopic and photometric
fitting in all systems when available, whereby the combined y? with no weighting for the
two datasets is minimised to reach a final solution.

I chose to limit the sources of photometry to Pan-STARRS DR1 (grizy) [Chambers
and Pan-STARRS Team, 2018]] and SDSS DR16 (ugriz) [Ahumada et al.,|2020] and I chose
not to include Gaia photometry as the very broad filters of Gaia are not optimal for two
star fitting, where any extra flux calibration offset between Gaia and the other surveys
could hamper the validity of the atmospheric solution. In any case, Gaia was still the best
starting point for candidate selection due to its increased photometric precision and all-
sky coverage. The extinction coefficient, Ay, of each source was obtained through the
reddening maps of |[Lallement et al.|[2022] at a distance determined from the inverse of the
Gaia DR3 parallax and was converted to E(B-V) = Ay /3.1 before reddening the synthetic
spectrum. An example showcasing the quality of fit to Ha—HS8 following all of these steps
with simultaneous photometric and spectroscopic hybrid fitting is displayed in Fig. [5.4] for
one double-lined DWD.

DA WDs

Over the course of this study, I fitted the full sample of DWD binary candidates with two
primary grids of model spectra: the 3D local thermodynamic equilibrium (LTE) DA spec-
tra of [ITremblay et al.| [2013a) |2015] and the 1D non-LTE (NLTE) DA spectra of Kilic
et al.| [2021a], which I will refer to as T15 and K21, respectively. Both grids rely on the
line profiles of [ITremblay and Bergeron| [2009]. The NLTE grid of K21 was computed by
performing NLTE spectral synthesis on the LTE atmospheric structures of [ITremblay and
Bergeron| [2009] using a modified version of the SYNSPEC code (see |Kilic et al.|2021a
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Figure 5.5: A comparison of the model fit to three double-lined systems with a variety of
combinations of effective temperature. In red, the 3D+NLTE grid that was created in this
work and used to fit all single- and double-lined systems (see Section[5.5). In dashed green,
3D effects only from T15. The lines Ho-H8 were fitted simultaneously in these systems, but
Ha is shown alone in the figure since little difference is noticeable at the other Balmer lines
because of the lower resolution of the data as well as the lesser impact of NLTE effects to the
synthetic spectrum. The relative scaling between stars was included from the appropriate
log g-Teg—radius relationship (Section @[}
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for details). NLTE effects are especially important in the atmosphere of hot WDs (Teg =
40000 K; |[Napiwotzki|[1997) but also remain non-negligible in the upper atmosphere of
cooler objects, thus affecting the line cores [Heber et al.,|1997; |[Koester et al.,|1998]]. In par-
ticular, they are noticeable in high-resolution Ha observations of cool WDs in double-lined
binaries [Bergeron et al., |1989; Kilic et al.,|2021al]. The same effect of a decreased model
flux in the line cores is apparent for the 3D vs 1D and NLTE vs LTE grids; in the former
case, because of the cooling effects that come with the inclusion of convective overshoot
[Tremblay et al.l 2013al] and in the latter because of an increased opacity (increased NLTE
lower level population) in the upper atmosphere of a WD where the lines are formed.

I observe that NLTE effects on Ha line cores are noticeable at medium resolution for
the full range of effective temperatures and surface gravities in the sample. Both the grids
of K21 and T15 performed well for all other Balmer lines observed at lower resolution,
where the line core impact diminishes due to the increased broadening from the response
of the blue grating. That said and even with the use of NLTE physics in the models, the
synthetic line cores were too shallow. While the poorer fit caused in this case may not be
detrimental to or hardly noticeable in single star fitting of an isolated WD, the impact is
amplified in spectra with two DA WD components as the stars are blended, such that the
line cores are the only components where a unique signature of each star is prominent and
hence significantly impact the validity of the fit.

I was therefore encouraged to create a new synthetic spectral grid that approxi-
mately include both the 3D and NLTE effects on the line cores; a hybrid “3D-NLTE” grid
that was introduced for the first time in this work. I started by dividing the NLTE and LTE
grids of K21, which include otherwise identical input physics, yielding a NLTE correction
factor f (X, Tesr, log g). This factor was then interpolated onto the wavelength grid of T15
and applied to their 3D synthetic spectra. The final step was to broaden the produclﬂ with
the velocity vector in figure 11 of [Tremblay et al. [2013b] at optical depth log(7r) = —4.
This generated a NLTE correction to a 3D grid with resulting synthetic spectra (that will
herein be referred to as 3D-NLTE) that incorporate 3D and NLTE physics without a full
computational effort to include both effects simultaneously.

A comparison of T15 with the 3D-NLTE grid including simultaneous photometric
fitting for three double-lined systems in the sample is displayed in Fig.[5.5] In addition,
I compared the T15, K21 and 3D-NLTE grids by fitting the full observed sample with
each. I found that the difference in the reported atmospheric parameters of each double-
lined system is small (< 500 K, < 0.05 dex for both stars) and smaller still for single-star
fits to single-lined systems (< 200K, < 0.03dex), yet I found that the 3D-NLTE grid

?Convective (turbulent) velocity broadening is not included by default in the synthetic (3D) spectral grid in
T15.
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outperformed the others by better fitting the observed spectra, especially at Ha. For that
reason, | have utilised the 3D-NLTE spectral grid to fit all sources presented in this study.
I note that for a minority of double-lined systems and specifically in the temperature range
9000-10000 K and surface gravity range 7.6—8.0 dex, I witness that the 3D-NLTE synthetic
spectra slightly under-predict the flux at Ha compared to the observations; the synthetic
line cores become too deep instead of too shallow (see e.g. WDJ212935.23+001332.26
in Appendix [5.8). I accredit the flux under-prediction to either small imperfections in the
T15 grid since 3D effects are strongest in this temperature regime, or to an artefact of not
creating a grid with the inclusion of 3D and NLTE effects being modelled together instead
of the multiplicative factor approach.

In the process of atmospheric fitting and in general for DAs, I chose to linearly
normalise Balmer lines using data in the range of +(4500 — 5000) kms~! around Ha,
Hp3, Hvy, HS and (2000 — 2500) kms~! around He and H8 when Ter > 8000K. In
WDs cooler than 8 000 K, inferred from the temperature quoted in (Gentile Fusillo et al.
[2021]] from the fitting of Gaia photometry, I reduced the normalisation range to be approx-
imately 4(2250 — 2500) kms~! and 4(1 750 — 2000) kms~*, for the respective groups
of Balmer lines. The narrower prescription for cooler WDs was chosen to restrict the con-
tribution of the continuum to the fit. Fine tuning of a couple of angstroms either side of the
absorption features was performed to improve the normalisation and spectroscopic fit if a
flux-calibration artefact was within the normalisation range.

Two DA systems in the sample are unique from the rest in the way that their
spectra show a sharp emission at Ha only originating from background emission in the
galactic plane, not from the system itself. These are WDJ183442.33+170028.00 and
WDJ193845.804+264751.85, and I mask the narrow hydrogen emission in both sources
when performing the atmospheric fitting (see WDJ183442.33+170028.00 in Fig. [5.8). No

photometric data is fitted for these sources.

Non-DA WDs

For the couple of DB WDs in the observed sample, I utilised synthetic spectra from|Cukanovaite
et al.| [2021]], incorporating 3D effects when possible. The observed and synthetic spectra
were continuum normalised and all visible helium absorption features fitted. When includ-
ing a helium-rich atmosphere DC WD component, I use the same synthetic spectra from
Cukanovaite et al.| [2021] but with a fixed H/He fraction of 107° [Bergeron et al., 2019
McCleery et al., 2020] and normalise spectra with a DC in the same way as for DA WDs.
Hydrogen-rich atmosphere DC WDs exist below approximately 5000 K and I continue us-
ing the T15 synthetic spectra to model hydrogen-rich DCs.

Some systems within the survey are not DA/DB/DC WDs (see Table [5.7). For the
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sample of interest, these systems are viewed as contaminants and as such I do not provide a
full analysis of their atmospheric constraints in this paper. Notable targets of interest were
1) WDJ002215.19+423642.15 having a faint and shifted Ha towards the blue, perhaps
indicative of a cool and magnetic star, 2) WDJ010343.47+555941.53 which could be an
evolved CV or a subdwarf with an F/G/K star companion given the CH absorption band
(G-band) at 4305A (in Gaia DR3, this source has no parallax or proper motion, whereas it
does in Gaia DR2). An analysis of time-series data is particularly encouraged for the last

two systems.

Fitting single-lined DWD candidates

Irrelevant of the spectral type, the full observed sample is composed of DWD candidates.
When I see unique signatures of both stars in the spectra and can identify individual spectral
types, assigning the relevant atmosphere is simple. On the other hand, single-lined targets
may still have an additional flux component that jeopardises the accuracy of a single-star
solution.

To combat this dilemma, I perform two-star fits to all single-lined DA targets that
show a missing flux component of a second WD, noticeable from overly shallow model
fluxes in the line cores of the Balmer lines, a poor fit to the photometry or a fitted parallax
outlier that deviates more than 30 from the expected value. The vast majority of targets
from the DBL survey show Balmer lines, and it is expected that in a poorly-fitting target for
a single-star DA model that the missing component is another DA WD. Hence, I assume
that the most common companion would be another star of type DA. The second option
that I consider is that the companion is a DC WD with a helium-rich atmospher and a
H/He fraction (by number) of 10~° [Cukanovaite et al., 2021]. It is expected that a DC WD
would have log(g) ~ 8.0dex and I fix the surface gravity of the DC to remove parameter
degeneracy in the fitting, before comparing a DA+DA and DA+DC (log(g) = 8) best-fit
by eye. A visual comparison then allowed us to exclude a combination, if possible. As a
last and separate check, I allowed the surface gravity of the DC to be free and comment on
whether a DC WD with log(g) =7.5-9.0 would reproduce the observations and note if this
is the case.

For any target where a single-star model fits well and I see little to no improvement
in the x? of the hybrid fitting when including a second star, I consider the situation entirely
degenerate and report an atmospheric solution with just the one WD, but I advise that cau-
tion is taken when interpreting the solution. If these systems are binaries, the temperature

of the brighter component will be slightly overestimated and the surface gravity slightly

3 A hydrogen atmosphere DC companion is considered when fitting DA synthetic spectra when the temper-
ature is less than approximately 5 000 K as DAs become DCs
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underestimated.

5.5.2 Radial velocities
Fitting

To determine RVs, I fitted to Ha alone because of the much higher resolution in this spectral
range for the observations, whereas the addition of data from the lower-resolution blue
arm data would add confusion noise. Occasionally, and especially when the observing
conditions worsened, the continuum SNR can be relatively low (SNR<20), leading to a poor
spectrum normalisation. I use the best atmospheric fit rather than the data to calculate the
normalisation factors for the observed spectrum and then minimise the x? in the wavelength
range within 40 A of Hov. Applying this re-normalisation slightly improved the accuracy
and precision of the RVs in general and noticeably for the low SNR observations. Data
within the £5 — 40 A range was sigma-clipped with a threshold of 40; excluding data near
the line cores themselves. RVs and RV errors are reported from the median and standard
deviation of 1000 bootstrapping iterations.

In double-lined DWD and single WD fitting, the model flux from each star is used
in search for independent RVs. For the RVs of single-lined DWDs, a wide Gaussian com-
ponent (to cover the broad wings of Ha) and a narrow Lorentizian component (to model the
NLTE core) with a common RV were fit to all spectra to get a best model, and this model

was then maintained fixed to search for independent RVs.

RV variability

From the identification spectra of double-lined systems, the atmospheric solution and the
measured RV of each component can be used to assign each system a maximum orbital
period. If we assume the unlikely case that the epoch of observation for all double-lined
detection occurred when the stars were moving at a maximum orbital velocity and that the

binary is angled edge-on (¢« = 90°), the binary mass function can be rearranged to be

2rG M3 - 2rG M3
(My + M)?2 K3 . (My + My)2

1,min

Pmax = (52)

K3

2,min

where we can take a rudimentary assumption that Ky iy and Ko niy are half of the max-
imum RV difference of the two stars. With an atmospheric solution bringing photometric
masses of M; and Mj, the maximum period can be solved for.

While spotting a double-lined signature is often obvious upon inspection of the
data, a statistically significant RV variability for a single-lined system is not. To search

for single-lined RV variability the mean of all extracted RVs for a source is taken and a
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null-hypothesis that the RV is a constant with respect to the mean is tested. I compute the
x? of all measurements compared to the mean and use the relevant x2-distribution for the
number of degrees of freedom to calculate the probability that a source is not RV variable.
For a system to be considered a candidate RV variable system, I require that it passes the
1% (logig pvin < —2) threshold and 0.01% (log;q ppin < —4) to be considered as a WD
binary with an unseen companion. All double-lined systems are naturally RV variable. All
RV errors were propagated with an additional wavelength calibration error of 2kms™" in
quadrature (Section [5.3)).

5.6 Results

The best-fit atmospheric solutions are reported in Tables 5.6|as the 50th percentile of the
post-burnin chains and errors as the 16th and 84th percentiles of this distribution. Within,
subscripts 1 and 2 represent the hotter and cooler star, respectively.

34 gystems are double-lined DWDs. Another 11 are double-lined DWD candidates
as they show a small hint of a double-lined signature, however I can not confirm these as
double-lined DWDs due to the SNR ratio of the data or perhaps an unfavourable orbital
phase sampling. 27 single-lined DWDs were found where one star is visible in the spec-
trum but the source require an additional flux component for spectroscopic and photometric
consistency, 38 sources appear as a single-lined DA WD with no companion present and 7
non-DA sources were found (Table [5.7)). The location of these systems on the HR diagram
separated by category is depicted in Fig. [5.6]

As the spectroscopic surface gravity of each star is largely defined by the relative
depth of all Balmer lines compared to one another [Tremblay and Bergeron, [2009], I em-
phasise that care should be taken when interpreting the parameters of hybrid fits for stars
with a temperature below approximately 5 500 K as the only Balmer lines visible in the data
are Ho and at times Hf3; all other Balmer lines vanish at lower temperatures. Regardless,
the temperatures of the stars are expected to be accurate given the inclusion to the fit of
flux-calibrated photometry. The error on these stars stays relatively low because the surface

gravity is also constrained with the photometric data.

5.6.1 Double-lined DA DWDs

The 34 targets listed in Table 5.2 were found to be double-lined, double-DA DWDs, signi-
fying at least a 29% detection efficiency in the survey. A further 3 targets found in Table[5.3|
are deemed to be likely double-lined DWDs but the SNR ratio of the data leads to a lack

of certainty, and a further 8 targets show a faint hint of a double-lined signature. If all are
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Table 5.2: The best-fitting parameters to the definite double-lined DWDs. Subscripts 1 and
2 represent the hotter and cooler star, respectively. Errors on the atmospheric constraints of
the stars were obtained by combining in quadrature the statistical error from y? fitting with
an external error of 1.4% for Teg and 0.042 dex for log g [Liebert et al., [2005]], however this
should be considered a minimum due to extra degeneracy in two-star fitting. I emphasise
caution again on interpretation of the masses for stars with a temperature below 5500 K.
The rest of the sample including candidate double-lined DWDs are listed in Tables

WDJ name Teff’]_ log 21 M; Teff72 log 22 M,

[kK] [dex] (Mo [kK] [dex] (Mo]

000319.54+022623.28 | 18.2753 | 7.697005 | 0477505 | 7.5703 | 7.48T5 08 | 0.387003
002602.29—103751.86 | 10.7702 | 7747507 | 0471555 | 58101 | 7.60700% | 0.427007
005413.14+415613.73 | 7.7703 | 7.697009 | 0431505 | 7.4702 | 7.7370% | 0.457002
013446.42+282616.83 | 13.1702 | 7.607008 | 0411595 | 9.370-2 | 7727095 | 0.45%0-03
013812.93+444252.10 | 15.0703 | 7.927001 | 0.5715:05 | 8.0701 | 7.887002 | 0.53%00s
014202.72+262354.58 | 122702 | 7.8670:9% | 0.5315:0% | 8.3702 | 7.727007 | 0.4575-03
020119.40—050748.59 | 83701 | 7.8070 02 | 0491005 | 67701 | 7.91705¢ | 0.547003
020847.22+251409.97 | 21.2703 | 7.867031 | 0.5515:02 | 11.6702 | 82170053 | 0.745:03
080856.79+461300.08 | 14.0703 | 7.997002 | 0.601503 | 10.1703 | 7.761002 | 0.471005
084457.81+453632.94 | 9.8702 | 7.97700% 1 0.5815:02 | 5.9703 | 7.717098 | 0.4375:03
114446.16+364151.13 | 13.3702 | 7.637002 | 0427002 | 13.0103 | 7.6915:52 | 0457009
130014.82+181734.41 | 10.9702 | 8.137052 | 0.687003 | 6.7101 | 7.7515:08 | 0.467003
135342.35+165651.75 | 9.6102 | 7.76709% | 0477002 | 7.6752 | 7707083 | 0.43700F
141625.94+311600.55 | 13.3703 | 7.747058 | 0477003 | 12.8102 | 7.6215:02 | 0.427002
141632.84+111003.85 | 10.5702 | 7.76705¢ | 0477003 | 7.5702 | 7.6015:02 | 0.4270:92
151109.90+404801.18 | 9.170-1 | 8.127052 | 0.677003 | 7.6701 | 7.7115:02 | 0447002
152038.37+390349.32 | 9.6701 | 8.027352 | 0.617003 | 54701 | 7.3575:02 | 0327093
153615.83+501350.98 | 9.6702 | 7.737052 | 0467002 | 7.3102 | 7.7915:08 | 0487003
160822.19+420543.44 | 14.0702 | 7.8970:95 | 0.5515:05 | 11.0702 | 7.767005 | 0.4775:02
163441.85+173634.09 | 11.4702 | 7.697007 | 0447002 | 8.110-1 | 7.8015:0; | 0.487003
165935.59+620934.03 | 13.0702 | 7.807007 | 0.507002 | 8.2703 | 8.171057 | 0.7070:03
170120.99—-191527.57 | 20.5%5:3 | 8.085:02 | 0.677005 | 13.5705 | 7.757002 | 0.4870-0
180115.37+721848.76 | 18.070% | 7.887057 | 0557002 | 11.2102 | 8.02%5:02 | 0.627093
180150.89+103401.08 | 22.010-3 | 7.927001 | 0.597002 | 8.3703 | 7.891052 | 0.537003
181058.67+311940.94 | 20.070% | 8.167057 | 0.727003 | 167103 | 8.3515:07 | 0.837003
182606.04+482911.30 14.4$§;$ 7.721%%? 0.47£§;§§ 11 3;%;2 7.891%:22 0.54$§;§§
oot | et |4 OO | 20| L0 |
. . *T—0.4 +1—-0.06 . —0.04 ~—0.3 V2 —-0.08 . —0.05
192420.74+070135.14 | 167103 | 7.9067007 | 0.59700% | 14.175% | 8.037398 | 0.637003
211327.98+720814.03 | 11.1703 | 7.637095 | 0421505 | 7.0702 | 7.507095 | 0.38%502
212935.23+001332.26 | 9.2707 | 7.697505 | 0447557 | 7.9705 | 7.647009 | 0447002
214323.95-175413.00 | 142703 | 8.057002 | 0.6415:53 | 14.0702 | 8.0470052 | 0.647005
221209.01+612906.96 | 8.1102 | 7.90700¢ | 0547005 | 7.070% | 793700 | 0.557005
231404.30+552814.11 | 14.0703 | 8.087002 | 0.6615:05 | 8.6701 | 7.507005% | 0.38F503
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Figure 5.6: The same as Fig. but further zoomed-in on the search selection area and with
annotated object types of each target. Within are all double-lined DWDs (green circles),
single-lined DWD binaries discovered from a poor spectroscopic or photometric solution
with a single star model (blue stars), single-lined DA WDs that fit well for a single star
model (red crosses) and non-DA WDs (purple pluses).
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Figure 5.7: The mass distribution of compact DWD binaries where both star masses are
quoted. The diagram is a reproduction of figure 3 of Shen| [2015]]. For this figure alone,
M; is the larger mass of the two stars for each system and My the smaller; all other
mentions of star 1 or 2 in this study address indicate the hotter or cooler component,
respectively. Systems plotted are DWDs in the literature where the mass of both com-
ponents have an error better than 20% of the mass of the star (see the database upkept
at github.com/JamesMunday98/CloseDWDbinaries for individual systems and references
within). No filtering is applied on the orbital period for neither the literature sample nor the
sample from the DBL survey, such that some objects will undergo the categorised events in
over a Hubble time. The suggested evolutionary path for each category should be viewed
as an approximate guideline only since stable mass transfer and AM CVn evolution are
omitted. Acronyms first mentioned in the figure are as follows. sdB/sdO: hot subdwarf type
B/O. R CrB: R Coronae Borealis. AIC: Accretion-induced collapse. NS: Neutron star. Fe
CC: Iron core-collapse. SN: supernova.
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double-lined DWDs, the detection efficiency of the survey rises to 32% and 38%, respec-
tively. These detection efficiencies are minima given the fact that the inclusion of Gaia DR3
parallaxes and colours have removed some systems from the original sample selection cri-
teria. In the case that these other 11 candidates are not double-lined DWDs, they would
be single-lined DWD binaries owing to the photometric and spectroscopic fit requiring the
flux of a second DA WD for a good Balmer line and/or photometric fit, which then could
be compact or unresolved, wide binaries.

Since the initial identification spectra, a couple of systems have since been discov-
ered by other authors and shown to be double-lined DWDs. WDJ153615.83+501350.98
was earlier noted to be a double-degenerate candidate by Zuckerman et al.|[2003]], but since
has been independently confirmed and discovered by Kilic et al.|[2021a, WD 1534+503] to
be a double-lined DWD with much higher resolution observations at Ha. Using the WHT
identification spectrum where the two stars are most separated (see Fig.[5.T1)), I obtain a 1o
consistent atmospheric solution with the solution in Kilic et al.| [2021a] where my model
reproduces HG-H8, the photometric SED and the Gaia parallax excellently and Ho well.
Kilic et al.| [2021a] do not fit to any data at Ho for atmospheric parameters and use HS—
HS, nevertheless, I recommend the usage of the system parameters described in their study
owing to a slightly better consistency with the orbital solution for the photometric masses
derived. Published in the same study, WDJ163441.85+173634.09 was independently dis-
covered by [Kilic et al.| [2021a, PG 1632+177] as a double-lined DWD and I again find
lo-consistent atmospheric solution for both stars, where the fit in their study was also ob-
tained using HG-H8. WDJ160822.19+420543.44 was independently discovered by Kilic
et al.|[2020al, WD 1606+422] and I find a near-identical atmospheric solution for both stars
as well. Besides these 3 double-lined systems, I believe that all of the other 31 double-lined
DWDs presented in this study are new discoveries.

While not a clear double-lined DWD discovery, WDJ181058.674+311940.94 was
flagged by Sahu et al.|[2023]] as a strong double-degenerate candidate from a poor spectral
fit to its Lyman-« profile. These authors do not extend their study to introduce two-star
fits to the outliers in the data, meaning that the surface gravity of their single star solution
is under-estimated and vastly different to my solution, but this is entirely expected due to
the observed flux of the second star needing to be recovered by artificially inflating the
radius in a single star fit. I have now confirmed the system as a DWD binary by detecting a
double-lined feature at Ho.

My solutions for the confirmed double-lined systems report that the masses of the
hotter component range from 0.4-0.75 Mg with a median mass of 0.53 M and that the
dimmer companion has a median mass of 0.45 M. These measurements are slightly less

than the 0.6 M, canonical mass of a WD, but this is expected given that most if not all of
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these compact double-lined DWDs have underwent a phase of mass loss in the past from
binary interactions.

WDJ183442.33—170028.00, which as noted in Section shows a sharp hydro-
gen emission that does not originate from the system itself but from a background source in
the galactic plane, is double-lined at the lower resolution Hj3 in two exposures and is highly
asymmetric at Ha after masking the hydrogen cloud emission. The observations of this
DWD binary indicate a very large RV .x = 294 + 12kms ™!, which is the largest velocity
difference detected amongst the full observed sample and the system is composed of two
low-mass WDs of 0.42’:8:83 Mg and 0.38 + 0.03 M), giving rise to a maximum orbital pe-
riod of 0.4 d. The second largest maximum RV difference was WDJ170120.99—-191527.57,
and the large total mass for this system of 1.31 &+ 0.04 M, leads to a maximum orbital pe-
riod of 0.4 d, which is particularly interesting given the potential of a type Ia supernova in
the astronomically soon future at 97.0 pc. It is possible that there are more compact systems
than these in the observed sample based on the random phase sampling, and phase-resolved
spectroscopy is the means to find out.

The new double-lined systems discovered seemingly show no preference for the
cooler star being the more massive of the two. This challenges the scenario that the systems
are formed via two common envelope phases that each led to significant shrinkage of the
orbit, because in that case the more massive object would always have the largest cooling
age. A feasible evolutionary path is instead that the less massive WD was first formed via
stable mass transfer and cooled typically. Then, the other star evolved towards a WD, the
system underwent a common envelope phase and exposed the star’s core. The new WD has
a larger mass than the old one, but is still hotter being fresh out of the envelope, while the
older, less-massive WD is cooler.

An interesting feature of the DBL survey is that we see a build-up of double-lined
DWDs that runs approximately 0.5 mag above and parallel to the 0.6 M5 WD cooling track,
as is prevalent in Fig. [5.6] The difference of 0.5 mag equates to roughly half of the flux,
and so the natural conclusion is that double-lined DWD binaries are easiest to identify in
the DBL survey for two stars of similar brightness. While this is an unavoidable detection
bias, this emphasises a strength of the DBL survey and an important point for the future of
double-lined DWD detection outside of the DBL survey: 10s to 100s of double-lined DWDs
in this strip of the HR diagram are undetectable from RV variability in lower resolution
data where the two stars are inseparable and the two signals average to a net zero velocity

change; at higher resolution, these are easy to identify.
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5.6.2 Single-lined DWDs

27 sources in Table [5.5] were found to be single-lined, but a poor fit to the photometric
and/or spectroscopic solution indicates that they are likely DWD binaries. Together with
the double-lined systems and the double-lined candidate systems, this means that 72 of
the 117 systems surveyed in the initial search selection using the Gaia DR2 astrometric

solution data show a noticeable spectroscopic and/or photometric contribution from a WD

companion.
Three of the single-lined DWDs, WDJ024323.67—143957.37 (ARVpax =
67 £ Tkms™'), WDJ172740.51+102337.94 (ARVp, = 57 + 10kms™!) and

WDJ193833.62—092519.87 (ARVax = 42 4+ 8kms™!), show high RV variable log-
probabilities of —99.0, —9.9 and —6.7, respectively. Further spectroscopic observations
of these three DWDs to trace the RV of the brighter star are encouraged to search for
an orbital period. WDJ231519.82-052900.27 is a candidate for being RV variable with
a log-probability of —2.3. All other sources with multiple spectra are consistent with a non-
variable RV and most if not all are expected to be binaries with an orbital period greater
than 10 days, where the only prospects of finding an orbital period are from a larger time
baseline of astrometric or spectroscopic observations. Some of the non-RV variable candi-
dates could have periods that fall in the aliases that we are not sensitive to in this survey,
which are predominantly aliases of 1 day (Fig.[5.3).

Overall in the sample of single- or double-lined DWDs, no system shows any signs
of magnetism. If present, the spectra would be sensitive to detecting a magnetic field
strength greater than approximately 50 kG with the identification spectra. The only DWD
that has a strong magnetic field is NLTT 12758 [Kawka et al.l 2017]], and the dynamo the-
ory proposed by [Schreiber et al.|[2021] has been shown to support the lack of magnetic
DWD binaries in the observed population and can explain the apparently chance timing of
detecting the magnetic WD in NLTT 12758 [Schreiber et al., [2022]. If true, a lack of mag-
netic DWDs in this survey is unsurprising, and the fact that we have specifically targeted
systems with a 0.6 M star and a dimmer, likely more massive, companion [much like the
0.83+0.69 M, pairing of NLTT 12758, Kawka et al.,[2017] alludes that we may have been
more sensitive to a magnetic component with the DBL survey’s selection criteria, but none

were found.

5.6.3 Single star DA WDs

38 targets in Table [5.6| appear as single-lined, DA WDs where a single-star model fits the
photometric and spectroscopic data well. In many of these systems, the reason is likely that

they are isolated, low mass WDs or that one star strongly outshines its companion, which is
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highlighted by the grouping of single star DAs with G, &~ 10 mag in Fig. @ Alternative
reasons for identifying so many single star DA WDs in this region are that an additional
unseen and red flux component makes the target appear redder and over-luminous, that
the sources are indeed single WDs and a hybrid helium/carbon-oxygen core composition
makes them appear over-luminous, that they are the product of an extremely-low-mass WD
merger, or that some candidates are outliers in the Gaia database. Some of the sources
classified as single DA WDs have crowded fields or issues with the Gaia DR3 parallax (see
Table [5.6), meaning that they are spectroscopic fits instead of a hybrid. A few sources in
Table[5.6lhave M>0.55 M, and these are all cases where the location of the star on the HR
diagram is on the lower edge of the search selection or when no photometry was fit. The
minimum single star WD mass is approximately 0.3 M), as was expected from the upper
limit of the selection in Table[5.1] The median mass of the single star DA WDs in Table[5.6]
is 0.43 Mg,

I searched the single DA WDs for RV variations and a few targets displayed
clear variability. The largest variation was in WDJ131913.72+450509.81 which exhib-
ited an 75 4+ 5kms™! shift between two exposures, strongly indicating that this source
has an unseen component and is a WD binary. WDJ031242.85+221828.36 is also a clear
case where an unseen component is present, having a maximum shift of 70 = 10kms~*.
WDJ191927.69+395839.48 and WDJ230831.77+454212.19 exhibit a 30km s~ shift and
both pass the threshold criteria of log,(py;,) < —4, making them RV variable systems. I
promote follow-up observations of all to determine the orbital periods.

5.6.4 Gaia astrometric solutions

I cross-matched the Gaia non-single star catalogue [Halbwachs et al., 2023|] with the full
observed sample and I found that 5 in the observed sample have entries. One system
that I flag as being a probable double-lined DWD but the SNR leads to a lack of clar-
ity, WDJ225123.02+293944.49, has an astrometric period of 278.0 £ 0.3d, indicative
that it may be a triple star system. The same can be said for the candidate double-lined
DWD WDJ211345.93+262133.27 which has an astrometric period of 219.74+0.2d. Three
single-lined DWDs have detected astrometric periods, being WDJ023117.04+285939.88
(103.9+£0.07d), WDJ205650.56+062149.68 (81.440.3 d) and WDJ232519.87+140339.61
(249.4 £+ 1.1d). The most likely situation for these three is that they are wide DWDs
and it is hence unsurprising that no significant RV variability is witnessed. Finally,
WDJ232519.87+140339.61, a source that I have categorised as a single-lined WD with no

significant flux contribution from a companion, has an astrometric period of 249.4 +1.1d.
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5.7 The fate of the observed DWD sample

The end state of all of DWD binaries is largely dependent on the masses of the two con-
stituents and core compositions. All compact WDs will gradually inspiral and initiate mass
transfer from a loss of orbital angular momentum predominantly from the radiation of grav-
itational waves. The outcomes of a system are then a merger scenario, a detonation event
or an orbital expansion following a brief period of mass transfer with a stripped compan-
ion. For a merger, exotic merger by-products such as the population of R CrB stars or hot
subdwarfs [[Schwab), 2018 [2019] in addition to the existence of some high-mass magnetic
WDs [Kilic et al., [2023]] are predicted to be at least partially explained by DWD mergers
[Shen et al., [2012; Schwab et al.| 2012]. The long suspected type Ia supernova detonation
event, whereby mass accretion causes the carbon to ignite in degenerate conditions, either
because the density increases due to mass accretion or due to shocks, can occur and in the
last decade much interest has been sparked in the double-detonation sub-Chandrasekhar Su-
pernova theory with .Ia supernovae [Bildsten et al., 2007]]. Both have been observationally
supported by the discovery of hyper-velocity runaway stars in the Milky Way [Shen et al.,
2018a; |El-Badry et al., 2023]]. Yet, up to now, very few high-mass WDs in compact binaries
have been found [Geier et al., [2007; Brown et al.| 2016} Kawka et al.l 2017} [Pelisoli et al.,
2021bj; | Adamane Pallathadka et al., [2024]], drawing ambiguity on whether DWD binaries
can replicate the observed rates of type Ia supernovae [Maoz and Mannucci, [2012]]. Orbital
expansion may happen when a system becomes an AM CVn [Solheim, 2010; Kupfer et al.,
2024], although survival of a period minimum to produce an out-spiraling population of
AM CVns remains unclear owing to the short lived period of time in this orbital phase and
the large observational biases with the population.

The full series of photometric masses of double-lined DWD binaries identified in
this work is plotted in Fig. that shows the assessment of Shen|[2015]] of the most likely
outcomes for mass combination but in many cases may be quite uncertain. Here and only
in this figure, subscripts 1 and 2 are the more and less massive components, respectively.
Single-lined DWDs are omitted since many could be wide binaries. As mentioned earlier,
the vast majority of DWD binaries in the literature that constitute the observed population
come in the form of low-mass WD binaries, which is far from reflective of the population
as a whole [see e.g. [Toonen et al.,[2012]. An immediate change in the observed population
of DWDs is now obvious from the newly uncovered sample, with the majority of these
systems having larger combined total masses. None of the DBL survey sample falls into
the low-mass regime and the majority of systems are dominated by a more massive star of
approximately 0.55 M.

One double-lined system in the observed sample exceeds the Chandrasekhar mass
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Table 5.3: The same as Table but double-lined DWD candidates where the lower SNR
of the spectra of these targets is too difficult to conclude that they are double-lined defini-
tively, although such a signature appears to be apparent. Continued observation and af-
firmation is encouraged. WDJ211927.07—030002.38 and WDJ225123.024293944.49 had
1 exposure taken on one day followed by 2 on the other, and in both cases they appear
double-lined in the first two exposures and slightly the third. The errors on the atmospheric
constraints include an external error of 1.4% for T and 0.042 dex for log g [Liebert et al.,
2003], however this should be considered a minimum due to extra degeneracy in two-star
fitting.

WDIJ name Tefr 1 log g1 M; Tefr 2 log g2 Ms
[kK] [dex] (Mo (kK] [dex] (Mo

062538.73—162132.02 | 14.0703 | 7.997007 [ 0.60700; | 11.3705 | 7.877006 | 0.5370 04

211927.07-030002.38 | 11.1702 | 8317005 | 0.80150s | 6.5703 | 7.5670:50 | 0407003

225123.02+293944.49 | 63101 | 8561008 | 0.9570:01 | 51701 | 7.79T 008 | 0.461005
limit, being WDJ181058.67+311940.94 with a total mass of 1.55 £ 0.04 M and the max-
imum RV separation between the two stars indicates a maximum orbital period of 2.0
days. This represents the second super-Chandrasekhar mass DWD discovered to date af-
ter NLTT 12758 [Kawka et al., |2017]. Continued efforts to resolve the orbital period of
WDJ181058.67+311940.94 may reveal a more compact nature and will provide a time esti-
mate for the type Ia detonation. Furthermore, from the identification spectra alone, the max-
imum orbital periods confirm that some systems have orbital periods of less than ~10 hrs
signifying a merger time of less than a Hubble time. Continued work will strive to resolve

the orbital dynamics of the sample (Munday et al, in prep).
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Table 5.4: The same as Table but candidate double-lined DWDs where the dimmer
star is very slightly noticeable in the spectra, but could easily be confused with single-lined
DWD binary. These double-lined candidates are much less probable than those in Table[5.3]
High resolution and high SNR observations is again promoted to confirm/deny a double-
lined state. The errors on the atmospheric constraints include an external error of 1.4%
for Ter and 0.042 dex for log g [Liebert et al., 2005[], however this should be considered a
minimum due to extra degeneracy in two-star fitting.

WDJ name Teri1 | loggi M; Tefr2 | loggo M;
[kK] | [dex] [Mo] [kK] | [dex] [Mo]
053316.88—075049.72 | 11.1702 | 7.227009 [ 0.32%502 | 77703 | 7.1670-13 | 0297003
141354.17+153020.71 | 152403 | 7.61709% | 0.427002 | 121752 | 8.367020 | 0.83700%
145011.93—191408.67 | 8.1707 | 7.6670057 | 0427002 | 53103 | 7.7815:08 | 0.46700
180600.36—002720.92 | 250104 | 7.607007 | 0.457002 | 112702 | 7.947007 1 0.5710-02
193642.54—054744.38 | 1027025 | 7.837002 | 0.517005 | 7.1703 | 7.9810-56 | 0.587003
204922.92+262517.50 | 16.970% | 7.8375:02 | 0.5310:03 | 14.6702 | 8.06700% | 0.657505
211345.93+262133.27 | 8.6701 | 7.797003 | 0481505 | 5.8T07 | 7.837058 | 0497003
234929.57+102255.57 | 14.4702 | 7.82709% | 0.511502 | 7.4702 | 7.967058 | 0577003
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5.8 Conclusions

I have presented a pilot study including the first results from the DBL survey based on 20
nights of observations with the WHT. A large sample of 117 DWD binary candidates that
reside above the 0.6 My WD cooling track were surveyed through the exploitation of the
Gaia DR2 HR diagram, randomly sampling candidates from a magnitude limited selection.
Then, I fitted and obtained atmospheric solutions for the entire sample when all visible stars
in the spectra were of spectral type DA, DB or DC with the custom-made fitting code WD-
BASS that is designed for time-series spectroscopy of WDs and is publicly available for
use.

The primary goal of the survey was to find double-lined DWDs which allow the
obtention of precise masses for both stars in the binary through atmospheric fitting. The
methods of the DBL survey demonstrate at least a 29% double-lined detection rate after
a couple of observing epochs and that 73 of the 117 candidates show a separable spectro-
scopic/photometric flux contribution that must arise from a DWD configuration. A further
6 single-lined WDs are flagged for having an unseen companion based off RV variability.
All double-lined DWDs are compact binaries, and the large RV difference between the two
stars provides some insight to the orbital period distribution of the systems.

For the first time, I have been able to observationally identify a class of DWDs with
system masses Mr > 1.0 Mg that may undergo a type .la supernova or merge to become a
massive WD. One system (WDJ181058.67+311940.94) located just 49 pc away hosts two
relatively massive WDs of mass 0.72 £ 0.03 Mg and 0.83 £ 0.03 M, making it the second
DWD system confirmed as super-Chandrasekhar mass.

In continued work I will report orbital solutions of many of the double-lined DWDs
in this study. Many more double-lined DWDs are waiting to be discovered within the search
selection, where I will strive to obtain further completion of the 625 Gae<17 mag double

degenerate candidates.

5.9 All double-lined systems

All DWDs that exhibit a double-lined feature are displayed in Fig. [5.8] and all of the
likely double-lined DWDs that should be confirmed with further observations are found
in Figs. [5.11] and [5.12] While hybrid fitting was used to derive atmospheric parameters,
which includes the simultaneous fitting of survey photometry and the WHT spectra, the
data and model spectrum at Ha alone are shown in these figures to emphasise the double-

lined nature of each system.
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Table 5.6: The best fits to systems that appear as a single DA WD, where no/insufficient
contribution of a second star is distinguishable in the spectroscopy and photometry. No
photometric fitting was applied to underlined targets because they lie in a crowded field
(hence only a spectroscopic fit was performed), and the distances underlined are instead
obtained from the Gaia parallaxes. In the case of WDJ150402.99+345440.76, the Gaia
solution reports a common proper motion pair at inconsistent distances to one another and
neither are consistent with a photometrically fit parallax, and as such I ignore the Gaia
parallax. The errors on the atmospheric constraints include an external error of 1.4% for
Tefr1 and 0.042 dex for log g1 [Liebert et al., 2005]. References are included when spec-
troscopic/hybrid fitting has been performed with the source within the last 5 years or the
most recent study otherwise, under the assumption that there are common datasets between
studies (e.g. SDSS). References: 1) |Gianninas et al.| [2011] 2) |Kleinman et al.| [2013]] 3)
Caron et al.| [2023]] 4) Blouin et al.|[2019] 5) Kilic et al.| [2020b] 6) (Guo et al.| [2015]] 7)
O’Brien et al|[2024] 8) McCleery et al.[[2020]].

WDJ name Tetr log g M D Pbin Ref
[kK] | [ems™2] | [Mg] | [pc]l | logyg
001321.07+282019.83 | 26.2707 | 7.847001 | 0567505 | 1353 | -0.5 1
003508.27+135045.32 | 22.9702 | 7.4770:0% | 0.4415:52 | 246.8 | -0.2 2
015437.45+374145.37 | 129702 | 7.531001 | 0.4270061 | 136.6 | -0.1 -
022631.25+203106.04 | 21.5705 | 7.897007 | 0.577005 | 164.9 | -0.1 -
031242.85+221828.36 | 6.3701 | 7.367507 | 0.331055 | 63.2 | -99.0 | 3,4
042127.88+701419.37 | 12.4702 | 7.607003 | 0.411505 | 54.5 - 1
074837.63+004011.72 | 15.5702 | 7.577008 | 0.407505 | 184.9 | -0.8 -
081706.44+054954.62 | 11.3703 | 7.617007 | 0417505 | 133.3 | - -
091914.80+772350.79 | 9.1701 | 7.56750; | 0411561 | 46.5 | -0.0 3
093709.98+650746.91 | 18.1705 | 7.927001 | 0.5815:05 | 105.5 | -0.3 -
101606.87—011917.14 | 8.1701 | 7.637031 | 0431502 | 46.3 - 3,5
114604.37+051401.54 | 6.6101 | 7.437001 | 0357001 | 62.3 - 13,45
130313.03—032323.92 | 7.2701 | 7.567003 | 0.401505 | 64.6 -
131913.72+450509.81 | 13.1702 | 7.437001 | 0.407000 | 49.0 | 99.0 | 5
134503.00—110434.10 | 21.072% | 7.577095 | 0421557 | 246.6 | -1.0 -
142047.04+465601.58 | 10.270% | 7.5810-0° | 0.427002 | 98.6 | -0.1 | 3,5

150402.99+345440.76 | 18.8703 | 8.071057 | 0.667003 | - 0.2 1
152849.51-012853.74 | 12.8702 | 7.937507 | 0571555 | 524 | -1.5 -
155840.22+162556.04 | 12.3702 | 7.47105% | 0.407005 | 1063 | - 1

160647.76—152740.19 | 31.970% | 7.0875¢ | 0.6410:02 | 194.4 | -3.4 -
175644.61-020847.66 | 16.1705 | 7.527009 | 0437001 | 157.8 | -0.0 -
181304.62+222449.79 | 21.4705 | 7.917097 | 0.587502 | 209.3 | -0.8 -
181339.31+255058.16 | 19.175% | 7.53750% | 0.407005 | 183.5 | -0.5 -
182444.29+600159.40 | 12.7702 | 7.707093 | 0.45%502 | 96.2 | -0.1 -
183752.49—125257.45 | 37.870¢% | 8217507 | 0787555 | 179.5 | -0.2 -
185640.86+120844.61 | 13.6705 | 7.537058 | 0427001 | 1563 | -0.0 -
190401.01-102305.20 | 162102 | 7.9027001 | 0.577002 | 103.0 | -0.1 -
191927.69+395839.48 | 18.9703 | 7.7310-57 | 0.497002 | 1058 | -15.1 | 6
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... continued

WDIJ name Tefr logg M D Pbin Ref
[kK] | [cms™?] [Mo] | [pe] | logyg

192817.81+354442.60 | 20.5705 [ 7.027001 [ 0.587002 [ 1382 | - -
193845.80+264751.85 | 22.2702 | 7.937303 | 0597002 | 97.0 | -0.2 :
195314.95-105417.89 | 22.6707 | 7.741000 | 0.507005 | 145.0 | - -
195622.94+641359.19 | 18.3703 | 7.771357 | 0507002 | 85.5 | -0.2 -
205020.65+263040.76 | 5.270-1 | 8.5475:07 | 0.9415:55 | 19.1 - 13,4,7,8
230831.77+454212.19 | 13.6703 | 7.487001 | 0411505 | 103.1 | -6.8 -
231406.68+233343.06 | 7.1701 | 7.4570:01 1 0.367052 | 68.5 | -0.2 3
232519.87+140339.61 | 4.9701 | 7297001 | 0.3015:05 | 23.5 - 13,4,7,8
232557.82+255222.39 | 5.6701 | 7.497507 | 0381005 | 46.0 | -0.0 3,4
235313.18+205117.58 | 7.4701 | 7.647005 | 0437505 | 57.0 | 02 | 3,4

Table 5.7: Sources in the sample with no DA WD present. Spectral types of main se-
quence (MS) stars, cataclysmic variable (CV) systems and systems with a subdwarf (sd)
are included. Underlined distances are obtained from a Gaia parallax (DR3 if available,
otherwise DR2). The spectrum of WDJ010343.47+555941.53 is also plotted in Fig.

WDJ name D SpT Note
J002215.19+423642.15 | 345 | DC Perhaps Hor absorption at 6554A.
J004502.15—040710.05 | 43.2 | DQ Swan bands
J010343.474555941.53 | 26.1 - Evolved CV or sd+F/G/K star
J021243.27—-080216.23 | 119.7 | MS No WD signatures & blue object
J182138.99+144158.19 | 89.7 | DB | Ter = 21.3 £ 0.3kK, log g = 8.02 £ 0.04 dex
J195513.90+222458.79 | 14.8 | MS No signature of WD
J201437.224231607.23 | 29.8 | MS No signature of WD
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Figure 5.8: All model fits to the double-lined systems. Other Balmer lines and the photom-
etry were fit simultaneously, but each spectrum is zoomed in at Ho.
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Figure 5.9: Continued. The spectrum of WDJ192002.51-184442.99 has a low SNR in the
red arm, but it is also double-lined at H3 with higher SNR data in the blue.
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Figure 5.10: Continued...
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Figure 5.11: All model fits to likely double-lined systems that should be confirmed with
higher SNR data. I note that even though the depth of Ha is shallow owing to the cool
temperature of the two stars, in multiple exposures do the data and the best model fit hint at

double-lined signature.
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Figure 5.12: All model fits to the candidate double-lined systems that do not show a clear
separation of the two stars but have asymmetric line profiles. Further observation is again
encouraged to confirm if the sources are single- or double-lined. In the case that any are
single-lined, the flux from an additional component is still required in the spectroscop-
ic/photometric fit, and so these sources would be single-lined DWD binaries.
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Figure 5.13: WDJ010343.474555941.53, an evolved CV or a subdwarf with an F/G/K star
companion.
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5.10 Sensitivity to double-lined systems

The ability to detect a double-lined DWD is dependent on the relative flux contribution of
the two stars, and hence there is a dependence on the stars’ radii. I depict the impact of this
effect in Fig. [5.14]to determine for which combinations of temperature and surface gravity
would the companion contribute at least 25% of the flux at the centre of Ha in the WHT
data. A minimum flux contribution of 25% was used to construct the selection criteria in
Section and below this threshold a second star is unlikely to be detectable at the
signal-to-noise ratio of the WHT data.
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Figure 5.14: The sensitivity to double-lined systems for a given log(g2). A log(g1) = 7.8
is maintained, which is approximately the median surface gravity of the brighter star in
the double-lined sample (Table [5.2). Red circles around individual points indicate when
the dimmer component contributes at least 25% of the flux (log, F1/F2 = 1), as was de-
sired in the selection criteria of the sample (Section [5.2.T)). The temperatures of both stars
are sampled in 500 K intervals and the scaling is included through interpolation of log(g)-
temperature-radius relationships. The relative flux contribution was sampled at the centre
of Ho and synthetic spectra were convolved to a spectral resolution of R = 8 000.
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Chapter 6

A super-Chandrasekhar mass type Ia
supernova progenitor at 49 pc set to
detonate in 23 Gyr

James Munday, Ruediger Pakmor, Ingrid Pelisoli, Snehaleta Sahu, David Jones, P.-E. Trem-
blay, Abinaya Swaruba Rajamuthukumar, Gijs Nelemans, Mark Magee, Silvia Toonen, An-

toine Bédard, Tim Cunningham

Contribution of co-authors

Observations used in this study were obtained by author #5. Author #2 performed all com-
ponents of the supernova fitting in Section [6.6| while author #7 contributed by supplying
realistic stellar structure models of the WDs. Author #4 performed spectral fitting to the
HST ultra-violet data of the target presented in Section[6.4.2] All authors contributed with
comments on the manuscript during the submission/revision process by supplying key ideas
to explore in creating the final version of the study. All other components and the leading

of the study were performed by me.
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Abstract

Double white dwarf binaries are a leading explanation to the origin of type la supernovae,
but no system exceeding the Chandrasekhar mass limit (1.4 M) has been found that will
explode anywhere close to a Hubble time. Here, we present the super-Chandrasekhar
mass double white dwarf WDJ181058.67+311940.94 whose merger time (22.6 4= 1.0 Gyr)
is of the same order as a Hubble time. The mass of the binary is large, combining to
1.555 £ 0.044 M, while being located only 49 pc away. We predict that the binary will
explode dynamically via a double detonation destroying both stars just before they merge,
appearing as a subluminous type Ia supernova with a peak apparent magnitude of about
my = —16 (200000 times brighter than Jupiter). The observationally-derived birthrate
of super-Chandrasekhar mass double white dwarfs is now at least 6.0 x 10™*yr~—! and the
observed rate of type la supernovae in the Milky Way from such systems is approximately
4.4 x 107° yr~!, while the predicted type Ia supernova rate in the Milky Way from all pro-
genitor channels is about sixty times larger. Hence, WDJ181058.67+311940.94 mitigates
the observed deficit of massive double white dwarfs witnessed in volume-complete pop-
ulations, but further evidence is required to determine the majority progenitors of type la

supernovae.
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6.1 Motivation

At the late stages of finishing off the DBL #1 project described in Chapter[5] the highest total
mass system stood out above as a very exciting source. Especially at the close proximity of
49 pc, confirmation of a massive DWD and detection of its orbital period quickly became
high priority. By chance, I already had some time-series spectra of the target that revealed
evidence an orbital period around 6.5 hr, 9 hr, 13 hr or 26 hr, but the true period was not
clear. The result warranted a paper on this single target for its cosmological importance,
where the orbital and atmospheric analysis was mixed with a hydrodynamical simulation to
model the final moments of its lifetime — the first time this has been done for the masses of
areal DWD binary.

6.2 Introduction

In current synthetic models of the population, DWDs with total mass greater than the
Chandrasekhar mass limit are indeed suspected to be scarce [Toonen et al.,2012; Rebassa-
Mansergas et al., | 2019; |Li et al. 2023, but based on the models of [Toonen et al.| [2012]]
we still expect about 6 compact double white dwarf binaries to have total masses that ex-
ceed 1.5 M within 100 pc. However, we have had no direct evidence that these systems
exist in volume-complete populations [Toonen et al.,[2017; Hollands et al., [2018}; |O’Brien
et al., [2024], casting doubt on whether DWDs can account for a large percentage of the
observed type Ia supernova rates [Maoz and Mannucci, 2012]]. There has been only one
super-Chandrasekhar mass DWD binary discovered [NLTT 12758, |Kawka et al., 2017]], but
its 1.15d period means that the two stars will come into contact in about 10 Hubble times.
There are a handful of other high-mass, candidate subluminous type Ia progenitors that
are DWDs [e.g. [Maxted et al.l 2002b; [Karl et al., 2003 [Nelemans et al., 2005; Rebassa-
Mansergas et al., [2017; Munday et al., 2023}, 2024, two WD+hot subdwarf systems that
exceed 1.4 Mg and have an impending supernova fate [Pelisoli et al., 2021b; [Luo et al.,
2024 and one other WD+hot subdwarf that is also strong candidate [Maxted et al., [2000;
Geier et al.l 2007].

Type Ia supernovae initiated from the WD+hot subdwarf channel are observation-
ally expected at a rate of at least (1.5-7) x 1072 yr—! [Pelisoli et al., 2021b], while the rate
of type Ia supernovae in the Galaxy from all progenitors is about 2.8 4 0.6 x 1073 yr—!
[Li et al., 2011} Maoz et al.l 2014; Li et al.l 2023} [Liu et al.| [2023]], inferred through ob-
servations of explosions in other galaxies of similar redshift. Multiple other evolutionary
scenarios have been suggested as causes for normal and peculiar type la supernovae [see

Liu et al., 2023| having different companion compositions, but the extent to which they con-
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tribute towards the missing fraction of type Ia supernovae is unclear. This ambiguity on the
nature of type Ia progenitors is cosmologically problematic. A primary reason is that, until
we confirm the leading progenitors of a type Ia, systematic errors to the distances derived
to other galaxies could lead to inaccurate measurements, which is particularly troublesome
for galaxies at high redshifts [Pan et al., 2012; Maoz et al., [2014]. In addition, the details
of the ejecta velocity and its constituents are important for star formation [Lacchin et al.,
2021]] and the dynamics of gas in galaxies [Jiménez et al.,[2015]]. Massive DWDs are one of
the most attractive channels for SNe Ia and, if the progenitor age is the predominant effect
controlling SN luminosity, the WDs in a young galaxy will be massive ones as these have
evolved more quickly. This hypothesis can be directly tested with massive DWDs in the
Milky Way. Not only would the discovery of local, compact, super-Chandrasekhar mass
DWDs have the ability to resolve the dearth of systems in the observed sample, but a sam-
ple of such systems has the power to reduce uncertainty of this cosmologically fundamental
event.

In this study, I presented the first super-Chandrasekhar mass DWD to have a com-
pact orbit (P = 14.24 hr) which will likely explode as a subluminous type Ia supernova
in 22.6 = 1.0 Gyr. The individual mass constituents are 0.834 £ 0.039 Mg and 0.721 £+
0.020 M, making it the most massive DWD binary discovered to date, while being located
on our Galactic doorstep at 49 pc.

6.3 Observations

WDJ181058.67+311940.94 was first discovered as part of the DBL survey [Munday et al.,
2024 using medium-resolution spectra (R = 8 800) on the 4.2 m William Herschel Tele-
scope with the Intermediate-dispersion Spectrograph and Imaging System (ISIS). Two other
ISIS exposures were taken on the nights 13 & 14 April 2019 using the R600B and R1200R
gratings with 1.2” slit resulting in a resolution of R = 3000 at Ho and these spectra are
included in the full orbital analysis of the DWD. The blue and red setups had a wavelength
calibration accuracy of approximately 3 kms~! and 2 kms~!, respectively.

I conducted a continued observational campaign to derive phase-resolved radial
velocities (RVs) of the DWD binary. I utilised the 2.5 m Isaac Newton Telescope (INT) with
the Intermediate Dispersion Spectrograph (IDS) over the nights 4-7 September 2019 (11
exposures, 1800 s each), and 24 September 2019 (4 exposures, 900 s each) with the Red+2
detector and a 1.2” slit width, resulting in a spectral resolution of R = 6 300. Further phase-
resolved spectra were taken with the INT telescope on the nights 25 & 26 August 2024 with
the H1800V grating at a resolution of R = 9400 (20 exposures, 1500 s each). An arc lamp

exposure was taken every 45 min of observing time and the science images were wavelength
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calibrated by interpolation of the nearest two arcs. The wavelength calibration accuracy per
frame was approximately 2kms™1.

Bias, flat field and spectrophotometric flux standard star images were taken on all
nights and applied in the reduction. All data from the WHT and the INT were reduced using
the MOLLY suite [Marsh, [2019], with the optimal extraction algorithm outlined in Marsh
[[1989].

I supplemented data from the INT and WHT with continued spectroscopic observa-
tions through 18 exposures of length 1 500 s on the 2.56 m Nordic Optical Telescope (NOT)
using the Flbre-fed Echelle Spectrograph (FIES) in low-resolution mode. These granted
full optical coverage at a resolution R = 25000 with a wavelength calibration accuracy of
approximately 150 ms~!. Observations were obtained through a staff queue at random
times, typically being two consecutive exposures, and through a NOT fast-track proposal.
All FIES data were reduced using its automated data reduction pipeline — FIEStooﬂ I
also obtained 5 exposures with the NOT Alhambra Faint Object Spectrograph and Camera
(ALFOSC) with a 0.5” slit width, producing spectra at R=10000 with wavelength range
6330-6870 A. These were taken on 1 & 2 June 2024, and the data were reduced with the
PYPEIT python package [Prochaska et al.| 2020]].

A continuous observing window of 4.5 hr was obtained through directors discre-
tionary time on the 8.2 m Very Large Telescope (VLT) with the UV-Visual Echelle Spec-
trograph (UVES). Each exposure lasted for 730 s with a readout time between exposures
of 45 s, totalling 20 exposures. I employed an observing setup of the dichroic 1 mode with
central wavelengths of 3900 A and 5640 A for the blue and red arm, giving a wavelength
range that covered the full visible spectrum besides gaps of 80 A at 4580 A and 5640 A. A
slit width of 1.0” and a 2% 2 binning granted a spectral resolution R = 20 000 and the wave-
length calibration accuracy was approximately 200 m s~! [Whitmore et al., 2010; Whitmore
and Murphy, [2015]).

In deriving final RVs for these data (Table[6.3), the wavelength calibration error was

added in quadrature to the statistical error.

6.4 Spectral analysis

6.4.1 Atmospheric fitting of optical data

I used the package WD—BASS?] [Mundayl, [2024] to fit atmospheric parameters to the spectra
from VLT/UVES. For synthetic spectra, I utilised the 3D-NLTE model grid introduced in
Munday et al.|[2024]], which was constructed using the 3D-LTE models of [Tremblay et al.

Thttps://not.iac.es/instruments/fies/fiestool/FIEStool.html
“https://github.com/JamesMunday98/WD-BASS
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[2015]] with a further NLTE correction factor applied using the NLTE and LTE synthetic
spectra described in [Kilic et al.| [2021a]. The two stars were scaled using temperature-
log g-radius relationships with the evolutionary track models of [Istrate et al. [2016] when
M < 0.393 Mg, |Althaus et al.| [2013] when 0.393 < M < 0.45 Mg and the hydrogen-
rich evolutionary sequences of Bédard et al. [2020] otherwise. The model spectra were
converted from an Eddington flux to that observed at Earth and reddened with A(V) =
0.0312 mag [Lallement et al., 2022]], E(B-V) = A(V)/3.1 using the reddening curves of
Gordon et al.|[2023]].

I applied an atmospheric fitting technique that is very similar to that described in
Munday et al.| [2024]], performing a hybrid fit with the UVES spectra and Pan-STARRS
photometry [[Chambers and Pan-STARRS Team, 2018|] simultaneously. The differences
were that, because of the improved signal-to-noise ratio of the data, I could fit bluer Balmer
lines being all from Ha to H11. Then secondly, to give the photometric and spectroscopic
data a similar overall weight, I applied an extra weighting (x 1000) to the photometric fit.
Without this weighting, the spectra would have over-dominated the best-fit solution. Only
spectra taken at the times where a distinct double-line splitting is evident at Ha were fit
to avoid fitting degeneracies between the two stars, which were 10 of them (total of 20).
In deriving errors, I individually fit each red-arm spectrum that reveals a double-lined Ho
split along with the nearest-in-time blue-arm spectrum while weighting the photometry by
100x. Then, I took the standard deviation of all measurements to be the error in star’s
surface gravity and temperature. The new best-fit atmospheric parameters are stated in
Table which are entirely consistent with those found in Munday et al.| [2024].

6.4.2 Atmospheric fitting of ultra-violet data

Author #4 performed an independent spectroscopic fit using the Hubble Space Telescope
spectrum presented in [Sahu et al.| [2023]. WDJ181058.67+311940.94 was observed for
a single 1000s exposure using the Cosmic Origins Spectrograph on the 19th Febru-
ary 2022 with the centre of exposure at 05:00 UT. The observation had a central wave-
length of 1291 A with the G130M grating, giving a resolution of R = 12000-16 000
and a wavelength range of 1130-1430 A with a gap at 1278-1288 A due to the position-
ing of the two detector segments. Given the vastly different method and the fact that
WDJ181058.67+311940.94 is not double-lined at Lyman-« in the ultra-violet data, no
RVs were extracted, but the predicted RVs of the two stars at the centre of exposure
(—37.8kms~! for the more massive and 139.6kms~—! for the less massive star, respec-
tively) were fixed in the fitting procedure.

The spectral fitting method is identical to that presented in Sahu et al.| [2023]] with

the only exceptions being that a second hydrogen-rich atmosphere WD is included in the
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Figure 6.1: The results of a hybrid fit to the UVES spectra and the Pan-STARRS photom-
etry. Left: A single UVES spectrum from Ha to H8 with the synthetic spectral model
for atmospheric parameters Tegr; = 17230K, log(g;) = 8.408dex, Terr2 = 20190K,
log(gy) = 8.151 dex, overplotted in red. We remind that all Balmer lines up to H11 were fit
but are omitted from the plot for clarity, and that all spectra with a split double-lined feature
were fit simultaneously. Right: The observed fluxes in Pan-STARRS (black circles) and the
synthetic photometry in each filter for the same atmospheric parameters (orange crosses).
The percentage flux residual between the data and the combined flux is found below. The
flux contributed from the more massive (dashed red) and less massive (dashed green) stars
are included underneath.
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Table 6.1: The atmospheric parameters for each spectroscopic data set. Hybrid fitting was
performed in all cases using Pan-STARRS photometry. A systematic difference between
the ultra-violet spectroscopy and the optical photometry was considered in the fitting (Sec-
tion [6.4.2)). Masses are inferred by interpolation of the evolutionary sequences in [Bédard
et al.|[2020] and Mr is the total mass of the system. The final adopted values were obtained
by concatenating the distributions obtained for each parameter to then quote the median
and 68% confidence interval on the Teg and log(g), while interpolating to find masses. The
more/less massive star is labelled with subscript 1/2 respectively. The WHT/ISIS solution
is quoted from the result of [Munday et al.| [2024].

VLT/UVES | WHT/ISIS | HST/COS Adopted
Tefr 1 17230 £ 710 | 165007305 | 18630+80 | 172607 5"
log(gy) | 8.408 +0.027 | 8.35+0.05 | 8.307+£0.020 | 8.35079:0%5
M, 0.87140.018 | 0.83+0.03 | 0.810 + 0.013 | 0.834 + 0.039
Tesro | 201904280 | 20200 +300 | 18010+70 | 200007390,
log(gz) | 8.151£0.021 | 8.16+0.04 | 8.178 £0.018 | 8.1641503)
M 0.71340.014 | 0.72+0.03 | 0.727 +0.013 | 0.721 + 0.020
Mr 1.584 +0.022 | 1.55+0.04 | 1.537 +0.018 | 1.555 4 0.044

model, that A(V)=0.0312 mag was adopted and that the mid-exposure RV of the two stars
is considered. A hybrid (spectroscopic and photometric) fit was performed with no extra
error weighting applied, using the HST/COS spectrum and photometry from Pan-STARRS
g,7,%, 2,y [Chambers and Pan-STARRS Team, 2018]], fixing the distance to Gaia DR3
parallax. Updated model atmospheres from Koester|[2010] with a WD mass-radius relation
extracted from Bédard et al.|[2020]] were used to fit the absolute fluxes. Additionally, strong
absorption lines affecting the continuum were masked in the COS spectrum [Sahu et al.,
2023]]. To address the inconsistencies reported between ultra-violet and optical parameters
[Sahu et al.l 2023]], a systematic offset of 1% in Ter and 0.1 dex in log(g) were added to
the ultra-violet values of both stars in the hybrid fitting, while trial values in the optical
were unchanged. The best-fit model to the spectra are shown in Fig.[6.2] and the results of
the atmospheric fitting in Table with comparison to the optical solution. A total mass
of 1.537 4+ 0.018 M was found through this analysis, which again is consistent with that
stated in Munday et al.| [2024]].

To provide a final adopted value from the atmospheric fitting inclusive of the results
from the optical and the ultra-violet datasets, I concatenated the distributions obtained for
each parameter to then quote the median and 68% confidence interval on the Te and log(g),
while interpolating these parameters to find obtain masses. The adopted values are quoted
in Tables [6.2] and Table
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Figure 6.2: The results of a hybrid fit to the HST/COS ultra-violet spectrum with Pan-
STARRS photometry for a two-star model. The synthetic spectra of DA WDs with
atmospheric parameters Ter; = 18630K, log(g;) = 8.307dex, Ter2 = 18010K,
log(g,) = 8.178 dex, are included. See Fig. for further details.
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Table 6.2: Positional, atmospheric and orbital parameters for WDJ181058.67+311940.94.
The primary and secondary stars correspond to the more massive and less massive compo-
nents, respectively. The temperatures, surface gravities and masses quoted are the adopted
values from the spectroscopic fits, which were determined considering data from all sources

(see Table @

Parameter Unit Value Uncertainty
Right ascension deg (2016) | 272.744360834 | £0.000000005
Declination deg (2016) | 31.327961071 | £0.000000005
Reference epoch HID (UTC) | 2458587.6663 +0.0018
Orbital period day 0.5931479 £0.0000009
Gaia parallax mas 20.438 +0.023

Fitted parallax mas 20.402 +0.003

Primary temperature K 17 260 +1380,/—880
Secondary temperature K 20000 +400/—2000
Primary surface gravity dex 8.350 +0.066/—0.052
Secondary surface gravity | dex 8.164 +0.027/-0.030
Primary mass Mo 0.834 +0.039
Secondary mass Mg 0.721 +0.020

System mass Mg 1.555 +0.044

Primary semi-amplitude kms—! 93.9 +2.0

Secondary semi-amplitude | kms~! 95.7 +2.1

Primary velocity offset kms—! 50.0 +1.5

Secondary velocity offset | kms™! 53.5 +1.6

Merger time Gyr 22.6 +1.0
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6.4.3 Radial velocities and orbital parameters

WD-BASS was again used to obtain radial velocities (RVs) for all of the optical spectra.
The best-fit synthetic spectrum agrees with the data extremely well (see Fig. [6.1)), but even
with the correction of NLTE effects to the model grid line cores, the synthetic model flux
is over-predicted in the line cores of Ha. To obtain the most accurate template for RV
extraction possible, I fit a Gaussian model to the Ha line cores of both stars combined with a
4-term polynomial to model the broader wings of He, all within 10 A of the Ho centre. This
method best modelled the shape of the spectral area around the line cores for the high signal-
to-noise ratio and high resolution UVES spectra, but not for all other data sources. Instead, I
took the result of the best-fit synthetic spectrum and added an extra Gaussian component at
the line cores of Ha for both stars [following the method described in Section 4.4 of Munday
et al., 2024], which improved the line-core shape significantly. The Gaussians were fit to
all relevant spectra simultaneously and this final template spectrum was then used for RV
extraction in WD-BASS. I started by fitting the RV of both stars to each spectrum by taking
the median of 1000 bootstrapping iterations and taking errors as the standard deviation of
this bootstrapped posterior distribution.

With the full set of 82 RV measurements (Appendix [6.8), I then searched for an
orbital period, P, by minimising the x? of equation for trial semi-amplitudes (K1, Ko)

and velocity offsets (1, v2) of each star using a least squares algorithm, where

PR3 _ 27GM3 | sin(i)?
B2 (Mg + Ma)?

6.1

An upper bound on the semi-amplitude, Kyax,1 and Kyax 2 were set for a trial period set by
applying an edge-on (¢ = 90°) inclination for a 1.4 Mg, 4 0.15 M5 DWD in a Keplerian
orbit (the maximum and observed minimum mass of a WD, respectively). There is no
indication of eccentricity from the RVs, so the orbit is assumed to be circularised (e = 0).

In the process, I noticed a deviation from Keplerian motion around conjunction
which is caused by degeneracy in the fitted RVs as the stars spectrally overlap. This is
unsurprising as the velocity resolution of the ALFOSC, ISIS and IDS data was around 30-
40kms~!, while in the higher resolution FIES spectra a lower signal-to-noise ratio of the
spectra led to the same degeneracies. I decided to ignore these RVs when fitting the orbital
motion by masking measurements which are within 15kms~! of the RV of each star at
conjunction. All RVs from the UVES spectra within this range were utilised as its high
signal-to-noise combined with twice the velocity resolution did not cause any noticeable
deviation.

The phase-folded RV curve with the best-fit orbital solution is depicted in Fig.[6.3]
The best-fitting orbital parameters are P = 14.23557+0.00002 hr, K; = 93.942.0kms ™!,
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Ky =95.7+2.1kms™ !, y; =50.0+ 1.5kms™!, 75 = 53.5 4+ 1.6kms~'. Being double-
lined, the mass ratio is independently solvable without knowledge of the orbital inclination
with ¢ = My/M; = K; /Ky, such that the orbitally derived ¢ = 0.98 + 0.03. This result
is in best agreement with the star masses derived from the HST/COS spectrum, which
was ¢ = 0.90 £ 0.02. The derived masses from the VLT/UVES spectra yield a lower
q = 0.82 £ 0.02, with the mass of the less massive star being near identical to the ultra-
violet, and the adopted value taking into account all measurements indicates a mass ratio of
q = 0.86 = 0.04. The surface gravity of the hotter, less massive star is near identical across
fits to all datasets. This is unsurprising given that it contributes more flux than the dimmer
WD, while its temperature difference between the ultra-violet and optical datasets primarily
arises from the fitting of the slope of the spectral energy distribution across the ultra-violet.
Forcing the orbitally-derived ¢ = 0.98 & 0.03 in the atmospheric fit requires the surface
gravity of the secondary to increase and the surface gravity of the primary to decrease to fit
the broadness of the Balmer line profiles well. The secondary would thus be more massive,
the primary less massive and as such, including for a mass ratio of approximately one, the
binary is a super-Chandrasekhar mass DWD.

All evidence strongly points towards the total mass of WDJ181058.67+311940.94
being significantly above the Chandrasekhar mass limit and that the two have similar masses.
Galactic population models predict that about half of super-Chandrasekhar mass systems
contain similar mass stars within 0.2 M, of each other [Toonen et al., [2012], as is the case
also for NLTT 12758, where all systems with ¢ £ 2/3 are destined to undergo unstable
mass transfer [Marsh et al., [2004]]. Unstable mass transfer will hence occur in the future for
WDJ181058.67+311940.94 as well.

Returning to equation [6.1] with mass constraints, we can solve for the orbital inclina-
tion, 7. By taking into account all combinations of masses determined from the atmospheric
analysis, I concluded that WDJ181058.674+311940.94 has an inclination 7 ~ 35 — 45 deg.
I analysed the TESS [Ricker et al., 2015]] light curve of WDJ181058.67+311940.94 in all
cadences to search for any photometric signature of photometric variability with Lomb-
Scargle [Lomb), 1976; Scargle, [1982]] and boxed-least-squares periodograms but found no
variation on the orbital period. For an eclipse to be witnessed in this system, the inclination
would have to be above 89.64 deg and photometric variability from ellipsoidal modulation
or irradiation is minute for a system with 14.24 hr orbital period. The Doppler beaming
effect of the two stars is nullified by their opposing motion of near-identical RV ampli-
tudes and a similar flux contribution [Hermes et al., [2014]], hence non-eclipsing forms of

variability are not expected.
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Figure 6.3: Left: The best-fit orbital solution phase-folded on the orbital period. In black
points, the hotter star, and in red the cooler star. The RV curves are plotted showing the
velocity of the two stars across a full orbit, binned into 80 evenly spaced phase bins. In
faded colours and with crossed markers are the RVs that were masked in searching for an
orbital solution (see Section @ for details).
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6.5 Merger time and population rate

The critical time at which the merger will occur is calculable using equation [I.8] and, for
WDJ181058.674+311940.94, the present day semi-major axis is ag = 0.01601£0.00015 AU.
This indicates that the type Ia supernova will occur in 22.6 £1.0 Gyr, while the less-massive
component will begin Roche lobe overflow and initiate mass transfer approximately 100 yrs
before the demise of binary.

We can use WDJ181058.67+311940.94 to observationally predict the num-
ber of super-Chandrasekhar mass DWDs in the Milky Way. If we assume that
WDJ181058.67+311940.94 and NLTT 12758 are the only two within 49 pc and make the
rudimentary assumption that DWDs are evenly scattered around the Milky Way, a cylindri-
cal disk with radius Ry,ax = 15 kpc and scale height h, = 300 pc indicates approximately
861 000 systems in the Galaxy. [Holberg et al. [2016] estimate a present WD birth rate of
~ 1.4 x 1072 pc=3 yr~!, there are 1076 WDs within the volume complete 40 pc sample
[O’Brien et al., 2024] and extrapolated to 49 pc we would have 1978 WDs. This means
that the birth rate of super-Chandrasekhar mass DWDs in the Galaxy becomes greater than
approximately 6.0 x 10~4yr—1.

Moreover, we can also calculate an observed rate of type la supernovae arising
from super-Chandrasekhar mass double white dwarfs using WDJ181058.67+311940.94
(T, = 22.6 = 1.0Gyr) and NLTT 12758 (1. = 139 4+ 9Gyr). The frequency of the
two events combined imply a supernova rate of about once every 19 Gyr within 49 pc, or
(4.37 £0.17) x 10716 yr=1 pc=3. When fully extrapolated with the cylindrical disk approx-
imation, the observed rate of type la supernovae from super-Chandrasekhar mass double
white dwarfs in the Milky Way hence becomes at least (1.85 4 0.07) x 10~*yr—1, though
the quoted uncertainty does not account for uncertainties on the Galactic model. This result
serves as a minimum based on the 49 pc population as it remains possible that other systems
exists within the same radius.

Evidently, the magnitude of super-Chandrasekhar mass systems approaches the
(2.8 £0.6) x 1073 yr~! rate predicted for all evolutionary channels leading to a type Ia
[Li et al., 2011; Maoz et al.l 2014} [Liu et al.| 2023]], but we must recall that these two sys-
tems are set to come together in over a Hubble time and consider that the present observed
supernova rate from these systems is about ten times smaller. Contribution to the double
white dwarf type Ia rate from sub-Chandrasekhar mass limits detonation could at least be
a partial solution to make up for the deficit, where a mass-period distribution of DWDs
in a volume/magnitude limited sample serves as a means to put this to the test [Munday
et al.l 2024]. Ongoing efforts are crucial to properly quantify the number of massive DWD

binaries in our local neighbourhood and the Milky Way, while deeper, volume-complete
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spectroscopic samples of WDs in all locations of the Hertzsprung-Russell diagram will

become possible in the next decades through multi-object spectrograph surveys.

6.6 Modelling the fate of the binary system

To understand the fate of the binary system, author #2 simulated its interaction when just
about to merge. They used the moving-mesh code AREPO [Springel, 2010; [Pakmor et al.,
2016; (Weinberger et al., | 2020]] in a similar setup as in [Pakmor et al.| [2022]; |Glanz et al.
[2024]. Here we summarise the setup and simulation with an emphasis on improvements
compared to |[Pakmor et al.|[2022f]. A detailed description and analysis will be presented as
part of a large parameter study of WDs mergers in the near future, of which the simulation
shown here is the forerunner.

Author #7 first created two white dwarfs from the pre-main sequence phase us-
ing the stellar evolution code MESA [Paxton et al., 2011, 2013} {2015} 2018} 2019; Jermyn
et al.| |2023|], evolving them to carbon-oxygen white dwarfs of 0.87 M and 0.71 Mg.
These masses align with observations from VLT/UVES spectra fitting. Compared to pre-
vious merger simulations, using self-consistent models evolved in MESA allows us to start
from realistic composition profiles. In particular, the two WDs have a helium shell of
8 x 1073 M, (for the 0.71 My WD) and 3 x 1073 M, (for the 0.87 M, WD), respectively.

Author #2 then created two 3D WDs in hydrostatic equilibrium with the same
masses and abundance profiles in AREPO. They resolved the WDs with cells with a roughly
constant mass of 10~" M, and used a passive scalar to resolve the helium shells of both
WDs even better with a mass resolution of 10~® M. They relaxed both WDs in isolation
for 10 dynamical timescales, actively dampening any gas velocities for the first half of this
time. The density and composition profiles of the relaxed WDs, in particular close to the
surface, well resemble the initial 1D profiles obtained from MESA.

They put both WDs into a binary system in co-rotation with an initial period of 73 s.
At this period the separation is about 1.5 times larger than the separation where the sec-
ondary WD will fill its Roche-lobe. They applied an accelerated inspiral term that removes
angular momentum in the same way as gravitational waves, but on a much faster timescale.
This way we obtain a binary system in equilibrium when mass transfer starts on a scale that
we can resolve in the simulation. At this time, the physical system will have transferred
mass at a low rate for possibly thousands of years, but the total mass transferred is likely
negligible. The secondary WD eventually starts filling and then overfilling its Roche-lobe,
and they stopped the accelerated inspiral when the density at the inner Lagrange point be-
tween the WDs reaches 2 x 10 gcm™3. Only then the density in the accretion stream

becomes large enough to dynamically affect the surface of the primary WD [|Guillochon
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et al., [2010; Pakmor et al., 2013}, [2022]].

The binary system has now shrunk to a separation of 0.03 R and an orbital period
of 39s. Author #2 then continued to evolve the binary system conservatively and switch
on a live nuclear reaction network with 55 isotopes [Pakmor et al., [2012al 2022]. I show
an overview of the dynamic evolution of the binary system in Fig.[6.4] After evolving the
binary system conservatively for 55 s the interaction of the accretion stream with the sur-
face of the primary WD ignites a helium detonation close to the point of interaction (second
column of Fig. [6.4), consistent with previous simulations of more massive WD binaries
[Pakmor et al.l 2013 2021, [2024]]. As in the classic double detonation scenario where the
helium detonation is caused by instabilities in a massive helium shell [Livnel [1990; [Fink
et al., [2010]], the helium detonation wraps around the primary WD. It sends a shock wave
into the core of the WD, that converges in a single point at a density of 9.6 x 10% g cm 3.
Because of a lack of numerical resolution, the simulation does not self-consistently ignite
a carbon detonation there, but resolved ignition simulations indicate that at this density we
expect a detonation to form at the convergence point [Seitenzahl et al., [2009; Shen and
Bildsten, |2014]]. To model the ignition of the detonation when the shock converges in the
simulation, they set the temperature of 178 cells that contain 1.8 x 1075 M, around the
convergence point to 5 x 10? K. This injects 4.8 x 10% erg (negligible compared to the en-
ergy release of the whole simulation) and ignites the detonation. The detonation completely
destroys the primary WD. When the shock wave of its explosion hits the secondary WD, the
double detonation mechanism repeats itself. The shock wave ignites a helium detonation
that drives a shock wave into the core and converges at a density of 8.5 x 106 g cm 3. In this
case carbon burning even starts at the convergence point, but not strongly enough to start a
detonation. They again ignited a detonation at the convergence point by setting the temper-
ature of 708 cells that contain 6.9 x 107> My, to 6 x 10° K, which injects 8.2 x 107 erg
and is sufficient to ignite the detonation that then destroys the secondary WD as well.

There is no bound remnant and the ejecta of the explosion contain the full 1.58 Mg
of the initial binary system, having a total explosion energy of 1.2 x 10°! erg. The core of
the secondary WD ignites 4.2 s after the core of the primary WD. At this time the ashes of
the primary WD have already expanded far beyond the secondary WD. So when the latter
explodes as well, its ejecta expand into and remain in the centre of the ejecta of the primary
WD [Pakmor et al.,2022]]. I show the structure and composition of the ejecta in Fig. [6.3]
The outermost layers of ejecta are the ashes of the helium detonation of the primary WD.
They consist mostly of intermediate mass elements, dominated by silicon, sulphur, and
argon. Below them sit the ashes of the carbon-oxygen core of the primary WD. They
again consist mostly of intermediate mass elements, but also contain 0.13 Mg of iron group

elements, in particular 0.10 M, of radioactive 56Ni that will power the lightcurve. The
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centre of the ejecta consists of the ashes of the secondary WD, which contain 0.25 M, of
oxygen, 0.4 My, of intermediate mass elements, and only 0.01 M, of iron group elements
with a roughly equal fraction of ®°Ni and 5*Fe.

Author #2 obtained preliminary synthetic light curves from spherically averaging
the ejecta and computing light curves with the Monte-Carlo radiation transport code ARTIS
[Kromer and Siml [2009; [Sim| [2007]. The resulting supernova has a maximum brightness
in the B-band of Mg = —16.4 (mp = —14.7) and a maximum brightness in the V-band
of My, = —17.8 (my = —16.1), consistent with traditional double detonation models of
single WDs with a similar mass as the primary WD, because the secondary WD does not
produce any significant amount of radioactive 56 N1i [Sim et all 2010 [Shen et all [2021}
Collins et al.l [2022]]. That said, the explosion likely avoids the imprint of thick helium
shells on light curves and spectra [Kromer et al., [2010; (Collins et al., 2022, 2023]]. It will
most likely appear as a sub-luminous type la supernova. However, the obvious large-scale
asymmetries visible in Fig. [6.5] indicate that 3D synthetic observables will be needed to
make any reliable statement about the expected display of this supernova [Collins et al.,
2022; |Pakmor et al.,|2024]]. They will be presented and discussed as part of a larger sample
of merger simulations in the future. This new simulation also supports previous work which
suggests that both stars will explode in massive DWD binaries that are about to merge
[Pakmor et al., 2022; Boos et al., [2024; Shen et al., 2024].

6.7 Conclusions

I have presented the first confirmed to be compact, super-Chandrasekhar mass DWD binary
which will merge in close to a Hubble time (23 Gyr), having an orbital period of 14.24 hr.
With a total mass of 1.555 £ 0.044 M, WDJ181058.67+311940.94 is the most massive
DWD binary confirmed to date, followed by one other super-Chandrasekhar mass DWD
having a merger time of approximately 137 Gyr [Kawka et al.,2017]]. I predict it to explode
as a quadruple detonation and be destroyed completely. With all the mass ejected and a total
explosion energy of 1.2 x 10°! erg, but only 0.1 M, of °°Ni in the ejecta, it will appear as
a subluminous type Ia supernova with a peak apparent magnitude of approximately mp =
—14.7 and my = —16.1.

The lack of observational evidence of compact and massive DWD binaries has long
troubled the theory that DWDs are the dominating evolutionary channel of type la detona-
tions [Maoz and Mannucci, [2012]. WDJ181058.67+311940.94 provides tentative observa-
tional evidence that such systems with short merger times do exist in the Milky Way, and
when combined with the close proximity of 49 pc the rate of super-Chandrasekhar mass
DWDs born in the Milky Way is at least 6.0 x 10~% yr—!. This draws closer the disparity
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Figure 6.4: Time evolution in slices of the binary systems close to merger. The first column
shows the time when we stop the accelerated inspiral and continue to evolve the binary
system self-consistently. The second and third columns show the time when the helium
detonation ignites on the surface of the primary WD, and the time when the shock wave
that is driven into the core of the primary by the helium detonation converges in a single
point. The fourth column shows the same shock convergence in the core of the secondary
WD. The top row shows slices of density in the plane of rotation and the three below are
zoomed insets at the point of interest. From top to bottom: density, temperature, and kinetic
energy density. The qualitative evolution is very similar to the more massive binary system
discussed in [Pakmor et al. [2022]. The shock convergence points in both WDs occur at
densities high enough to very likely ignite a carbon detonation and destroy the WD.
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Figure 6.5: Slices of density (left column) and mean atomic weight (right column) of the
supernova ejecta in homologous expansion 100 s after ignition of the first helium detona-
tion. The top row shows slices in the original plane of rotation, the bottom row slices
perpendicular to it. The outer layers are close to spherically symmetric, though significant
deviations from spherical symmetry exist in the plane of rotation. The iron group elements
(including ®°Ni) are essentially all produced in the explosion of the primary WD and form
a half-sphere around the ejecta of the secondary WD.
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between the observed and theoretical rates, though the observed is still approximately twice
smaller.

Being discovered through a medium-resolution search of overluminous DWDs [Mun-
day et al., 2024], which up to a magnitude limit of G < 17 is approximately 20% complete,
it is entirely plausible that more super-Chandrasekhar mass DWDs reside in our Galactic
neighbourhood and that we have the spectroscopic ability to resolve the formation chan-
nel of type la supernovae. Deeper completeness through photometric and spectroscopic
surveys in the coming years, as well the inauguration of space-based gravitational wave de-
tectors in the next decade, will be pivotal in detecting ultra-compact binaries on the cusp of
detonation [Korol et al., 2017}, [2024]]. The combined efforts surveying type la progenitors
across the full range of orbital periods will be the ultimate means to accurately quantify the

contribution of double white dwarfs to type la supernovae.

6.8 Radial velocity measurements
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Table 6.3: A table of all observed RVs (without relativistic correction) and the mid-exposure
time-stamps. Wavelength calibration errors were propagated.

HID—2450000 RV, ARV, RV, ARVs5 | Source
UTC | [kms™!] | [kms™'] | [kms™'] | [kms™!]
8588.734699 | —43.83 10.22 128.60 10.26 ISIS

8588.739403 | —48.34 13.12 126.60 7.82 ISIS
8591.687642 | —47.74 4.63 137.97 3.93 ISIS
8591.698183 | —42.98 5.32 139.73 4.46 ISIS
8591.745818 | —24.42 4.93 117.45 7.48 ISIS
8591.752887 | —13.34 391 113.95 4.84 ISIS
8645.660736 | —46.33 4.10 139.79 3.97 ISIS
8645.670120 | —41.48 4.08 139.02 3.52 ISIS
8731.364001 149.73 928 | —-27.17 13.79 IDS

8732.411857 95.08 11.14 23.01 11.46 IDS
8732.432828 112.69 14.73 13.43 19.28 IDS

8732.460152 146.81 543 | —24.69 8.03 IDS
8732.481127 137.36 9.86 | —21.20 12.24 IDS
8732.506595 139.55 7.35 | —18.77 3.99 IDS
8733.496923 | —13.87 9.40 110.97 8.23 IDS
8733.517893 13.12 11.25 103.55 11.63 IDS
8734.382747 136.13 10.99 1.58 10.44 IDS

8751.390254 124.27 25.16 15.48 35.06 IDS
8751.400810 75.08 31.95 39.30 22.87 IDS
8751.411366 111.57 19.70 24.70 35.63 IDS
8751.421919 103.05 36.85 13.66 29.44 IDS

10385.714514 121.92 11.34 | —48.04 5.86 FIES
10389.693347 95.12 391 | —14.90 19.24 FIES
10389.711256 100.95 879 | —19.22 14.96 FIES
10401.639249 137.53 4.08 | —30.59 2.21 FIES
10401.675067 137.67 5.83 | —44.11 3.54 FIES
10401.692976 149.54 12.12 | —50.05 8.55 FIES
10402.602016 | —40.56 10.65 122.89 4.08 FIES
10403.596407 23.18 18.31 56.32 4.86 FIES
10405.726945 119.48 6.67 | —14.62 6.83 FIES
10412.657048 | —25.61 7.60 146.64 4.69 FIES
10416.579027 123.96 6.33 | —18.52 6.26 FIES
10426.543453 135.26 12.18 | —39.47 8.71 IDS
10426.561527 155.21 6.64 | —32.92 5.31 IDS
10426.579516 147.89 8.65 | —51.49 5.29 IDS
10426.597579 150.34 8.63 | —53.96 7.91 IDS
10426.615569 142.23 8.13 | —36.32 5.93 IDS
10426.633728 141.73 10.30 | —27.52 5.79 IDS
10426.651797 121.16 10.04 | —22.66 9.27 IDS
10426.675840 104.72 6.37 3.20 4.94 IDS
10426.693911 99.42 18.86 10.39 9.92 IDS
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continued...

HID—2450000 RV, ARV, RV, ARV, Source
UTC | [kms™!] | [kms™'] | [kms™'] | [kms™!]
10426.711986 60.03 9.14 41.66 9.22 IDS
10426.730069 55.33 4.57 54.96 3.95 IDS
10427.568303 22.90 13.36 98.97 12.29 IDS
10427.586293 38.01 10.43 82.12 10.65 IDS
10427.604333 52.56 13.10 63.98 7.18 IDS
10427.640501 78.96 10.17 37.00 5.90 IDS
10427.658595 80.16 9.54 2.07 10.28 IDS
10427.677213 111.05 6.78 —2.50 9.76 IDS
10427.695279 119.40 922 | —15.23 5.24 IDS
10427.713363 129.54 1444 | —16.45 9.41 IDS
10435.613760 56.04 4.41 55.55 3.10 FIES
10451.692321 5.16 473 83.75 7.77 FIES
10451.710229 —3.64 4.86 117.82 3.49 FIES
10462.684526 126.24 578 | —20.07 5.89 | ALFOSC
10463.515200 57.13 6.48 60.23 3.75 | ALFOSC
10463.522815 53.00 8.06 57.95 5.32 | ALFOSC
10463.530392 42.85 7.76 82.97 8.49 | ALFOSC
10463.613866 | —30.69 6.79 150.23 15.31 | ALFOSC
10471.660727 142.69 1.09 | —44.14 0.80 UVES
10471.669856 145.29 0.81 | —44.88 0.94 UVES
10471.678957 143.42 1.04 | —40.03 0.71 UVES
10471.688045 141.58 1.02 | —37.81 0.75 UVES
10471.697140 136.39 1.12 | —32.99 0.98 UVES
10471.706232 135.55 0.93 | —26.67 0.93 UVES
10471.715322 129.76 1.02 | —24.49 0.93 UVES
10471.724414 122.58 1.17 | —16.54 0.89 UVES
10471.733505 117.61 1.09 | —14.89 0.85 UVES
10471.742600 106.43 1.07 —4.46 0.97 UVES
10471.751691 104.14 1.27 3.99 0.94 UVES
10471.760789 94.76 1.39 12.92 0.94 UVES
10471.769880 84.35 1.31 18.86 0.92 UVES
10471.778969 79.40 2.45 30.92 2.07 UVES
10471.788065 67.00 4.46 40.27 6.17 UVES
10471.797156 62.90 3.46 48.17 1.98 UVES
10471.806251 56.81 11.41 56.94 16.47 UVES
10471.815355 48.61 7.41 60.71 9.05 UVES
10471.824448 37.51 8.51 72.91 6.31 UVES
10471.833536 27.02 1.78 80.67 2.15 UVES
10525.451278 60.95 5.62 60.27 3.17 FIES
10525.469185 57.98 3.66 63.47 4.66 FIES
10545.435565 | —33.32 6.71 131.51 4.64 FIES
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Chapter 7

The DBL Survey II: towards a
mass-period distribution of double
white dwarf binaries

James Munday, Ingrid Pelisoli, Pier-Emmanuel Tremblay, David Jones, Gijs Nelemans,
Mukremin Kilic, Tim Cunningham, Silvia Toonen, Alejandro Santos-Garcia, Harry Daw-
son, Viktoria Pinter, Benjamin Godson, Llanos Martinez, Jaya Chand, Ross Dobson, Kiran

Jhass, Shravya Shenoy

Contribution of co-authors

Observations used in this study were obtained by authors #4, #6, #7, #9, #10, #11, #12, #13,
#14, #15, #16, #17. All authors contributed with comments on the manuscript during the
submission/revision process by supplying key ideas to explore in creating the final version
of the study. All other components and the leading of the study were performed by me, with
help and guidance from authors #2, #3, #4 and #5.
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Abstract

Double white dwarf binaries are an important remnant of binary evolution as they are pos-
sible type la supernova progenitors and strong sources of gravitational waves in the low-
frequency regime. The double-lined double white dwarf (DBL) survey searches for com-
pact double white dwarfs where both stars are spectrally disentangleable. Candidates are
identified by being overluminous compared to the cooling sequence of a typical mass, sin-
gle white dwarf. In this second DBL survey instalment, we present full orbital solutions
of 15 double white dwarf binaries from our ongoing campaign to accurately measure a
magnitude-limited mass-period distribution. 12 of these systems are fully solved for the
first time. A long-standing bias in the full population has been evident, favouring systems
with orbital periods up to a few hours, with little exploration of the majority of the compact
double white dwarf population, whose orbital period distribution centres at approximately
20hr. The 15 systems in this study span the orbital period range 5 < Py < 75 hr, sig-
nificantly augmenting the number of well-characterised systems over these periods, and
in general have two similar mass stars combining to ~1.0 M. We witness that the or-
bitally derived mass ratios generally show an excellent agreement with those deduced from
atmospheric fits to double-lined spectra in previous work, emphasising the power of wide-
scale spectroscopic surveys to efficiently locate the highest mass, double-lined double white

dwarfs in the local Galaxy.
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7.1 Motivation and introduction

The double-lined double white dwarf (DBL) survey was introduced in Munday et al.| [2024]]
and a crucial aspect of the survey is to handle observational biases in the compact DWD
population by characterising a magnitude-limited sample with well-defined and understood
selection criteria. Without such a deliberate effort, biases are tricky to handle, hampering
the accuracy of comparisons to synthetic population models and proving difficult to draw
conclusions of the full population of DWDs. As part of this survey, identification spectra
were obtained and atmospheric parameters fitted to all observed star systems, resulting in at
least 73% of the 117 targets being DWD binaries of any kind. Specifically, the focus of the
DBL survey is double-lined DWDs, being where a spectral signature from both stars is evi-
dent, for which at least a 29% success rate of a source being double lined was retained. An
unveiled class of massive total mass DWD binaries was recovered which was poorly popu-
lated before, including multiple near- or super-Chandrasekhar total mass DWDs [Munday
et al.l 2024} 2025]. When brought into contact, the fate of the majority of detected sys-
tems is to initiate unstable mass transfer, resulting in the merger or pre-merger explosion of
sources. The detection of double-lined sources is sensitive to mass ratios of 0.5 < ¢ < 2,
with limits due to the fact that the dimmer star must contribute more than approximately
25% of the flux to be spectroscopically disentaglable.

Identification spectra of a large number of DWD candidates was the objective of this
piloting work. What remained was phase-resolved spectroscopy of the systems to obtain
the orbital periods and hence the underlying period distribution of the double-lined DWD
binaries in the sample. Many of which I now present in this study. The follow-up observa-
tions that have been undertaken are supplied in Section my fitting methods in extracting
RVs and orbital solutions in Section and in Section [/.4]the results of my work.

7.2 Observations

The purpose of the observations was to obtain phase-resolved spectra of the double-lined
DA+DA DWDs discovered inMunday et al.|[2024]], where Balmer absorption lines of each
star are spectrally disentanglable. As the orbital periods were largely unconstrained, having
only the knowledge of a maximum orbital period, our observing strategy was to first obtain
two series of 3 or 4 consecutive spectra with a gap of a couple of hours between them. Then,
a third and fourth series of spectra would be taken in two of the following three nights to
improve sensitivity to wider orbits. Together, this meant that I had a starting point of 12 to
15 spectra per target to resolve the orbital period. For systems where viable aliases were

obtained in this time but the exact period alias was unclear, I obtained further observations
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at a later time with a targetted and dynamic strategy. For example, if strong period aliases
appear at 10 hr and 20 hr, I would attempt to obtain spectra of the target with a gap of 5 hr.
Stronger evidence of the true orbital period would then be ascertained due to the different
orbital phase coverages.

Time-series spectra were obtained across 22 nights using the Intermediate Disper-
sion Spectrograph (IDS) on the 2.5 m Isaac Newton Telescope (INT). I used the R1200R
grating centred on Ha with a 1.0” slit, covering the wavelength range of 6 000-7 130 A with
a spectral resolution of R = 6310 at the centre of Ha.. Observations were carried out over
the nights 27 August 2019 — 7 September 2019, 23 & 24 September 2019, 7 June 2020 — 14
June 2020. An arc frame was taken after acquisition of each targets. For an extended dura-
tion on target, arcs were taken every 45 min to correct for flexure. Later, after analysing the
majority of these data, I obtained 9 nights on the INT from 25 April to 03 May 2024 to re-
solve the orbits of a few more systems and improve the solution of certain systems that had
multiple viable period aliases. The first 4 nights utilised the HI800V grating with a 1.4” slit
width (with a DIMM seeing of about 1.0”), giving a spectral resolution of R = 9400, and
the other 5 with the same R1200R grating setup mentioned before. Additional spectra were
obtained with the INT across various nights in the years 2023 and 2024 using the R1200B
grating, providing a spectral resolution of about R = 4700 at Hf3. These were reduced with
the same method as the R1200R setup.

Bias frames and tungsten lamp flats were taken at the beginning of each night and
used in the data reduction. Spectrophotometric standard stars were also observed at the start
or the end of each night to flux calibrate the science exposures and correct for the instru-
mental response function. When multiple arc frames were taken of a target, the solution to
the arcs was interpolated for the mid-exposure time of the science frame for wavelength cal-
ibration. All data were reduced using the MOLLY package [Marsh, [2019] and spectra were
extracted using the method outlined in |[Marsh|[[1989]. Lastly, I utilise the spectra obtained
from the William Herschel Telescope (WHT) of each target as was presented in Munday
et al.| [2024].

Once all of these data had been fully and thoroughly analysed, I decided to target
orbital phases of three systems which were close to being solved using the Nordic Optical
Telescope (NOT) across the nights 23-28 January 2025 and 21-25 May 2025. The em-
ployed instrument setup was ALFOSC with a g17 grating and a 0.75” slit width, giving
wavelength coverage of Har at a spectral resolution of R = 7500. An arc was taken be-
fore each exposure for wavelength calibration, and all data were reduced with the PYPEIT
python package [Prochaska et al.| 2020]].

Finally, for the target WDJ231404.30+552814.11, nine spectra were taken with the
Gemini Multi-Object Spectrograph (GMOS) on Gemini North as part of the queue program
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GN-2022B-Q-103. Observations were taken over the period 3-8 August 2022 with the
R831 grating and a 0.5” slit to give a spectral resolution of R = 4396. Each spectrum had
an exposure time of 8 minutes. A CuAr lamp spectrum was taken after each exposure for
wavelength calibration. The IRAF GMOS package was used by author #6 to reduce these
data.

7.3 Methods

7.3.1 Synthetic spectra

To begin with, I used the atmospheric solution of both stars, derived inMunday et al.|[2024],
and maintained the solution fixed to create a synthetic spectrum of both stars. As a base
model, I utilised the 3-dimensional (3D) non-local thermal equilibrium (NLTE) grid first
introduced in Munday et al.| [2024], which uses the 3D grids of [ITremblay et al.| [2013al
2015]] together with an NLTE correction that was presented in |Kilic et al|[2021al]. The
NLTE correction was shown to significantly improve the fit to higher resolution data at Ho.

The synthetic and observed spectra were normalised to facilitate the processing of
ground-based flux-calibrated data. In general, when Ter =~ 8000K, I chose to normalise
Balmer lines using data between wavelengths that correspond to velocities of (4500 —
5000) kms~! for Ha, HB, Hy and H¥, and £(2000 — 2500) kms~* for He and HS. In
WDs cooler than 8 000 K, I halved the normalisation range to be ~ 4-(2 250—2 500) km s !
and #(1 750 — 2000) km s, for the respective groups of Balmer lines.

7.3.2 Improved atmospheric constraints on two systems

Since publishing the first DBL survey instalment, I obtained higher quality data of two
systems presented in [Munday et al.| [2024]]. The first is WDJ181058.67+311940.94, which
at the time of writing has the largest total mass of any DWD binary (1.555 &£ 0.044 M)
and a devoted investigation of the system was presented in Munday et al.| [2025]]. All data
of WDJ181058.674+311940.94 obtained as part of the DBL follow-up were presented in
that study, hence there is no change in the atmospheric or orbital solution system here. For
completeness, the orbital parameters of the system are also presented in this study, as it is a
member of the double-lined systems detected in the piloting campaign.

The second system with improved data quality is WDJ170120.99—-191527.57.
Early analysis of the RVs indicated an orbital period of a few hours, flagging the binary
as one of particular interest due to the fast RV variability, hence the extra observation. Au-
thor #7 used the Magellan Echellette [MagE; Marshall et al., 2008|] spectrograph on the

6.5 m Magellan Baade telescope at the Las Campanas Observatory to obtain two consec-
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utive, 1200 s long, high signal-to-noise ratio (SNR) spectra at an orbital phase where the
system was at quadrature. The observations were performed using the 0.85” slit, providing
a wavelength coverage of 3700-9300A at a resolving power of R = 4800. Three ThAr arc
exposures were obtained immediately after our science exposures to generate an accurate
wavelength solution. The spectroscopic data were reduced using pypeit. Author #7 also
made use of the merl i package which provides an end-to-end reduction pipeline based
on pypeit v1.15.0 for MagE spectroscopic data. I hybrid fit these two spectra using an
identical method to that presented in Munday et al.| [2024] with the 3D-NLTE synthetic
spectra grid and the spectral fit is supplied in Appendix This indicates atmospheric
parameters of Ty = 19780 + 270K, log(g;) = 8.09 + 0.05dex, Te = 15490 + 260K,
log(ge) = 7.87 £ 0.05 dex, which should be assumed in any continued analysis of the sys-
tem. The quoted values include an external error of 1.4% for T and 0.042 dex for log g
[Liebert et al., 2005 added in quadrature to the formal errors. The new star masses become
M; = 0.673 £ 0.024 Mg and My = 0.544 £+ 0.022 M, resulting in a slightly higher total
mass (1.217 £ 0.032 M ) than previously reported.

7.3.3 Radial velocities

To determine radial velocities (RVs), I take the best-fit atmospheric solution and keep it
fixed, convolve the model to the resolution of the observation, and perform a least-squares
minimisation with the data in the range of £20 A of Ha. I chose to isolate this wavelength
region so that the goodness of fit to the wings of Ha does not dominate, as the line core
is the primary area of interest to fit RVs. Also, I fitted to Ha alone because of the much
higher resolution in this spectral range for my observations and because the errors induced
from imperfect wavelength calibration of data from the blue and red arms of ISIS exceed
the benefits of its inclusion.

In a few cases (which are noted and commented on in Section[7.4)), I found that the
template spectrum used for RV extraction improves when I instead fit 2-Gaussian profiles
to the line cores of each star (that is, two 2-Gaussian profiles, one pair for each star) at the
centre of Ha, on top of a fourth-order polynomial to model the shape of the broad absorption
line within 20 A of its centre. This approach (or similar) has been frequently taken [e.g.
Napiwotzki et al.| [2002; Nelemans et al., 2005] as a 2-Gaussian model well approximates
the shape of the centre of the Balmer absorption features, but the negative is that a fitted
polynomial contains no physical information. I decided to employ this method for cases
where the shape and depth of the synthetic line core profiles over- or under-fit the observed

spectra across all instrumental setups. Doing so, I obtained a set of Gaussian parameters that

"https://github.com/vedantchandra/merlin/tree/main
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are consistent to all spectra but smeared to the relevant spectral resolutiorﬂ A comparison
of fits with synthetic spectra and the 2-Gaussian approach is plotted in Fig.

Often, and in my INT data especially, when the site conditions worsened, the con-
tinuum SNR is relatively low (SNR < 20), leading to an imperfect spectrum normalisation.
To optimise the normalisation, I minimised the residual between the data and the atmo-
spheric fit within 20 A of the centre of Ho. Data +5 — 20 A away from the centre of Ho
was sigma-clipped with a threshold of 4¢; no data within 5A of the centre was clipped. RVs
and RV errors are reported from the median and standard deviation of 1000 bootstrapping
iterations. To give an idea of the effect of this optimisation, I take the double-lined system
WDJ114446.16+364151.13 that has spectra with a wide SNR range and a near-identical
spectral signature for both stars at Ha. For a noisy spectrum that has SNR = 15 in the
continuum and SNR = 8§ at the line core centre, the RV errors with no optimising of the
normalisation are +29.6kms~! and +20.1kms~!, and with optimisation give errors of
+22.6kms™! and 17.7kms™! for the two stars. Now, taking the same system but look-
ing at data with SNR = 40 in the continuum and SNR = 25 at the line core centre, no
optimising gives =4.8 km s~ for both stars, while optimising gives 5.0 kms~! for both
stars. In the low SNR data case, the reported RV errors become appreciably better with
optimisation, whereas the errors are nearly identical when the SNR is higher. Hence, ap-
plying this optimised normalisation method slightly improved the accuracy and precision
of all RVs from low SNR data but made little difference to high SNR data. I furthermore
note that the scatter in the residual of a sinusoidal fit to the RV curves (which is addressed in
Section decreased for an optimised normalisation, indicating an improved accuracy
in the extracted RVs.

7.3.4 Orbital solutions

A couple of the candidate double-lined systems with time-series spectroscopy are indeed
double-lined, but others turned out to be single-lined DWDs. In searching for single-lined
RV variability, I invoked the same procedure as in [Munday et al.| [2024]]. The mean of all
extracted RVs for a source is taken and a null-hypothesis that the RV is a constant with
respect to the mean is tested. I computed the x? of all measurements compared to the mean
and use the relevant y2-distribution for the number of degrees of freedom to calculate the
probability that a source is not RV variable, setting a 40 outlier threshold for variability,

equivalent to a false positive probability of 0.62%.

2The reason for an imperfect atmospheric solution may lie with limitations in the input physics of synthetic
grids, an inappropriately chosen mass-temperature-radius relation (carbon-oxygen core versus helium-core for
WD masses ~ 0.4-0.6 M), which would compromise the apparent-to-absolute-flux scaling factor when fitting
photometric data, or a faint tertiary component contributing a small percentage of flux, all of which leading to
a too deep/shallow synthetic line core signature
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Figure 7.1: Example fits used to obtain RVs. The spectra are from the INT/IDS, re-
flecting the quality of the bulk of our data. Left: A best-fit synthetic spectrum of
WDJ005413.14+415613.73 with our formerly presented solution. Both stars have a similar
line-core signature and the statistical RV errors for the blueshifted and redshifted stars were
45kms~! and 6.1kms™!, respectively. Right: A case for WDJ163441.85+173634.09
where fitting with two 2-Gaussian components plus an underlying polynomial resulted in
a better template to fit to the observations. The statistical RV errors of the blueshifted
and redshifted stars were 4.6kms~! and 7.1 kms™!, respectively. Generally, this approach
slightly better fits the data but at the expense of losing spectral coverage, which becomes
more important to utilise for lower (= 10 — 15 in continuum) signal-to-noise observations.
The normalisation procedure in the two cases is different, as described in the text.
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For all RV variable sources, double- or single-lined, I searched for a periodic signal
when more than 5 spectra were taken. This was performed with a least-squares minimi-
sation with trial orbital frequencies, f, spaced in a way that no more than 0.01 cycles are
skipped over the full baseline of data. The x? of each trial minimisation was analysed for
a best-fit solution and the RVs (viewed at time TRy ) were modelled using equation @]
When analysing periodograms, I normalised the x? of the best trial solution for each fre-
quency to obtain a power spectrum following [Cumming), 2004]]:

_ N5 X2 (f)

xalf) = =3 () (7.1

with NV the number of epochs, y2 the x? with respect to the weighted mean of the RV
measurements (whereas X2 is with the best Keplerian orbital fit). For double-lined fits,
the RVs and weighted means from the two stars are handled separately and summed after.
When the power zkep is maximised, the X2 1s minimised.

I furthermore used physical insight of the system to limit the maximum constraint
of K o for each trial frequency. From the binary mass function with the expectation that
the stars are circularised, a minimum and maximum K,.x can be inferred, using equa-
tion [2.15] with an inclination of 90° a maximum mass My,,x on the numerator and the
sum of a minimum mass My, and M« on the denominator. For a DWD system, a sub-
Chandrasekhar mass limit My,,x = 1.4 M and a minimum WD mass of My, ~ 0.15 Mg
[Istrate et al., [2016; Calcaterro et al., |2018]|| applies to put upper and lower limits on K7 o,
respectively. For single-lined WD binaries, the companion may be a neutron star with maxi-
mum mass of approximately 3.0 My [e.g.Kalogera and Baym) 1996, hence Myin=0.15 Mg
and Mpx=3.0 M, applies. Black hole companions to a WD are not expected in the sample
due to their predicted much smaller number in the Galaxy [Nelemans et al., 2001b] and
would only be applicable to systems that spectrally appear as a single WD (no excess flux).
Additional restrictions can be applied to place limits on the orbital inclination, ¢, if photo-
metric variability is or is not witnessed (Section , causing PK3

ax to alter. Similarly

in this case, a constraint on PKr?x’nn

could be applied.

I also limited the range of valid orbital solutions based on the details of the spectral
fit using the gravitational redshifts and equation[2.18] with star radii predictable from mass-
radius relationships. With this and the atmospheric solutions for each system, I decided to
take the conservative approach of applying a flat prior on the relative gravitational redshift
spanning 30 from the median solution for both the masses and the radii of each star. The
typical mass errors are +0.04 M, and, while I before assumed a thick hydrogen envelope
consistent with single star evolutionary tracks to scale to an Eddington flux, the size of the

hydrogen envelopes is largely unknown. With that in mind, 30 errors on the interpolated
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radii were again appropriate to incorporate the uncertainty in the model fit. I note that this
is an intentionally cautious approach and chosen as such in case of an incorrect atmospheric
solution being found driven by a local minimum. The restriction on the difference of grav-
itational redshifts served to remove spurious periodogram solutions when finding a best-fit
solution.

I calculated false alarm probabilities for each system to analyse the significance of
each peak in the power spectrum. This was performed through a bootstrap approach by ran-
domly shuffling the timestamps of observation, re-calculating Lomb-Scargle periodograms
[Lomb), |1976; Scargle, [1982]] over 50 iterations and taking quantiles of the full array of
powers from these 50 iterations as the false alarm probability. I consider a trial period to
be the true period of the system if there is a unique peak above a 4¢ false alarm probability
and 3o for a peak to be considered an alias or the true period. Below those thresholds, the
period is not completely solved but I assign limits on the maximum/orbital period based on
the information currently extractable by taking the upper/lower boundaries where no period
aliases fall above a 20 false alarm probability. Here, further RV measurements would be
required to fully solve the orbits. In cases where there are more than one peak above the
40 or 30 alarm probability, I inspected all individual peaks to look for a cause and assess
if any of these solutions are suitable. When this happened, it often was an artifact of the
wide time spacing between observations, but all cases where multiple are found above the

threshold are commented in Section An example periodogram for a solved system is

found in Fig.

7.3.5 Light curves

I analysed time-series archival photometry from the Transiting Exoplanet Survey Satellite
[TESS, Ricker et al., [2015]], Zwicky Transient Facility [Bellm et al.,[2019], Catalina Real-
time Transient Survey [Drake et al., [2009]], Gaia [Gaia Collaboration et al., 2023]] and
Asteroid Terrestrial-impact Last Alert System [Tonry et al., |2018]] to search for photometric
variability amongst the full selection of DWD The brightest of the sources saturate in
some of these surveys and when they are saturating, time-series photometry is ignored.
Sources in Gaia listed as variable have available photometric data for download as of data
release 3 and in these cases the Gaia photometry is analysed. TESS light curves in the fast,
short and long cadences are obtained when available from the MAST system and I extracted
the photometry from TESS pixel frames when not available (typically for sources dimmer
than 16th mag).

Finally, I note that TESS (all cadences) and ZTF (in filters g, r, ¢) photometry was

inspected for all systems with solved periods by searching for variability within 2% of the

3https://github.com/JamesMunday98/AllSurveyPhotometry
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Figure 7.2: An example Lomb-Scargle periodogram showing that of

WDJ020847.22+251409.97. The spacing between trial frequencies is chosen such
that no more than 0.01 cycles are skipped across the full time baseline between adjacent
solutions. The dashed red horizontal line shows the false alarm probability at a 40 level.
Multiple peaks lie above the 40 level and are a consequence of the wide spacing of
observation and certain aliases that better fit the RVs of just one of the stars. However, the
non-highest peaks clearly show blocks of observations that lie off the sinusoidal trend upon
visual inspection. This isolates the true orbital period of 2.008 d (48.1837 hr).
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orbital period. The same was performed for all aliases of systems that have more than one
above the false alarm probability, described in Section In no case was a significant
photometric signal observed for a 1-term Lomb-Scargle or a box least squares periodogram.
Usage of a 1-term Lomb Scargle periodogram is most appropriate for identifying Doppler
beaming, tidal deformation or irradiation, which will be the strongest orbitally-induced
variability in all systems [Hermes et al., 2014]], whereas a box least squares periodogram
could reveal the unlikely event of eclipses, requiring an almost perfectly edge-on inclination
for the typical DWD binary. Gravitational lensing is unlikely to occur or be detected [Marsh),
2001} Sajadian, 2025].

7.4 Results

I present here an overview of all systems that now have full atmospheric [Munday et al.,
2024] and orbital solutions. This section speaks on newly presented results as well as ones
obtained in prior workﬂ I particularly emphasise here that the full population of compact
DWDs are expected to have a median period of about 20 hr, as found through synthetic
binary population synthesis models [Nelemans et al., 2001c].

It should be noted that inter-night observations cause a decreased efficiency in solv-
ing orbital periods because of the consequent window function. For example, periods of
8hr, 12 hr, 24 hr, 48 hr, etcetera, are more challenging to solve. Multiple day orbital pe-
riods are also more challenging to ascertain because our strategy of taking 3 consecutive
spectra does not cover as large a range of orbital phase. The selection of systems from
the 34 double-lined systems we found in Munday et al.|[2024] is largely random, with the
only restriction being the visibility for the scheduled telescope nights and the need for both
stars to be separable at a spectral resolution of R = 6310. Lastly, there is sensitivity to the
full range of orbital periods above 2 hr (with this minimum set because of orbital smearing

across 30 min exposure times) and orbital periods are sampled up to 10d.

7.4.1 Solved periods

The list of fully solved systems are as follows, with comments on the validity of the results
when comparing the atmospheric and orbital solutions. The RV curves for each are plotted
in Fig.[7.3]and Fig. Merger times are mentioned when the orbital period is below 15 hr

using Peters’ equation [Peters, |1964] for a circular orbit. The double-lined systems here are

“In Munday et al.|[2025], I noted that the RVs of spectra with spectral resolution R < 10 000 were slightly
inaccurate (5 — 10kms™') when spectral lines perfectly overlap at the time of observation and were removed
when solving for the orbital solution. Here however, I chose not to disregard any RVs that fall into this category
since, with approximately 15-20 RVs per system, the information gained by including them in settling period
aliases is far beneficial. One should consider their removal if more RVs are obtained in future work.
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Figure 7.3: RV curves of all double-lined systems with orbital solutions presented in this
study. The data points and the curves in black represent the hotter star and those in red
are for the cooler star. The details of each solution is given and described in text. Titles
above each plot show the system that each curve corresponds to, while the orbital period is
mentioned at the bottom of each plot for convenience. The velocity for each point here has
been corrected for relativistic effects and therefore is not an observed velocity.
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Figure 7.4: RV curves of the other six systems presented in this work, continuing from
Fig.[7.3] The data for the hotter star of the binary is plotted black, and the cooler star in red.
WDJ153615.83+501350.98 is omitted from the plots as we only had two further RV mea-
surements to add to those in Kilic et al. [2021a]], whereas for WDJ160822.19+420543.44
and WDJ163441.85+173634.09 1 were able to recover the same orbital solutions in this
work with a much larger number of RVs to add. The RVs presented in [Kilic et al.|[2020a]
and Kilic et al.| [2021a] for these two systems were incorporated into my analysis, plotted
in light red/black shades. The system WDJ151109.90+404801.18 is also omitted given its
unclear orbital solution, even though the correct period alias has been identified.
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15 of the 34 presented in Munday et al.| [2024]], while the first discovery of 3 of them was
in other studies.

WDJ002602.29—-103751.86 has one peak above 40 and one other close to this
threshold, lying at 23.40 hr and 7.91 hr respectively. The first of these clearly best fits the
RVs of the brighter star and has a near-zero difference in gravitational redshift, while the
other solution slightly better fits RVs for the dimmer star and has a gravitational redshift
difference of 10-20km s~. I strongly expect that the true period is 23.40 hr because of the
better fit and accordance with the atmospheric solution, and hence adopt this value. This
leads to the system having an orbitally derived mass ratio of ¢ = Ky/K; = 0.62 £ 0.27,
while the atmospheric mass ratio is ¢ = M;/Ms = 1.12 £ 0.07, which is significantly
different. This difference cannot be resolved by forcing a carbon-oxygen or helium core
mass-radius relationship in the atmospheric fit, as this still leads to a poor match to the
observations for all combinations. The detection of the dimmer star is marginal at Ha and
the fractional flux contributed in other wavelengths is small — further RV's are encouraged to
improve the accuracy of Ko and perhaps higher signal to noise observations at quadrature
with Ha. A double Gaussian plus polynomial fit proved advantageous for more precise RVs
due to the slight detection of the cooler WD in this system.

WDJ005413.14+415613.73 has an orbital period of 20.48 hr, with an orbitally de-

rived mass ratio ¢ = Ky/K; = 0.78 &+ 0.08 and the atmospheric solution represents
q=0.96 £0.12.

WDJ013812.93+444252.10 has an orbital period of 41.60 hr, with an orbitally de-
rived mass ratio ¢ = Ky/K; = 1.19 £ 0.27 and the atmospheric solution represents
g =1.08£0.07.

WDJ020847.22+251409.97 is the closest new double-lined DWD in the DBL sur-
vey located at 39 pc, formerly identified as a double degenerate candidate in the 40 pc
survey of WDs [McCleery et al., 2020]. I find that it has an orbital period of 48.18 hr,
the atmospheric solution represents ¢ = M7 /Ms = 0.74 £ 0.04 and the orbital solution
qg = Ky/K; = 0.85+0.11. A double Gaussian plus polynomial fit was used to extract
RVs, again because of the slight detection of the cooler WD.

WDJ114446.16+364151.13 has an orbital period of 17.98 hr, with an orbitally de-
rived mass ratio ¢ = K;/Ks = 1.03 £ 0.15 and the atmospheric solution represents
g =0.93 £ 0.09.

WDJ141625.94+311600.55 has an orbital period of 18.88 hr with an orbitally de-
rived mass ratio ¢ = Ko/K; = 0.69 + 0.12 and the mass ratio from the atmospheric
solution is ¢ = 1.23 4 0.10. The two stars are near identical in terms of their atmospheric
parameters and their spectral signature, where if I switch the hotter star to have the RVs

of the previously thought-to-be cooler one’s RV assignments, I get atmospheric parame-
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ters of Ty e = 13460 & 400K, Toer = 12740 £ 250K, log(g1) = 7.66 & 0.16 dex,
log(g2) = 7.70 + 0.15dex, M; = 0.44 4+ 0.05 Mg, and My = 0.45 4+ 0.055. This gener-
ates an atmospheric mass ratio of ¢ = 0.98 & 0.16 which far better aligns with the orbital
solution, hence I assume these new atmospheric parameters going forward.

WDJ151109.90+404801.18 is an interesting case where, for 5 of the 23 spectra (3
on one night, 2 on another), I am not able to determine which star is which in the double-
lined spectra even when trialling every valid combination of RV assignments. The reason
for this is that the spectral signature from both stars at Ha is very similar. However, what
is common to all trial combinations is that an orbital period of approximately 23.3-23.6 hr
is clearly the highest and the only high in power peak, making an orbital period in this
range the correct solution for this binary. The short-term RV variability of a group of six
spectra on the same night covering a 4.8 hr observing window affirms that the near 1 day
orbital period is a true detection. At times and depending on the assignment of the unclear
RVs, another peak at half of this period emerges, but this well fits the RVs of only one
of the stars. For the 23.3-23.6 hr period aliases, I find that ¢ = K»/K; ~ 1.0-1.5 in all
cases, but the error on ¢ is approximately £0.4-0.5 and so it is largely unconstrained. The
high percentage error stems from the poor phase coverage given the near 1 d orbital period,
though, because of the similar spectral signature from both stars, conclusively resolving the
orbital parameters of this binary would be very challenging unless devoting entire telescope
nights to its observation. The atmospheric solution for this system gives ¢ = 1.52 £+ 0.11,
which is in the general vicinity of the orbital solution. Two Gaussians plus a polynomial
were fit to measure RV since the template fit to the line core shapes was improved for these
stars with a similar line core signature.

WDJ153615.83+501350.98, or WD 1534+503, was discovered and published be-
fore completion of this work [Kilic et al.| [2021al], and I only have 2 additional RV mea-
surements from the identification spectra for this system which I obtained using the double
Gaussian plus polynomial method. Combining datasets, I find Py, = 17.02hr. This or-
bital period has a greatly improved precision to previously published work given the extra
year time baseline of the new RV measurements. I next quote my orbital solution, though
emphasise that differences in the fitting procedure between their work and ours, and the
instrumental setups/data reduction, could lead to systematic errors in the results. I find
K1 =135.08+4.27kms™!, Ko = 89.15 £ 9.88kms ™!, v, = 23.22+3.22kms ™!, 5 =
44.45 + 7.00km s~!. The orbital solution hence indicates q = K9/K; = 0.660 + 0.076.
This remains in good agreement with the atmospheric solution presented in [Kilic et al.
[2021a], which was ¢ = M;/Ms = 0.64 4 0.15 and less so with that of Munday et al.
[2024], which was ¢ = M;/Ms = 0.96 £+ 0.07. The difference likely stems from the

choice in mass-radius relationships employed, in such a way that the lower mass star’s ra-
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dius does not align well with a helium-core WD model. It may be a carbon-oxygen or a
hybrid core, and the orbital solution hence encourages adoption of the atmospheric solution
in [Kilic et al.|[2021a].

WDJ160822.19+420543.44, or WD 1606+422, was independently discovered and
published before completion of this work [Kilic et al.,|2020a]. To verify the orbital solution
found by these authors with a unique dataset, I used my 30 RV measurements of the binary
and found a consistent solution with their results. Maintaining the same convention that
star 1 is the hotter star and given the excellent agreement, I decided to merge the datasets to
improve the orbital solution further. Overall, I arrive at a solution of a 20.14 hr orbital period
with K7 = 92.60+2.45kms™!, K = 127.24£2.30kms ™!, vy = —18.04+1.65kms™",
vo = —31.40+1.57km s~1. With this, the newfound mass ratio from the orbital solution is
q = Ky/K; = 1.374+0.04. My atmospheric solution suggests ¢ = M7 /Ms = 1.1740.08,
and with this all results are consistent.

WDJ163441.85+173634.09, or PG 1632+177, was also independently discovered
and published by [Kilic et al.| [2021a] and again I find consistency between my atmospheric
solution and theirs. Given a non-ideal atmospheric fit to the Ha line cores for this bi-
nary, I decided to fit the RVs with a quartic polynomial plus two Gaussian functions,
one for each star. The orbital solution to the RVs from both studies with my additional
14 RV measurements gives an orbital period of 49.60hr, K; = 79.63 £+ 1.73km s,
Ky = —60.59 4+ 1.74kms™ !, 41 = 16.21 + 1.79kms™!, 7o = 22.38 + 1.44kms~ L.
This system is another case where the mass of one of the stars is on the boundary of that
considered for a CO-/He-core WD, and this shows with the larger discrepancy between
M /M5 and K5/ K;. The solution presented in Kilic et al.|[2021a] better fits the data for
which the lower mass WD with M; = 0.3921“8:8?8 Mg has a hybrid He/CO or a CO core
and the larger mass WD has a mass My = O.526f8:8§3 Mg. I continue to encourage usage
of this result, making the atmospheric ¢ = M; /My = 0.75 £+ 0.18 and the newly-found
orbital with an improved precision on the orbital period ¢ = Ko /K7 = 0.761 + 0.027.

WDJ181058.67+311940.94, as presented in Munday et al. [2025]], has an orbital
period of 14.24 hr, with an orbitally derived mass ratio ¢ = K5/K; = 0.98 + 0.03 and the
updated atmospheric solution represents ¢ = 0.86 £=0.04. Its merger time is 22.6 £ 1.0 Gyr.

WDJ182606.04+482911.30 has an orbital period of 39.82 hr, with an orbitally de-
rived mass ratio ¢ = Ky/K; = 1.60 + 0.29 and the atmospheric solution represents
q = 0.87 £ 0.12. In this case, I found 3 periodogram peaks above the 40 false alarm
probability threshold, but inspection of the RV curve for the 2 lower aliases shows a largely
spurious result with only the RVs of the brighter star being well fit, and so they can be
rejected. This just leaves the 39.82 hr peak as a valid solution. The spectral fit for the at-

mospheric solution appears very good with a slightly over-predicted synthetic photometry
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in the blue. Gaia photometry alone was used as there are two entries of the same source in
PanSTARRS with reported magnitudes that slightly conflict, but when fitting just the spectra
I obtain a very similar best-fit atmospheric solution. The reason for this large discrepancy
in mass ratios alludes us, and it is hoped that future photometric/astrometric survey data
releases or an improved precision on the orbital solution will aid in finding consistency in
the future.

WDJ183442.33—170028.00 had 3 solutions above the 4o false alarm probability.
All well fit the RVs from the hotter star, but only the highest power peak well fits the RVs
from the cooler WD, leaving one unique and valid solution. The source has an orbital
period of 12.01 hr, with an orbitally derived mass ratio ¢ = Ko/K; = 0.807 4 0.468 and
the atmospheric solution represents ¢ = M; /My = 0.91 + 0.07. The system is a unique
case amongst the current DBL survey sample, having strong emission at Ha which is not
RV variable and likely originates from an unrelated hydrogen cloud given the location of the
field. This severely jeopardises the precision of RVs from the secondary, leading to the high
uncertainty on the orbital mass ratio. However, the found orbital solution is consistent with
the atmospheric, and so I continue with the assumption that the atmospherically deduced
masses of both WDs are accurate. At approximately 0.4 M each, both stars are relatively
low mass compared to the rest of the double-lined sample, and the merger time is 4344 Gyr.

WDJ212935.23+001332.26 has an orbital period of 15.01 hr, with an orbitally de-
rived mass ratio ¢ = K;/Ks = 0.90 £ 0.11 and the atmospheric solution represents
q = 1.00 + 0.10. The two Gaussian plus a polynomial was better and used here to ex-
tract RVs because of an inadequate atmospheric fit to the Ha line cores.

WDJ231404.30+552814.11 has an orbital period of 74.73 hr, making it the largest
orbital period of all system solutions presented in this work. The orbital mass ratio is
qg = Kyo/Ky = 0.99 + 0.13 while the atmospheric solution gives ¢ = 1.74 + 0.12 — a
striking discrepancy. With this, I decided to refit the atmospheric solution with a forced
carbon-oxygen core relation for both stars, yet no combination of synthetic spectra agree
with the orbital solution while performing hybrid fitting to the photometry, parallax and
spectroscopy of the source. If I fit to the spectroscopy only and with a forced carbon-
oxygen mass radius relationship, the fit appreciably improves in all Balmer lines besides
Ha and I am able to find an improved agreement with the orbital solution. The param-
eters I find are 77 = 13770 £ 210K, 75 = 8260 + 190K, log(g1) = 7.86 £ 0.05 dex,
log(g2) = 7.64 £ 0.04 dex, making M; = 0.53 &+ 0.03Mg and My = 0.44 + 0.01 M.
With this atmospheric solution, the mass ratio becomes ¢ = M; /My = 1.20 £ 0.07 and
I find consistency between the atmospheric and orbital solutions. With that in mind, I en-
courage usage of this atmospheric solution which ignores the photometry and parallax of

the source. In measuring RVs, I used a two Gaussian plus polynomial model as it resulted
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in an improved accuracy and is independent of the best-fit synthetic spectra.

7.4.2 Systems with period aliases and constraints

Similar to before, here I address the systems where my RVs restrict the valid orbital solution
of the binary by describing potential aliases. Presented are a further 5 of the 34 double-lined
systems that I identified, plus details of a sixth source which was formerly considered a
candidate double-lined and is now verified as double-lined.

WDJ000319.54+022623.28 has 17 RV measurements of each star recorded and
has two peaks above the 4o false alarm probability, where it is difficult to separate which is
correct. The peak of highest power is at a 14.55 hr orbital period and the other at a 37.06 hr
orbital period. The relative flux difference between the Ha line cores is large, meaning that,
with approximately 3—5 more RV measurements closely separated in time, the true solution
would be easily solvable in future work. Relatively uneven RV phase coverage leads to a
large orbitally derived mass ratio of about ¢ = K3/K; ~ 1.9 in both cases, but I promote
more observations before drawing any further conclusion and solely state these two period
aliases.

WDJ080856.79+461300.08 has one unique peak above the 4o false alarm proba-
bility that poorly covers the orbital phase space, with an orbital period of 21.93 hr. But,
there is another, relatively high in power peak of 19.48 hr that appears suitable, leading us
to categorise this as a system with aliases. Further smaller and similar height peaks exist in
the periodogram in the range of 60—110 hr, but they do not account for the short-term RV
variability that is clearly noticed, with the peaks likely appearing because of the window
function of the widely spaced observations. An orbital period of about 20 hr seems the most
likely solution, where the 21.93 hr alias has ¢ = K3/K; = 1.17 4+ 0.20 and 19.48 hr has
q = 1.15 % 0.33, both consistent with that indicated from the atmospheric solution which
is ¢ = 1.28 4+ 0.08. The 2-Gaussian plus polynomial method was used in obtaining RVs as
the line core fit was significantly better.

WDJ170120.99—191527.57 reveals the most compact orbital period of all systems
presented in this work, but its true orbital period is not clear. Good orbital solutions are
obtained above the 40 alarm probability for 4.95hr, 6.24 hr and 4.10 hr orbital periods,
in order of periodogram peak power. A few out of phase points are witnessed in the RV
curve for an 8.43 hr period, having about a third of the power as the other three peaks, but
it is still significant. All of these solutions have an orbital mass ratio of ¢ ~ 0.85-0.9,
while the atmospheric masses were found to be 0.673 = 0.024 Mg, and 0.544 £ 0.022 Mg
(Section , and with this the atmospheric ¢ = M7 /My = 1.24 £ 0.07. For all of these
orbital period aliases, the merger time of the system must be within a few gigayears.

WDJ180115.37+721848.76 has 10 RV measurements in total, which are relatively
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few to solve an orbit and with the periodogram is inconclusive. The true alias of the DWD
would be easy to resolve with just a couple more measurements even with a long time
spacing given the clear shape of the Ha line cores at a spectral resolution of R = 6310.
The atmospheric solution gives ¢ = 0.89 £ 0.05 which aligns with the semi-amplitude ratio
for the highest-power aliases, but for now I can only conclude that the orbital period is very
likely between 640 hr.

WDJ221209.01+612906.96 has 9 RVs for each star. The spectral signature of each
star is very similar, making it challenging to correctly assign to the hotter or cooler star at
each epoch too. I tried all combinations of assignments possible, but without clear peri-
odogram aliases appearing in all cases. Little can be said except that the orbital period is
more than 3 hr and the maximum possible period based on the binary mass function and the
maximum perceived RV split between the stars is 13.5 d. With the lack of certainty around
the correct star at each epoch, I choose not to present the measured RVs for these systems.

WDJ234929.57+102255.57 was originally categorised as a candidate double-lined
DWD in Munday et al.|[2024]. Further spectra clearly indicate a double-lined DWD, af-
firming the presumption. The periodogram of my 7 RV measurements give strong evidence
in favour of an orbital period above 24 hr, with prominent aliases of 27.49 hr, 53.81 hr, and
61.01 hr. The latter two solutions have an orbital mass ¢ ~ 1, which would align well with
the atmospheric solution, but the small number of spectra at hand are insufficient to draw a

robust conclusion.
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7.4.3 Follow-up of candidate double-lined DWDs and single-lined systems

Further observations of a couple of single-lined targets were taken to probe RV variability
when no other good targets were able to be observed at the time and conditions of the
observations, but all of them resulted in no firm detection of binarity. These consist of three
spectra of WDJ185640.86+120844.61 and ten spectra of WDJ192817.81+354442.60.

7.5 Discussion

With many new orbital solutions presented, I turn our attention towards making compar-
isons with the full sample of published DWD binarieﬂ I emphasise again that the choice
of which double-lined systems were followed up for time-series RVs was purely based upon
which were observable for the allocated telescope nights and for systems where both stars
would be separable at the slightly lower spectral resolution of the INT observations. Hence,
the sampling of systems from the full list of double-lined DWDs in the DBL survey is rel-
atively random, including the outlier in total mass WDJ181058.67+311940.94 which was
the highest total mass system discovered.

Fig. shows the orbital period and mass ratio distribution of the observed sam-
ple. As is clear from the previous section and Fig. these DWD binaries group around
an orbital mass ratio of ¢ = 1. This is an unsurprising observational bias of the survey,
given that two similar stars are easiest to detect as a double-lined source DWD. The newly
discovered systems populate a period space that before was sparsely sampled. Their range
of periods aligns well with predictions from recent synthetic populations, which forecast
an abundance of ¢ ~ 1 DWDs at certain periods [[Ge et al., | 2010; Toonen et al., 2012} |Ge
et al., 2015, 2020; [Li et al., 2023]]. In the vast majority of cases, the orbital and atmospheric
mass ratios agree well (Figs. and [7.6)), emphasising the general accuracy of the masses
of double-lined DWDs obtained from identification spectra alone when fitting full-visible
spectroscopy in combination with absolute photometry and precise parallaxes, although the
discrepancy varies on a case by case basis. This discrepancy is especially relevant for sys-
tems where at least one star has a mass close to 0.45 M, being the mass I used to transition
from a carbon-oxygen or helium core mass radius relationship in the atmospheric parameter
fitting.

With the selection of DWDs having similar masses for both stars, the total mass of
the DBL systems characterised in this work mostly fall around 1.0 M, shown in Fig.
In comparison to other double-lined or eclipsing systems in the literature (which, generally

speaking, are those with accurate masses for both components), the systems investigated

Shttps://github.com/TamesMunday98/CloseDWDbinaries [Munday et al., [2024]
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in this paper double the number of compact DWDs with an orbital period above 10 hr.
This much better reflects the expectations of synthetic populations. All of these newly-
characterised systems will merge in more than a Hubble time, with the one notable outlier
being WDJ170120.99—191527.57, having an unclear orbital solution. With a mass ratio
close to one, unstable mass transfer will likely cause a merger as the end-state for these bi-
naries leading to a R CrB star or larger mass, single WD. I show how close each system is to
the boundary of stable and unstable mass transfer in Fig. WDJ181058.67+311940.94
will also initiate unstable mass transfer, but its total mass significantly exceeds the Chan-
drasekhar mass limit, inevitably giving rise to a type Ia supernova explosion before the
event of merger [Munday et al., 2025]].

Fig.[7.9)again shows the orbital periods of the samples, but compared with the mass
of the brighter star, while Fig. [7.10] depicts the mass of the dimmer star. A trend of an
increasing mass of the brighter star with an increasing orbital period is slightly evident for
the presented DBL survey sources (besides the one case of WDJ181058.67+311940.94).
This likely appears because mass transfer initiated later for the systems showing longer
orbital periods after the common envelope phase, allowing the WD progenitor to grow to
higher core masses. The trend here can be a powerful tool in constraining an empirical
relationship for the final separation of DWDs exiting the common envelope phase and with
this a correlation with the core mass of the former giant star, but it is difficult to draw strong
conclusions with the sample size.

Additionally, a graphical representation of the masses of the brighter and dimmer
stars in the orbitally solved binaries from this paper can be found in Fig. A concen-
tration of systems can be seen following the trend Mpyigh /Mgim = 1.25. Overall, about
one-quarter of the 34 double-lined systems give a brighter star that is more massive, where
this situation can arise from the “formation reversal channel” [Toonen et al., 2012]] in which
the first mass transfer phase initially forms a helium star that then cools to become a WD,
thus delaying the star’s arrival to the cooling sequence and making it appear younger than
the later-formed companion WD. The large fraction of these systems could be an artifact
of the magnitude limit employed in the DBL survey, rather than being reflective of the full
DWD population, since the first-formed WD remains brighter for longer in this evolutionary

channel.

7.6 Conclusions

I have presented a continuation on the DBL survey supplying orbital solutions for 15
double-lined DWD binaries and have narrowed down the viable period aliases for a further

6 DWDs to a couple of good solutions. These systems cover a wide range of orbital periods
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Figure 7.5: A comparison of the orbital and atmospheric mass ratios against the orbital
period. The mass ratios of other previously studied DWDs are included in grey to show the
overall observed mass ratio versus period distribution of DWDs. Mass ratios of the double-
lined DWDs found in the DBL survey are limited to approximately ¢ = 0.5-2.0.
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Figure 7.6: A comparison of the mass ratios deduced from the orbital solution and the
fitting of synthetic spectra to obtain atmospherically determined masses. The dashed line

represents gorb = Gatm-
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Figure 7.7: The total mass versus orbital period distribution of the observed sample of
DWDs. The points in gray circles are systems in the literature that are eclipsing or double-

lined, whereas the black crosses are systems systems with orbital solutions reported in this
work. The dashed grey line is, for two stars of equal mass, the boundary for a binary
merging within a Hubble time (Ty). One double-lined DWD [PG1115+166, Bergeron and
Liebert, [2002] is not plotted for clarity because of its approximately 30d orbital period
[Maxted et all 2002a]. The total masses of the targets that fall in the DBL survey are
restricted to approximately 0.8-2.0 M, because of the Hertzsprung-Russell diagram cuts

imposed.
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Figure 7.8: The location of all DBL survey double-lined systems (black) versus other sys-
tems in the literature (grey) when comparing a future stable versus unstable mass transfer
scenario and whether disc or direct accretion will eventually take place. The literature points
in circles are double-lined DWDs and those in crosses are single-lined DWDs. Direct im-
pact accretion occurs when the trajectory of the accretion stream collides with the surface
of the accretor, serving as an angular momentum sink that speeds up the inspiral of a binary,
and observationally recognised by strong electromagnetic pulses on the orbital period.
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Figure 7.9: The mass of the brighter star in DWD binaries compared with the orbital period.
The clumping of systems with Myjgpe = 0.2Mg, are ELM binaries that are confirmed
to be DWDs stemming largely from the ELM survey [Brown et al., [2020b; [Kosakowski
et al., 2023]] which primarily form from the mass transfer sequence of a common envelope
followed by stable Roche lobe overflow. The brightest absolute magnitude possible for
a target found in the DBL survey is similar to a 0.4 My DA WD evolutionary sequence
for a helium core mass-radius relationship, making 0.35-0.4 M the minimum mass of the
brighter component.
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Figure 7.10: The same as Fig. but for the dimmer star of the binary (Mgjy). I limit

plotting of the literature systems where the fractional error of the mass of the dimmer star is
below 20% for the purpose of clarity, which appreciably removes cases around 0.8—1.0 M.
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Figure 7.11: A comparison of the mass of the brighter (more luminous) and dimmer
component for well-characterised DWDs. The downward facing and red triangles are
the systems with complete orbital solutions discussed in Section [7.4.1] Black points are
all other systems presented in the DBL I study. The upward facing green triangles are
other eclipsing or double-lined systems found in the literature. In dotted lines are ratios of
Mbright/Mdim == 0.75, 1.00 and 1.25.
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for compact DWD binaries, spreading between PP = 5-75 hr. I directly analysed the com-
patibility of the mass ratio derived from the orbital solutions with the mass ratio determined
from spectral fitting, finding a good agreement with the values deduced from identification
spectra alone. This hence emphasises the potential power of hybrid (combined photometric
and spectroscopic) fitting in deducing a mass distribution of double-lined DWDs in wide-
scale searches through medium resolution spectra.

Ultimately, I have taken the first steps in obtaining a mass-period distribution of
double-lined DWDs that lie within the selection criteria of the DBL survey, outlined in
Munday et al.|[2024]. This will be a powerful tool to calibrate synthetic population models
of DWDs when exploring systems where the mass of the brighter WD exceeds approxi-
mately 0.4 M. Future work will aspire to build a larger and more robust sample towards
this goal, both in terms of orbital characterisation and of identification of new double-lined
DWDs.

7.7 Spectroscopic fit to WDJ170120.99—-191527.57

With the new and higher quality data described in Section I present in Fig. the
atmospheric fit to this double-lined DWD.
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Figure 7.12: The spectroscopic fit (red) overlaid on a Magellan/MagE spectrum (black) of
WDJ170120.99—191527.57 from the Balmer lines Ha to H8. The atmospheric parameters
for the two stars are labelled, where here the blue-shifted star is hotter and less massive.
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Chapter 8

Conclusion and outlook

I have presented a thesis focused around close DWD binary star systems, performing analy-
ses of targets ranging from the most compact of orbital periods on the timescale of minutes

to unresolved, wide binaries with periods on the timescale of tens of days.

8.1 Implications for ultra-compact binaries and the gravitational

wave sky

I have presented the analysis of a multi-decade campaign timing the shortest period binary
star system known to date. Uniquely as of yet for any system, I optically discovered the
acceleration of orbital decay and, incredibly, witnessed a resistance of orbital inspiral due
to the high mass transfer rate of the system with the orbit desiring to restabilise. Even
more remarkably is how HM Cnc has been detected a mere 2000 yr before period mini-
mum, assuming there is no catastrophic demise to the system, which could lead on to be an
outspiraling AM CVn binary star systems; a still poorly understood population in terms of
space density and contribution from which progenitor channels. The chance timing of the
event so close to period minimum creates an open question... are we lucky? The distance to
HM Cangcri is still unclear with maximum estimates pushing out to 10 kpc, which is to say
that in this space volume, should we have been sensitive to more outspiraling systems that
maintain a high mass transfer rate for a longer period time if they exist? Are we limited to
ES Ceti alone? Observing bias must play a part in answering this question, but without a
precise knowledge of the final moments of the lifetime of the system, the contribution of ob-
serving biases biases and the frequency of outspiraling AM CVn systems remain unsolved
issues for the future of the field.

I then presented a bright system that is the shortest-period eclipsing source discov-

ered by TESS and marks the first case of a detectable gravitational wave source discovered
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by the space mission. Bright eclipsing binaries are ideal for timing measurements and the
suspected double-lined feature of this source would make for very precise system masses
too, such that with continued eclipse timings the chirp mass of the source will be measured
with minute error, which can be included as a constraint in light/RV curve modelling. In
the next decades, continued timing of systems eclipsing, ultra-compact binaries across the
full sub-hour period range will be crucial in exploring the role of tidal effects in binary star
systems, which up to now has been explored purely theoretically.

Precisely constraining the orbital decay of a system is of top importance in mod-
elling the gravitational wave background from DWDs residing in the Milky Way. Better
exploration of the fraction of systems that can survive inspiral (hence contributing to the
gravitational wave background on outspiral as well) is crucial in modelling the noise back-
ground, particularly at the upper range of frequencies detectable by space-based missions
focused on the mHz regime [Korol et al [2017]]. This is only possible through devoted

analyses of exemplar systems and the hunt for many more that are yet to be discovered.

8.2 The role of double white dwarfs as exotic phenomena and

the investigation of binary evolution

I have discovered a large class of massive DWD binaries that approach the Chandrasekhar
mass limit through a dedicated search collectively named the DBL survey. One of the
discovered systems surpasses the Chandrasekhar mass limit and will undoubtedly detonate
as a type la supernova in the absence of third body interference. This discovery inches
towards a more complete overview of the likely progenitors of type la supernovae, for
which its dominant progenitors are a present and longstanding ambiguity.

The fact that the DBL survey was performed with clear, well-defined and well-
understood selection biases makes future efforts in obtaining volume complete and magni-
tude samples within the declared selection cuts of the Hertzsprung-Russell diagram trivial.
The method is perfect to directly compare the outputs of binary population syntheses to
observations, hence granting a precise calibration tool for models. In coming years, these
DWDs should give rise to a leap in the accuracy of binary evolutionary channels that form
DWDs, such as the prescriptions of stable mass transfer and common envelope evolution
[Nelemans et al., 2000, [2001a.c; van der Sluys et al.l 2006; Woods et al., [2012; Toonen
et al.l 2012} Temmink et al., 2023} IL1 et al., [2023]]. Earlier stages of binary evolution will
also benefit for comparison with the recent works exploring post-common envelope bina-
ries and significantly augmenting the observed sample [Boffin and Jones|, 2019} |Yamaguchi
et al.,2024; Garbutt et al., 2024, and references therein]. Together, all efforts strive towards

a complete picture of binary stars’ role in Galactic evolution, transient events and the local
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population of stars in the Milky Way, unifyingly unraveling our origin.

I have described in Chapters [I] [5] and [6] how the lack of discoveries of massive
DWD binaries in the last few decades has been troublesome not only for the expectation of
binary population synthesis models but also from the need to the origins of type Ia super-
novae. Following from the work presented in this thesis, we now have convincing evidence
of many sub-Chandrasekhar mass detonation candidates where, if a detonation does oc-
cur, they would likely lead on to be subluminous supernovae. Further exploration is hence
required to separate the nuances of type la ejecta energy and morphologies to finally ex-
plain the contribution of various single or double degenerate evolutionary channels to the
full population of type Ia supernovae. Looking at Fig.[5.7] the primary-secondary mass
distribution is still vacant for total system masses > 1.6 M which raises the intriguing
open question: if they do exist, where are the highest mass DWD binaries? Accretion in-
duced collapses have been explained by the collapse of a WD into a neutron star, so, are
there candidate DWDs which could lead to such an event in the Galaxy? Where are they?
More investigation is required in the coming years which should be aided by technological
advancements and the capabilities of modern instrumentation.

In Chapter [/] I have provided full orbital solutions for many of the double-lined
DWDs discovered in the DBL survey, making some of the first steps in creating a mass-
period distribution of DWD binaries from a sample with minimal observational biases. With
orbital periods ranging 5-75 hr, this work doubles the number of compact DWDs with an
orbital period 10 hr, building towards the overarching goal of a robust sample for model
comparison. I verified that the stellar masses obtained through hybrid fitting DWD data
are in good accordance with the orbital mass ratios determined through Keplerian motion.
For future discoveries of double-lined DWDs, this indicates that, across a large sample of
systems, a DWD mass distribution could efficiently be deduced from sets of identification
spectra alone, while randomly chosen candidates with precise orbital period information
can guide the details of stable Roche lobe overflow and common envelope evolution in the

production of compact DWD binaries.

8.3 My research goals for the near future

I will stay in academia for the foreseeable future and have many aspirations that are in line
with the theme of this thesis. Firstly, I am continuing to build the DBL survey sample in both
the northern and southern hemispheres to hunt for many more double-lined DWDs. While
the DBL survey was introduced as a magnitude limited sample, I want to add a 100 pc
volume completeness to the selection cuts. Plenty of new spectra have already obtained

for this mission. Not having a volume completeness is often detrimental to many model
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comparisons, or limits the depth of interpretation of population statistics, motivating the
cut. Moreover, for many more of the set of 34 double-lined DWDs presented in Chapter 5] I
am pursuing phase-resolved spectroscopy of sources to expand the mass-period distribution.

Towards the end of my PhD, I have spent much time with teams of DWD popula-
tion modelling experts to begin model calibration with the DBL sample. In my opinion, the
biggest issue in DWD population modelling is that the best-fitting method to the observa-
tions is to apply an artificial angular momentum loss to the orbital evolution of systems after
the first, second or both mass transfer phases to recreate populations that well reflect ob-
served samples. The method [introduced in Nelemans et al., 2000] continues to outperform
physical models [Nelemans et al., [2025]], but its lack of physical meaning highlights the
ambiguity of our understanding of binary star mass transfer. A reason for this may be that
earlier-evolutionary-stage orbits lack eccentricity in models in comparison to the Galactic
population, which in turn alters the orbital trajectory, the timing of Roche lobe overflow
from the donor and hence the giant star core masses. However, this still a vibrant area of
modern research. I will lead, or be closely involved in, population analysis studies in future
years with updated DBL survey samples to try and shed light on this important research
issue.

With the discovery of the highest total mass DWD at 1.55M ¢, I want to keep
pushing this maximum further. I plan to exploit data from MOS surveys to find the highest
total mass and RV variable systems, characterise them and discover the most energetic type
Ia supernova progenitors. The ambitious goal is to ascertain whether DWD binaries are
responsible for being the majority contributors of type Ia supernovae through spectroscopic
surveys. If enough massive and highly RV variable systems are found that can recover the
galactic type la supernova rate, this would indicate DWDs as the majority contributors. Or,
if none or few are found, I hope to show compelling evidence that the single-degenerate
evolutionary channel in the formation of type Ia supernovae is far more significant than
models predict. Furthermore, synthetic models predict total mass DWDs in excess of 2M ¢,
so I also want to be the first person to identify DWDs that one day may become accretion-
induced collapse events, forming a neutron star.

I am continuing to research ultra-compact DWDs, both in the form of direct impact-
ing AM CVn like HM Cnc and detached DWDs with sub-20 min orbital periods that reveal
clear period derivatives on the timescale of decades. I am conducting a devoted investigation
on V407 Vul to separate the WD component from the G-type star that outshines the system
and well quantifying the orbital decay, perhaps making V407 Vul first ultra-compact DWD
in a triple system. As spoken about in Section [I.2.2] eRASSU J060839.5-704014 gives
hints of being a direct impact accretor given its X-ray pulses that are near identical to those

of HM Cnc. I am obtaining observations to settle this through time-series spectroscopy
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and to map the possible accretion spot location through precise time-series photometry.
The motivation for both of these is to best characterise the ‘brightest’ LISA verification
sources as well as the systems closest to the end of the final stage of binary star evolution.
For the same reasons, I have been monitoring J0651+2844 for multiple years to obtain a
second period derivative method, as was done for HM Cnc in Chapter 3] Being detached
and eclipsing, this offers the first observational opportunity to separate tidal effects from
gravitational wave induced orbital decay in DWD binaries. Furthermore, once the impact
of tidal interactions can be identified, this element can be accurately accounted for in the
angular orbital momentum transfer of the system and hence gives the first opportunity to
measure tidal synchronisation timescales in ultra-compact accreting DWD binaries, start-
ing with HM Cnc — the prevalent component in the survivability of a DWD through period
minimum into an outspiraling AM CVn.

In continuation of the work in Chapter f] I also obtained time-series medium-
resolution spectra of WDJ022558.21-692025.38 from X-Shooter on the VLT which show
faint signs of the dimmer WD in the spectra at system quadrature. I am continuing to mon-
itor the target with ULTRACAM to time eclipse arrival times. Together, all data will be one
of the tightest mass constraints of any DWD owing to the 47 min orbital period being too
large to be impacted by non-general relativistic angular momentum loss mechanisms yet
small enough to measure the Chirp mass through the period derivative. As a double-lined
and eclipsing system too, providing an independent method in obtaining system masses, all
components can be simultaneously modelled to an unprecedented precision. This marks the

system as a perfect individual to function as an anchor in calibrating LISA populations.

8.4 Future missions and predictions

As emphasised in Fig.[T.T1] we are experiencing a boom in the exponential increase of such
systems by the invent of ground-based all sky surveys monitoring changes in the night sky
every couple of days. Popularity has increased in this method of exploring the universe
and, with the many similar projects currently under construction and in particularly the
Legacy Survey of Space and Time mission, one can expect many more fascinating binaries
to appear in coming years at magnitude depths never before possible.

We are inching towards a unifying solution for the final moments of a binary’s life-
time and the future of the field in 10 years will be unrecognisable from the present. The
developments of new analysis methods of ultra-compact binaries will be revolutionary with
the triangulation potential of LISA, indicating where to search for phenomenal binaries in
even the most crowded of fields towards the Galactic bulge. Not only this, but, with gravita-

tional waves able to traverse through material in the Galaxy, we will have a unique probe of
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the Galactic potential, its structure [Breivik et al., 2020, the Chirp mass-period distribution
of ultra-compact DWDs and hence their contribution towards Galactic type la supernovae
[Korol et al., [2024]]. Recent estimates suggest that about 10 000 new DWDs are detectable
with LISA alone [Lamberts et al., 2019; | Amaro-Seoane et al.| 2022]]. Many DWDs in hier-
archal triple star systems should become identifiable with epoch astrometry in the upcoming
Gaia data releases 4 and 5, which could put a close to the lack of ultra-compact binaries
found as a part of verification triple star systems. All of these new and old methods to
characterise and identify DWDs in harmony will grant unprecedented developments in the
field.

I believe that the next couple of years of DWD research will revolve around MOS
survey analysis. In the field of DWD research, I foresee plenty of insight on the population
to come about through accurately measuring the Galactic binary fraction in a similar way
to that performed by Maoz et al.|[2012]; |Badenes and Maoz| [2012]]; Maoz and Hallakoun
[2017]); [Maoz et al.| [2018]] and I expect plenty of compact RV variable sources to arise due
to mission overlaps between the likes of SDSS, DESI, 4MOST and WEAVE. Even with the
likes of deeper all-sky, high cadence photometric campaigns, I believe that MOS surveys
will be the primary means to identify new compact, not edge-on DWDs across all orbital
periods. I also expect many more hidden companions to be revealed through randomly
sampled RV variability, like WD plus M-dwarf binaries which could be the explanation for
the abundance of single WDs found in Chapter [5}

As well, automated detection methods of WD binaries through machine learning
algorithms are needed to quickly handle thousands or hundreds of spectra without the need
for manual human vetting. This is crucial with the continued upscaling of data sources in
astronomy. With machine learning being newly implemented in the field over the course of
my PhD, there is some application to single WD research [Vincent et al.,2023]] or a handful
of cases where it has been used for white dwarf binary classification [Inight et al.| [2025],
but I expect that machine learning will be an essential element of many studies in the next
5 years. On top of its use to MOS spectra and general data analysis, I believe that machine
learning will be at the core of many data reduction pipelines in a similar way to image
enhancement on modern cameras, or even the programming of telescope observations and
proposal marking.

Looking towards the beginning of the 2030s, I predict that the DWD field will take
another strong turn in focus to gravitational wave research with the looming launch of LISA.
Tens of papers are already centred around DWDs and LISA each year, and LISA will bring
many more job opportunities with responsibilities related to data handling and analysis. I
am particularly excited in the distribution of sub-20 min orbital period systems that will be

discovered in all parts of the Galaxy, and I hope to see a large number of negative Chirp
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mass, outspiraling systems that are valuable tools for determining the evolutionary scenarios
required for DWDs to survive period minimum, just like ES Ceti.
We truly are at the dawn of a series of exciting revelations and capabilities in multi-

messenger astronomy.
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